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Foreword

NCERT prepares quality curricular material for its stakeholders at all levels of school
education. Biotechnology is a new addition in the series of textbooks for students at the
higher secondary stage. It is always considered important that a smooth transition of
students occur from the secondary stage to the higher secondary stage. At the secondary
stage, children pursue science as an integrated subject, whereas specific subject
disciplines are offered at the higher secondary stage.

Biotechnology being an applied subject, involves the understanding of fundamentals of
the components of Biology, Chemistry and Physics. Keeping this in mind, basic principles
of organisms, cell and molecules have been discussed in the textbook of Biotechnology at
initial level in Class XI. Thus, the learner can appreciate the basic aspects and principles
with a focus on its applications. The applied aspects are dealt with in Class XII, where
children have been given good exposure to understand as to how the basic cellular and
molecular processes can be used for diverse applications for the welfare of society in
general.

Such applications touch almost all aspects of human activities, like agriculture,
health, food and nutrition, industry, and environment conservation. Keeping in view the
cognitive domain of higher secondary students, attempts have been made to keep various
aspects of applications of biotechnology in such a way that a smooth transition occurs
from higher secondary to higher and technical level. As per the recommendations of
the National Education Policy-2020, attempts have also been made to develop critical
thinking analysing societal needs.

Being an applied subject, it is extremely crucial that children must develop skills to
cope up with technological content of the subject. I do hope that the textbook would be up
to the expectations of the stakeholders. Biotechnological researches have a great potential
for exploring and establishing various enterprises with the industrial and commercial
applications, therefore, an appropriate understanding of entrepreneurial skills among
children pursuing the course is relevant. A chapter has been dedicated to this aspect as
well. It is expected that this course of Biotechnology would be a perfect bridge between
the secondary stage science and similar disciplines at higher and professional level.

I am confident that the development team has taken due care while preparing the
manuscript about correctness, accuracy and appropriateness of the content. However,
NCERT believes in the continuous improvement of our curricular materials, therefore,
feedback and suggestions provided by different stakeholders would be of great help for
further improving its quality and utility.

New Delhi Director
September 2022 National Council of Educational
Research and Training
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Preface

Biotechnology, by definition, is an applied science and its applications are widespread.
It is becoming increasingly evident that the role of biotechnology is increasing day by
day. In the field of agriculture, biotechnological applications have helped in improving
many crop varieties from the perspective of increased productivity, pest resistance,
drought and salinity tolerance. Production of human growth hormone and insulin,
diagnosis of various diseases whether genetic or infectious and development of a
number of vaccines including the one against COVID-19 have become possible
only because of the advancements in the area of biotechnology. Even in the field of
environment protection and conservation, biotechnological tools have tremendously
contributed through bioremediation of toxic substance on one hand to detection of
toxic substance through biosensor and elimination of toxic substances from soil on
the other. Last but not the least, advancements in the area of bioinformatics provide a
tool which has predictive potentialities from the point of view of prediction of disease
a person is likely to suffer in future and drug discovery. It is worth mentioning that
new researches are pouring in at a very fast speed and therefore, the understanding
of the subject has to be fundamental and critical to address future challenges.

In Class XI, students of biotechnology have already been exposed to the
basic understanding of biomolecules, cell organisation with cellular processes,
fundamentals of genetic and molecular principles, and various tools and techniques
employed in the biotechnological study. Course content of the subject for Class XII
largely dwells around the application of molecular and cellular principles besides
employing different microbes for various beneficial usage. Also, appropriate emphasis
has been given on the aspect of recent innovations and development happening in the
area. Another important feature of the book is the component on entrepreneurship
which would develop an appropriate understanding as to how a biotechnology-based
enterprise can be established.

Attempt has been made to keep a continuity of the content of biotechnology for
Class XII with that of the fundamentals studied in earlier class. There are five units
in the book divided into thirteen chapters. Unit I with four chapters deals with the
details of recombinant DNA (rDNA) technology and gene cloning in which the role of
host and vector for transfer of gene or a segment of DNA for various applications have
been detailed first. In Chapter 4, a few of the common and important applications
of rDNA technology have been described. Unit II focusses on the aspect of genome
engineering in which various advancements of DNA sequencing technology, genome
editing, comparative genomics and protein engineering have been described. Unit
III has five chapters in which the fundamentals and application of various culture
techniques, be it culture of microbes, plant and animal tissues or stem cells have
been prescribed. The usage of microbial and cell culture in most of the cases lead to
the bioprocessing of various products. Accordingly, Chapter 10 of the Unit III deals
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with this applied technology of bioprocessing and biomanufacturing. Unit IV with
one chapter emphasises on the applied aspect of microorganisms and technology for
the treatment of wastewater and sewage besides bioremediation of toxic substances
especially pesticides. Unit V has two chapters, one on recent innovations in the field
of Biotechnology and the other on various aspects about entrepreneurship skill and
its development.

It is expected that the entire course of Biotechnology would be helpful for students
in developing a critical understanding of the subject, its application, future prospects
besides developing entrepreneurial skills.

I express my deep sense of gratitude and appreciation to U. N. Dwivedi, Former
Professor, Department of Biochemistry and Former Vice Chancellor of University of
Lucknow, for providing leadership in this endeavour of NCERT. This task would not
have been accomplished without the contribution of the entire development team and
their efforts are highly appreciated.

The department welcomes the comments as well as suggestions for bringing out
further improvement in the textbook.

DinesH KUMAR

Professor and Member Co-ordinator
Department of Education in Science and
Mathematics

vl
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UNIT 1

Recombinant DNA
Technology

Chapter 1: An Overview of Recombinant DNA Technology
Chapter 2: Host-Vector System
Chapter 3: Gene Cloning

Chapter 4: Application of Recombinant DNA Technology
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Herbert Boyer

Herbert Wayne ‘Herb’ Boyer (born July 10, 1936) was a researcher
and entreprencur in Biotechnology. Herb Boyer hails from
Derry, Pennsylvania. Boyer went on to graduate at the University
of Pittsburgh, where he specialised in microbial genetics. Alter
preliminary experiments in 1973, the Cohen-Boyer team was able
to cut open a plasmid loop from one species of bacteria, insert
a gene from different bacterial species and close the plasmid.
This created a recombinant—plasmid containing recombined
DNA from two different sources. The team had created the first
genelically modified organisms. He is the recipient of the 1990
National Medal of Science, co-recipient of the 1996 Lemelson-
MIT Prize, and a co-founder of Genentech. He was a professor
al the University of California, San Francisco (UCSF) and later
served as the Vice President of Genentech from 1976 until his
retirement in 1991.
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An Overview of Recombinant
DNA Technology

12150CHO1

This chapter gives an overview of recombinant DNA (rDNA)
technology as to how the application of basic concepts of
molecular biology, microbiology, genetics, biochemistry,
etc., led to initial development of rDNA technology.
Potential application of rDNA technology in the use of
medicine and agriculture is also discussed in conceptual
manner along with some noticeable examples of products
developed through rDNA technology.

1.1 AN OvERVIEW OF REcoMBINANT DNA
TECHNOLOGY

In the last century when scientists discovered that
nucleic acid (DNA) is the principal molecule responsible
for the expression of characters, attempts were made to
alter the genetic makeup of an organism by manipulating
nucleic acid directly. Various methods used for directly
manipulating nucleic acid/genome (DNA) of an organism
are collectively referred to as recombinant DNA (rDNA)
technology or genetic engineering.

rDNA technology has been possible due to rapid
progress in various fields of biology which spans from
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biochemistry, genetics, cytology, microbiology, molecular
biology and others. Isolation and purification of nucleic
acids followed by the understanding of their structures,
properties, functions and finally their sequencing in the
last century are the most important contributions which
laid the foundation of development of rDNA technology.
The first breakthrough in this journey was to establish the
fact that DNA of an organism not only carries its genetic
information but also propagates it from one generation
to another. The next hallmark was the determination of
chemical and physical structure of DNA molecule and
double helical structure of DNA. Further, replication,
transcription and translation of DNA was understood in
detail by scientists. Scientists were also able to develop
various methods and techniques to isolate and purify
DNA from various organisms. Several enzymes were
simultaneously discovered using which one can precisely
manipulate a DNA molecule. Thus, new enzymes, such
as restriction enzymes (which act as scissors to cut the
molecules of DNA) by Werner Arbor, Hamilton Smith
and Daniel Nathan (during late 1960s and early 1970s)
and ligase (which joins two DNA fragments) by Gellert,
Lehman, Richardson and Hurwitz in the year 1967 were
discovered. During this period, scientists also noticed
that foreign DNA fragments can be taken by bacteria from
its surrounding environment where it can be integrated
into its genome. With all this knowledge, scientists asked
a question that is it possible to transfer the gene of
interest from one organism to another organism to get its
product? Stanley Cohen had the expertise in introducing
plasmid DNA into Escherichia coli (E. coli) and subsequent
propagation and cloning of plasmids in the bacteria. On
the other hand, Boyer had the expertise to cleave the
double stranded DNA to produce single stranded ends
with identical termini using restriction enzymes. Both
visualised the potential of combining the two discoveries
to what would later become rDNA technology or genetic
engineering.
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Apart from its unquestionable contribution to basic
scientific endeavour, rDNA technology has played a
great role in shaping our life standards by its immense
contribution in diagnosis and treatment of various
diseases including genetic disorders and to improve and
develop disease free high yielding crops. The contribution
of rDNA technology in shaping our life can be judged
from the given examples. Earlier several tons of animal
pancreatic glands were needed to get a few milligrams of
insulin to treat diabetes, or thousands of animal pituitary
glands were required to isolate growth hormone to treat
dwarfism. Therefore, these products were available in
limited quantity as well as at a high cost. Nevertheless,
such purified therapeutic proteins from animal source
exhibited immunogenic reactions in humans. Needless
to say, scientists circumvent the above obstacles by
producing human insulin and growth hormone in bacterial
system using rDNA technology. Production of interferon
to treat cancer, plasminogen activator and urokinase to
dissolve blood clots are a few examples of the contribution
of rDNA technology to human society. In the last few
decades, by employing rDNA technology, scientists have
been able to introduce specific targeted modifications in
plant genome to get genetically modified crops. Thus, in
this way, crops have been developed which offer resistance
to diseases, thereby helping farmers to be free from worry
about damage of their crops. Similarly, drought resistant
or salinity tolerant crops were also developed so that
farmers can grow them in adverse environment. Such
modifications in genetic system of plants or crops by rDNA
technology not only improve the quality of production but
also enhance the value of products.

Days are not far, when a variety of important therapeutic
proteins, peptides and hormones will be produced from
plants employing rDNA technology. Such products will
have many advantages over animal-based products in
terms of costs and contamination. In general, animal-
based products are costlier and require extra care to be
free of virus and other animal protein contaminants.

Landmark discoveries which led to the development
of modern biotechnology (based on rDNA technology is
given in Box 1).

RECOMBINANT DNA TECHNOLOGY \
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Selected development in the history of biotechnology

1917 Karl Ereky coined the term ‘Biotechnology’
1944 Avery, MacLeod and McCarty demonstrated that ‘DNA is the genetic material’
1952 Joshua Lederberg Discovered Plasmids’

1953 Watson and Crick proposed ‘Double Helical structure of DNA’

1960s Werner Arber, Matthew Meselson discovered ‘ Type I restriction enzymes’
1967 Gellert, Lehman, Richardson and Hurwitz discovered ‘ligases enzymes’

1970 Hamilton O. Smith and Thomas J. Kelly discovered ‘ Type II restriction enzymes’
1972 Paul Berg assembled the first ‘Recombinant DNA’ from a bacterium into the

virus

Stanley N. Cohen and Herbert Boyer developed ‘DNA cloning and rDNA

I technology’

Georges J.F. Kohler and César Milstein described the ‘Hybridoma Technique’
1975 . . .

for production of monoclonal antibodies
1982 FDA approved world’s first recombinant DNA Therapeutic Product ‘Humulin’

developed by Eli Lilly and Genentech
1983 Kary Mullis developed ‘Polymerase Chain Reaction’
1984 Sir Alec Jeffreys invented ‘DNA Fingerprinting’

The first recombinant vaccine ‘Recombivax HB’ for Hepatitis B was approved

1986 for human use
1990 ‘Human Genome Project’ officially initiated which was coordinated by the U.S.
Department of Energy (DOE) and the National Institute of Health (NIH)
The first genetically engineered crop ‘Flavr Savr’ tomato was introduced which
1994 .
was produced by Calgene in 1992
1996 Keith Campbell and Ian Wilmut cloned the first mammal from adult somatic

cell using nuclear transfer ‘Dolly’ (Sheep)

nBIOTECHNOLOGY XII
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1996

2000

2003

2004

2006

2006

2010

2012

2019

2020

Researchers at Monsanto developed ‘Bt cotton’ and first commercially released
it in China and the United States in 1996, followed by its introduction in India
in 2003

Ingo Potrykus and Peter Beyer developed ‘Golden Rice’
The Human Genome Project (HGP) was completed

‘Avastin’, an anti-VEGF monoclonal antibody for cancer treatment was
discovered

A recombinant vaccine ‘Gardasil’ against human papillomavirus (HPV) receives
FDA approval

Discovery of RNA interference ‘Gene Silencing’ by double stranded RNA

Robert Edwards awarded Nobel Prize for the development of human ‘in vitro
fertilization’ (IVF) therapy

Shinya Yamanaka and John B. Gurdon discovered that mature differentiated
cells can be reprogrammed into Induced Pluripotent Stem Cells’

Recent advances in the ‘CRISPR-Cas9’ genome editing tool

Recombinant vaccines against COVID-19 was developed.

In the next chapters of the present Unit, the various
components and applications of rDNA technology are
discussed in detail.

SUMMARY

e The methods wused for manipulating nucleic acid/
genome (DNA) of an organism are collectively referred
to as recombinant DNA (rDNA) technology or genetic
engineering.

* The fundamental theme of rDNA technology is the isolation
and propagation of a desired DNA molecule (gene) from a
source with an aim to have its product in ample quantity.
This technique is called gene cloning.

RECOMBINANT DNA TECHNOLOGY \
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EXERCISES

Discuss in brief how recombinant DNA technology was
initially developed?

Briefly discuss the application of rDNA technology in
crop improvement and therapeutic.

Who discovered the Plasmid?

(a) Paul Berg

(b) Sir Alec Jeffreys

() Joshua Lederberg

(d) Kary Mullis

Plasminogen activator and Urokinase are used as:

(@) Antiviral agent

(b) Blood clot dissolving drug

(c) Sugar lowering agent

(d) Cholesterol lowering agent

Assertion: Restriction endonuclease cuts DNA and
isolated mostly from bacteria.

Reason: Restriction endonuclease is a type of nuclease.

(a) Both assertion and reason are true and the reason
is the correct explanation of the assertion.

(b) Both assertion and reason are true but the reason
is not the correct explanation of the assertion.

(c) Assertion is true but reason is false.
(d) Both assertion and reason are false.
Assertion: E.coli divides in 20 minutes while
replicates its DNA in about 60 minutes.

Reason: E.coli follows multifork replication mecha-
nism.

(a) Both assertion and reason are true and the reason
is the correct explanation of the assertion.

(b) Both assertion and reason are true but the reason
is not the correct explanation of the assertion.

(c) Assertion is true but reason is false.
(d) Both assertion and reason are false.
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Recombinant DNA technology is a two component system
involving a compatible host and a vector. A variety of hosts
as well as vectors are available for gene cloning. In this
chapter, students will be exposed to the fundamentals
of different kind of prokaryotic and eukaryotic hosts and
vectors used in rDNA technology.

2.1 Two KEy COMPONENTS OF RECOMBINANT
DNA TECHNOLOGY

As discussed in the previous chapter (Chapter 1), rDNA
technology refers to joining two different DNA molecules
with an aim to isolate, propagate, characterise and
manipulate the genes for various applications. This
technique involves two major steps (Fig. 2.1). In the first
step, the desired DNA molecule, generally termed as insert
(target gene) is isolated from the source. In the second step,
this target gene is inserted into a convenient carrier DNA
molecule called vector. The vector containing the insert is
called recombinant DNA (rDNA). Subsequently, the rDNA
is introduced into an organism referred to as host.Using
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genetic machinery of the host, the rDNA
undergoes propagation and expression.

Restriction . This whole process of rDNA technology

Vector digestion Foreign DNA . q q the t . loni )
is covered under the term ‘gene cloning’.

l/ \‘l ] g ) g
Thus, gene cloning may be considered as

\Ligation /

)

a two component system: a compatible
Target gene
(Insert) host and a vector, where the vector
provides essential sequences required for
its replication in a compatible host which
provides various replication functions

Vector containing .

target gene (enzymes and proteins).

(Recombinant DNA)
Chromosomal . 2.2 Host

Transformation
DNA
m A large number of host organisms, both

Host cell Recombinant DNA prokaryotic and eukaryotic are used for

1 Propagation

ﬁg)))m

Fig. 2.1: Schematic representation of gene cloning

“ BIOTECHNOLOGY XII

)

)

gene cloning (Fig 2.2). A host should

allow easy entry of the rDNA into the cell

and should not consider the recombinant

y  Recombinant DNA as a foreign DNA and degrade it.

)| DNA .

) ) multiplied The host must supply all the required
———— enzymes and proteins for smooth
replication of the vector DNA along with
insert. A wide variety of genetically defined strains are

available as hosts.

Among prokaryotic hosts, Escherichia coli (E. coli) is
the most extensively used. Typical E. coli is a rod-shaped
Gram-negative bacterium commonly found in the lower
intestine of warm-blooded organisms. It is able to reproduce
and grow rapidly, doubling its population about every 20
mins. K12 strain of E. coliis one of the most commonly used
hosts in gene cloning. Other prokaryotic hosts have also
been developed. For example, Bacillus subtilis constitute an
important alternative host, where the aim is secretion of a
protein encoded by a cloned gene. Among eukaryotic hosts,
the most widely used is yeast.

2.3 VECTOR

In principle, any molecule of DNA, which can replicate itself
inside a host cell, can work as a vector for gene cloning.
However, in order for a plasmid to act as vector, it must
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fulfil the following features:

1. For easy incorporation into the host cell, a vector
should itself be small in size and be able to integrate a
large size of the insert.

2. The vector should have an origin of replication or ori,
so that the vector is capable of autonomous replication
inside the host organism.

3. The vector needs to have unique restriction sites. If it
possesses too many restriction sites, then it would be
fragmented into several pieces.

4. The vector needs to have a selectable marker. The
selectable markers are required to screen out
transformants [For example: resistance to antibiotics
such as tetracycline (tetF), ampicillin (amp¥)].

A variety of vectors both prokaryotic as well as eukaryotic are
available (Fig 2.2).

Two component system
of gene cloning

( Prokaryotic ) ( Eukaryotic ) Prokaryotic Eukaryotic

e E. coli ® Yeast e Plasmid (pBR322) e (YAC) Yeast
e Plant Cells e Bacteriophage () e (pTi) Plants
e Animal Cells e (Vaccinia) Animal

Fig. 2.2: Two component system of gene cloning showing various kinds of eukaryotic and
prokaryotic hosts and vectors

2.3.1 Plasmid as a vector

Plasmids are circular, double-stranded (ds), extra chromosomal
DNAs capable of autonomous replication. They occur naturally
in many bacteria, archaea, and even eukaryotes, such as
yeast. Size of plasmids ranges from a few thousand base
pairs to more than 100 kilobase pairs (kbp). Like the host-cell
chromosomal DNA, plasmid DNA is duplicated before every cell
division. During cell division, atleast one copy of the plasmid
DNA is segregated to each daughter cell, assuring continued
propagation of the plasmid through successive generations of

HOST-VECTOR SYSTEM \//11\'
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the host cell. Some plasmids can integrate into chromosomes.
Such plasmids are called episomes.

Several naturally occurring plasmids contain genes
that provide some benefit to the host cell. For example,
some bacterial plasmids encode enzymes that deactivate
antibiotics, such as ampicillin, tetracycline chloram-
phenicol. Such drug-resistance providing plasmids (called
R-plasmids) constitute a major category of plasmids used
for gene cloning. Another category of plasmids produce a
variety of toxins called ‘colicins’ which kill other bacteria
(called Col plasmids). Some plasmids contain ‘transfer
genes’ encoding proteins that can form a macromolecular
tube, or pilus, through which a copy of the plasmid can
be transferred to other host cells of the same or related
bacterial species (called F-plasmids).Similarly, plasmids
can also be based on the copy number and are classified as
follows:

(a) High or multi copy plasmids: Replication and
segregation of these plasmids are free from control of replication
of the bacterial chromosomal DNA which allows for many
copies of these plasmids per cell (10-30 copies) [Fig. 2.3(a)].

Chromosomal DNA

O 8 O Plasmid Om
(oo OO

DNA replication, cell division and random segregation of DNA

I

into daughter cells

/MO 500
0 0p00°

()

Cosce30) (L ("D

Fig. 2.3: (a) High copy plasmid (b) low copy plasmid
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Replication of these plasmids is referred to as relaxed
replication. Use of a high copy number plasmid gives
rise to higher yields and increased strength of the signals
during screening of recombinants.

(b) Low or single copy plasmids: Replication and
segregation of these plasmids are under the same control as
replication of the bacterial chromosomal DNA. As a result
of this, the copy numbers of these plasmids are restricted
to only one or few copies per cell (Fig. 2.3(b). Replication
of these plasmids is referred to as stringent replication.

Development of plasmid based vectors

In order to use plasmids as a vector and to enhance their
utility either for general purposes or to suit particular
experimental designs, plasmids originally
found in nature, are modified, shortened,
reconstructed and recombined under both —
in vivo as well as in vitro to incorporate the
properties indicated above into them. For
example, the plasmid based vector pBR313,
which replicates in relaxed fashion (giving rise
to high copy number), contains two selectable
markers tet® and amp® (selectable markers
were derived from other two naturally
occurring plasmids) and carried a number of
unique restriction sites (cloning sites).
However, the size of this plasmid was 9 kb,
which was unnecessarily large. It was observed Origin of
that more than half of its DNA was not geplication
essential for its role as a vector. Therefore, the (ori)

first phase of this plasmid vector development
led to the construction of vector pBR322,

pBR322
(4,361 bp)

Pvull

Fig. 2.4: Vector map of pBR322 showing
the origin of replication (ori),

whose size was reduced to 4,361 bp by deleting unique cloning sites for restriction
most of the non-essential sequences of enzymes (Pstl, EcoRI, BamHI,
pBR313. The vector pBR322 became the most Sall, Pvull) and antibiotic selection

marker genes (amp® and tet®)

widely used vector for gene cloning (Fig. 2.4).

Subsequent development included the introduction of
synthetic cloning sites termed as multiple cloning site
(MCS) or poly cloning site or polylinker. MCS is a short
synthetic DNA fragment containing a large number of unique
restriction sites. This enables the insertion of a foreign DNA
cleaved by any of these restriction sites into that region
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amp®

pUC19
(2.686 kb)

ori

(Fig. 2.5). Further development involved the introduction of
easy and convenient selection markers. Thus, for example,
selection of the recombinants on the basis of blue/white
selection was introduced (for detail refer section 3.5; Chapter
3), which facilitated the selection of recombinants utilising
B-galactosidase (lacZ) of E. coli. A common example of such
an improved cloning vector is pUC19 vector as shown in Fig.
2.5. Many other plasmids are used as vectors for gene cloning
in E. coli.

EcoRI

Sacl

KpmlI
Xmal/Smal

lacZ

7 Multiple BamHl

cloning site ™ Xbal
(Polylinker) Sall/Hincll/Accll

BspMI
Pstl
Sphl
HindIII

Fig. 2.5: Vector map of pUC19 showing origin of replication sequence (ori), ampicillin resistance gene
(ampR), part of B-galactosidase gene (lacZ)
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2.3.2 Bacteriophage as vectors

Another important category of vectors for gene cloning
is derived out of the genome of bacteriophages (phages)
i.e., viruses which infect the bacterial cells. In general,
bacteriophage vectors are more efficient than plasmids for
cloning large inserts, and screening large numbers of
bacteriophage plaques (lysed bacterial cells due to phage
infection) than screening bacterial colonies for a specific
desired insert. The bacteriophages lambda (A) and M13
are the two most common phages whose genome has been
frequently used to make cloning vectors for E. coli host.
They are described in the following section.

Lambda ().) Phage Vector

The bacteriophage lambda, a virus that infects E. coli, has
been widely used as a cloning vector. The virus is easy to
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propagate, and therefore, has long been a
model system. It consists of a head (capsid)
and a tail (Fig. 2.6). The head contains phage
genome. The phage particles binds to the
surface of E. coli and inserts its genome via
tail into the cytoplasm of the bacterial cell.
Lambda phage is a virus with both lytic and
lysogenic alternatives to its life cycle (Fig.
2.7). Usually, a lytic cycle’is followed, where
the lambda DNA is replicated and new phage

<«— Capsid

DNA

Collar

<«—— Tail

particles are produced within the cell. This Base plate

causes cell lysis, releasing the newly formed  Tail fiber

phage particles. However, under certain

conditions, the phage DNA may integrate Binding
proteins

itself into the host cell chromosome in the W -
lysogenic pathway. In this state, the A DNA is Fig. 2.6: Lambda bacteriophage
called a prophage and stays resident within

the host’s genome without causing apparent harm to the

host.

Lytic cycle

Bacteriophage Circular

| ({ Li}ilae;lerDNA phage DNA
N R I XT <;§’°6 YRR A, 2
N N ?f? @ ;I)S > Q

Replication of Phage DNA

Phage The phage DNA becomes and phage proteins synthesis The cell lyses,
infection circular Formation of new phage particles releasing phage
are assembled

AN

Lysogenic cycle
Linear
q‘? phage DNA %:?
oo
o) e>2) > (&S>
' N

Phage infection
Phage DNA gets

integrated the host genome
Bacterial cells divide
with prophage DNA
is passed auto
daughter cells
HOST-VECTOR SYSTEM ’W

Fig. 2.7: Lytic and lysogenic life cycles of lambda phage

(Prophage) from the bacterial DNA

enters the lytic cycle

Rationalised 2023-24

The Phage DNA gets excised

15



VRO

SN

6 \ / BIOTECHNOLOGY XII

The A phage genome is linear double stranded DNA
containing 48,490 base pairs. Each end has a 12 bases
single stranded segment known as cos sequences (cohesive
ends). The two cohesive ends are complementary to each
other. The A genome has a replication origin site, genes
for viral head and tail proteins, enzymes of replication
involved in lytic and lysogenic cycles. The A genome
remains linear within the phage head (Fig. 2.8 (a)). Once
inside the E. coli host cell, the cos sequences pair up and
cohesive ends are ligated together by host enzyme forming
the circular version of lambda genome (Fig. 2.8 (b)). The
sealed cohesive end is called cos site (Fig. 2.8 (b)). The 12
nucleotides long single stranded DNA at both ends pair
with each other to form double stranded DNA. Therefore,
in its circular form, the phage genome is 48,502 base
pairs in length. The phage A genome can be inserted into
host chromosome and is then called a prophage (Fig. 2.7).

During multiplication, the phage genome undergoes
rolling circle replication in which a template strand rotates,
churning out a chain of many copies of A genomes to form
a long concatemer joined end to end and separated by cos
sites. The concatemer is cleaved at the cos sites to yield
one unit of phage DNA. This is followed by the packaging
of single copy of A genome into each empty head followed
by the attachment of tail and release of newly formed
phage particles by lysis of bacterial cells (Fig. 2.7).

Approximately, one-third of the lambda genome, the
middle region of the A genome (which contains genes
required for lysogeny) is dispensable (non-essential) for
successful lytic infection (Fig. 2.8). Therefore, in order
to construct a vector for gene cloning out of the lambda
phage DNA, all or part of the middle dispensable region
is replaced with an insert segment of appropriate length
such that the size of the recombinant DNA (rDNA) lies
between 38 to 52 kbp for its efficient packing into the
A head.

Typical vectors coming out of lambda genome fall
into two broad classes, namely ‘insertion vectors’ and
‘replacement vectors’. Insertion vectors have a single
restriction enzyme site (cloning site) for insertion of insert
DNA, whereas replacement vectors have a pair of cloning
sites flanking a segment of non-essential bacteriophage
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4 and tail proteins (May be replaced regulation and host lysis
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'
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Fig. 2.8: Lambda genome (a) linear inside virus particle (b) circular after infection of bacterial cell

A DNA (central stuffer region) that can be replaced by
the insert DNA.

A large array of A vectors has been constructed for
different purposes. Some commonly used A bacteriophage
based vectors for E. coli are given in Table 2.1 below.

Table 2.1: Commonly used A bacteriophage based vectors for E. coli as host.

S.No. X:::::r Type of vector Selection of recombinants g::i(r;::;? ek
1. Agtl0 Insertion vector Lytic (plaque formation) 6
2. Agtll Insertion vector Blue/ white 7.2
S A EMBL3 Replacement vector  Lytic (plaque formation) 20
Bacteriophage M13

M13 is a filamentous bacteriophage of E. coli. Its genome
consists of a single stranded circular DNA of about
6.4 kb nucleotides which is packaged in a tube like
capsid (Fig. 2.9). Almost full genome encodes genes (I-X)
required for coat protein, viral replication, viral assembly
except for a small non-essential region flanking ori called
intergenic region. Bacteriophage M 13 infects only E. coli
cells harbouring F plasmid. These cells have a tube-like
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(a) Bacteriophage M13 (b)

Fig. 2.9: M13 bacteriophage (a) single stranded genome (b) M13 genome indicating different genes I to X

Single stranded
phage DNA

structure called ‘pilus’ extending from their membranes.
This pilus is required for attachment and adsorption of

the phage to the cell (Fig. 2.10).

During the life cycle of the M13 bacteriophage, the
single stranded M13 phage DNA undergoes replication
inside the host to generate a double stranded replicative
form (RF) (Fig. 2.10). Subsequently, the mode of replication
changes to generate a single stranded genomic DNA (+)
from double stranded replicative form (Fig. 2.10). The

o5 0“00

\\\“‘\

Progeny

E.coli cell membrane

\/\J\N\fW\Nw

"WWWW"‘ Translation
v and assembly

( 9“0(\

Double stranded * Single stranded
I
(Replicative form) phage genomic DNA

Fig. 2.10: Life cycle of bacteriophage M13

phage DNA
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circular single stranded genomic DNA (+) is assembled
with capsid proteins during their passage through the
host cell without causing cell lysis. The double stranded
RF DNA is readily isolated from infected cells for use as
a vector, and the single stranded genome is abundantly
available in the form of phage in the growth medium.
Thus, for M13 vector construction, the double stranded
RF of the M13 genome is used. The intergenic region is
exploited for putting the insert so that it does not interfere
with M13 replication. A large sized DNA (more than 42
kb) can be cloned by M13 bacteriophage. An example of
M 13 based vector for E. coliis M13mp18 which facilitates
blue/white selection of the recombinants. You will study
blue/white selection in Chapter 3 of this book.

2.3.3 Cosmid vector

A Cosmid is a type of hybrid

(combination) vector that replicates like a

plasmid but can also be packaged in vitro

into lambda phage coats. A typical cosmid

hasreplication functions, unique restriction

endonuclease sites, and selective markers .
contributed by plasmid DNA, combined g0 W
with a A DNA segment that includes the \
joined cohesive ends (cos sites) (Fig. 2.11). \

As little as 250 bp of A DNA is sufficient

to provide the cos junction, including the

sequences required for binding to and Fig. 2.11: A typic
cleavage by an enzyme called terminase.

Advantage of most cosmid cloning vectors is that they
accommodate DNA inserts as large as 45 kbp.

2.3.4 Phasmids (Phagemids)

Phasmids are true combination (hybrid) vectors between
phage and plasmid. They are linear duplex DNAs whose
ends are lambda phage DNA that contain all the genes
required for a lytic infection and whose middle region is
linearised plasmid. Both the lambda phage and the plasmid
replication functions are intact (Fig. 2.12). Phasmid
recombinants are packaged in vitro before infection. Once
inside an E. colicell, the phasmid can replicate like a phage

Rationalised 2023-24
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[ amp” ori [ A DNA
ori

Plasmid DNA

Fig. 2.12: A typical phasmid vector

BIOTECHNOLOGY XII

and form plaques in the normal way. However, if the vector
contains the gene that encodes the lambda repressor,
then the phasmid replicates as a plasmid rather than as a
phage.

2.4 EukaryoTic HostT VECTOR SYSTEM

Genome analysis of the higher organisms requires the
cloning of much larger fragments. Because eukaryotic
genes contain introns which may be hundreds of kilobases
in length and even if a eukaryotic gene without introns is
to be inserted, its size exceeds the maximum length as an
insert for a plasmid. Therefore, special vectors are required
for such large DNA fragments. Consequently, ‘artificial
chromosomes’ have been developed to carry huge lengths
of eukaryotic DNA.

Among eukaryotic host vector system, the most
common is the baker’s yeast, Saccharomyces cerevisiae.
Although yeast can reproduce sexually, the cells usually
multiply asexually by budding. They grow as single cells in
suspension and produce colonies in solid medium, much
as in E. coli. A large collection of metabolic, biosynthetic,
and cell cycle defective mutants are known and genetically
mapped. Because of a long history of safe use of
S. cerevisiae in food industry, it belongs to the category
which is generally recognised as safe (GRAS) organisms.

S. cerevisiae also harbors a double stranded circular
plasmid called 2 pum plasmid which has been used to
develop a number of vectors. One important category of
vectors that has been designed for cloning large size DNA
insert (200-500 kb size) is known as Yeast Artificial
Chromosomes (YACs). The YAC vector consists of two
copies of a yeast telomeric sequence (telomeres are the
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sequences at the ends of chromosomes), a yeast centromeric
sequence, a yeast ARS (an autonomously replicating
sequence where DNA replication begins), and appropriate
selectable markers. YAC has two forms, a circular form for
growing in bacteria, and a linear form for growing in yeast
(Fig. 2.13). The circular form can be manipulated and
grown like any other plasmid in bacteria since it has a
bacterial origin of replication and an antibiotic resistance
gene. In order to use this in yeast, the circular form is
isolated and linearised such that the yeast telomere

sequences are on each end.

e Ay,
o Cs
a
4@\/
&
E. coli selection - YAC
marker
7 e]/ \Qe\
BamHI BamHI
Digest with BamHI to linearise
. Autonomously )
E. coli replicating Multiple
origin of sequence cloning site
replication (veast origin) (for insert)

v v v

Tel jori [@mp® TRP1 ARS Cen MCS

t t )

Telomeric Selectable Centromere
sequence maker for sequence
bacteria

Fig. 2.13: Yeast Artificial Chromosome (YAC)
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Vectors like YACs are sometimes called high capacity
cloning vectors. Some other high capacity cloning vectors
coming from bacterial plasmid and phage are called
Bacterial Artificial Chromosomes (BACs) and Phage
Artificial Chromosomes (PACs).

A list of commonly used vectors for gene cloning having
different capacities to take up different size inserts are
shown in Table 2.2.

Table 2.2: DNA insert size with different cloning vectors

S. No. Vectors Insert size (kb)
1. Plasmid < 10kb
2. Bacteriophage 8-25 kb
8 Cosmids 23-40 kb
4. PAC 100-300 kb
5. BAC <300 kb
6. YAC 200-500 kb

2.5 EXPRESSION VECTORS

Till now we have discussed the different types of cloning
vectors which are used to propagate DNA. Another type of
vectors are expression vectors which act as vehicles for
DNA insert and also allow the DNA insert (gene) to be
expressed efficiently (Fig. 2.14). These may be plasmids
or viruses based vectors. These vectors contain an efficient

Bacterial promoter (P)

and operator (O) Ribosome
sequences (RBS) olylinker wi

unique sites for several
_~ restriction endonucleases
(i.e., cloning sites)

V
o X7

<€— Transcription

P

termination
repressor that
binds O and sequence
regulates P

f | Selectable genetic marker

ori (e.g., antibiotic resistance)

Fig. 2.14: An expression vector
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promoter for expression of the cloned genes. These
promoters are generally inducible in nature so that
expression of the cloned gene can be regulated.
Downstream of the promoter there are unique restriction
sites forinsertion of the gene to be expressed. Furthermore,
in order to ensure correct termination of transcription of
the cloned genes, a proper transcription termination
sequence is provided by the vector near the 3' end of the
gene. Thus, the cloned gene is inserted between a promoter
towards the 5' end (upstream) and a terminator at the
3' end (downstream) of the cloned gene in an expression
vector. This portion of the vector is called expression
cassette. Such vectors are therefore, sometimes also
called sandwich expression vectors.

Expression of a gene by recombinant strategies
depends on the source of the gene as well as the host
being used. Thus, for example, if a gene of eukaryotic
origin is to be expressed in a prokaryotic host (or a
vice versa) known as heterologous gene expression, as
the gene being expressed is foreign to the host. Such
heterologous expression requires that the eukaryotic
gene being expressed: (i) does not contain intron(s) as
the process of splicing is absent in the prokaryotic host,
(ii) Expressed protein does not require post translational
modification (e.g. glyocosylation) for its biological activity
(functionality).

2.6 SHUTTLE VECTORS

Vectors developed  for
repli- cation in two
alternative hosts (either
prokaryotic or eukaryotic)
are called shuttle vectors.
These vectors are themselves
constructed by recombinant
DNA techniques, and many
different types have been
made. Some of them shuttle
between two prokaryotic
species, others between
a prokaryote (usually E.
coli) and eukaryotic cells
(including yeast, plants

MCS
/ (Multiple cloning site)

Eukaryotic Eukaryotic
origin of “/ promoter
replication
- <«— Selective gene

(for eukaryotic cells)

-~ Eukaryotic terminator

' (polyA signal)

Antibiotic
resistance
(for bacteria)

Bacterial origin
of replication

Fig. 2.15: Shuttle vector for E. coli and yeast
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and animals). Indeed, most of the eukaryotic vectors are
shuttles. Shuttle vectors contain two origins of replication,
however, in a given host, only one origin is active at a time
(Fig. 2.195).

SUMMARY

* rDNA technology is a two-component system: a compatible
host and a vector combination, where the vector provides
essential sequences required for its replication in a
compatible host which provides various replication
functions.

* The cloning vector should be small in size and have an
origin of replication or ori site, unique restriction sites
and selectable marker.

e Plasmids are circular, extra-chromosomal double
stranded DNA (dsDNA) capable of autonomous replication.

* The bacteriophages lambda (A) and M13 are the two most
common phages whose genomes have been frequently
used to make cloning vectors for E. coli host.

* The bacteriophage lambda, a bacterial virus that infects
E. coli, has been widely used as a cloning vector.

* Typical vectors coming out of lambda genome fall into two
broad classes, namely ‘insertion vectors’ and ‘replacement
vectors’.

e M13 is a filamentous bacteriophage of E. coli having
genome consisting 6.4kb long circular DNA packaged in
a tubular capsid.

* An example of M13 based vector for E. coli is M13mp18
which facilitates blue/white selection of recombinants.

* Cosmids are a type of hybrid (combination) vector that
replicate like a plasmid but can be packaged in vitro into
lambda phage coats.

e A typical cosmid has replication functions, unique
restriction endonuclease sites, and selective markers
contributed by plasmid DNA, combined with a lambda
DNA segment that includes the joined cohesive ends
(cos sites).

* Phasmids are true combination vectors between phage
and plasmid. They are linear duplex DNAs whose ends
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are lambda segments that contain all the genes required
for a lytic infection and the middle segment is linearised
plasmid.

Among eukaryotic host vector system, the most common is
the baker’s yeast, Saccharomyces cerevisiaes, from which
YAC’s have been derived through genetic engineering.

A YAC cloning vector consists of two copies of a yeast
telomeric sequence (telomeres are the sequences at the
ends of chromosomes), a yeast centromeric sequence, a
yeast ARS (an autonomously replicating sequence) and
appropriate selectable markers.

EXERCISES

1. Describe the importance of host vector system in rDNA
technology.

2. What are the major characteristics of a vector?
3. What is plasmid and what are its different types?

4. Discuss the strategy applied for the development of
(pBR322) plasmid cloning vectors.

5. Briefly describe the structure of lambda bacteriophage
and also discuss the role of lambda phage based
vectors.

Discuss the M13 based vectors and its application.
Differentiate between cosmids and phagemids.
Why is a vector required for cloning of a gene?

0 X N o

A plasmid capable of getting integrated into host
chromosome is called:

(a) Col plasmid
(b) Episome
(c) Ti plasmid
(d) R plasmid
10. Why the replication of single copy plasmid called
stringent replication?
11. Identify the incorrect match pair from the following:

(i) Multi copy plasmid (a) Stringent replication
(ii) Col plasmid (b) Kills bacteria
(iii) pBR322 (c) Plasmid
(iv) Prophage (d) Phage genome inserted

into a host genome
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12. How can a large size eukaryotic gene insert be cloned?

13. Assertion: An ideal vector should have selectable
marker.

Reason: Selectable markers are required to screen out
transformation.

(a) Both assertion and reason are true and the reason
is the correct explanation of the assertion.

(b) Both assertion and reason are true but the reason
is not the correct explanation of the assertion.

(c) Assertion is true but reason is false.
(d) Both assertion and reason are false.
14. Assertion: Cosmid is a hybrid vector.

Reason: Cosmid has properties of both plasmids and
lambda phage vector.

(a) Both assertion and reason are true and the reason
is the correct explanation of the assertion.

(b) Both assertion and reason are true but the reason
is not the correct explanation of the assertion.

(c) Assertion is true but reason is false.
(d) Both assertion and reason are false

WA\
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Gene cloning is a customary procedure to use a gene for its
product in the biotechnology industry and various other
purposes. Traditionally, it engages the transfer of a DNA
fragment containing the gene of interest to a host cell by a
vector so that many copies of the gene will be available for
its characterisation and future application. Technological
breakthrough in the field of genetic engineering have made
it possible to analyse DNA, isolate a specific gene from a
genome, enzymatically inserting it into an autonomously
replicating vector (e.g. plasmid) to generate rDNA molecule
and ultimately introducing into host (e.g. bacteria) to
produce a virtually unlimited number of copies (clones) of
it. This chapter will expose students to all the procedures
involved in gene cloning.

3.1 IDENTIFICATION OF CANDIDATE GENE

Over the past decades, rDNA technology has been utilised
to produce crops that are resistant to pests, diseases,
herbicides and pathogens. This is possible by manipulating
the specific gene of interest of one organism followed by its
transfer into the genome of another organism, which upon
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expression results in the desired product or activity. The first
and most formidable problem in this process is to identify the
candidate gene in the genome of an organism.

Identification of a gene to be cloned depends upon its
significance with regard to its role in biomedical, economical
and evolutionary fields. This information on a gene comes
from its biochemical and physiological studies. For example,
the cause of diseases (diabetes in human beings due to
deficiency of insulin) or defect in the metabolic pathways
(iron deficiency leading to chlorosis in plants) or resistance
to environment (salinity tolerance in plants) or resistance
to infection (both in plants and animals) or economically
important genes (milk protein, blood clotting factors, etc.) are
candidate genes for the improvement of human health and
needs. Once a gene of interest is identified, it is explored in
new sources and the same is cloned as mentioned in the
subsequent sections.

Searching a gene of interest is not an easy task. This
will be clear from the following example. As you know, a
haploid human genome contains approximately 3.2 billion
bp. Therefore, searching a gene of interest having a size of
3000 to 3500 bp, which is one-millionth of the genome;
is perhaps more difficult than looking for a needle in the
haystack. However, in case we know the protein product of
a gene, we can synthesise its mRNA sequence using genetic
code from which its DNA sequence can be deduced or we
can use the mRNA as a probe to search the gene from its
genome library. We can also isolate the mRNA of the gene
from a tissue which produces it exclusively. From mRNA,
we can prepare RNA:cDNA hybrid molecule using reverse
transcriptase enzyme. RNA strand from RNA:cDNA hybrid
molecule can be removed using RNase enzyme. The single
strand cDNA is converted into double stranded cDNA by
using DNA polymerase enzyme. The candidate gene can

then be cloned, which is discussed in the subsequent
chapters.

3.2 IsoLaTioN oF NucLEIC AcCIDS

The first and foremost requirement for any molecular
biology experiment is isolation of nucleic acids from
organisms. Extraction of nucleic acids is encountered by
two big challenges. First one is related to their availability
in cells as DNA and RNA, both of which are present in very
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small amounts in cells in comparison to other biological
macromolecules, such as proteins, carbohydrates and
lipids. Second, the enormous length of nucleic acids,
particularly makes it susceptible to cleavage when exposed
to harsh physical stress. In addition, the chemical bonds
by which different components of nucleic acids are joined
with each other and various groups present in them make
nucleic acid vulnerable to chemical agents.

Four important steps are involved during the
extraction of nucleic acids. The first step involves the
effective rupture of cell membrane or walls to release the

Source nucleic acids
|"
1. Cell lysis 2. Protection |

Plant tissue \é—Discard pellet (Cell debris)

' Centrifuge
Animal tissue {

Microbial cell |
A |

Y

Retain supernatant |

4. Precipitation
of DNA/RNA

i
Add ethanol/isopropanol |
for precipitation |

Centrifugation
Discard supernatant

.

\¢€«—— Pellet (DNA+RNA)
Dissolve pellet i

«— | —

Total DNA RNase " DNase
ota Treatment ‘-J' Treatment Total RNA

Total Nucleic
Acid (TNA)

Fig. 3.1: Steps involved in the isolation of nucleic acid
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nucleic acids and other cellular molecules. The second
step involves the protection of nucleic acids from their
respective degrading enzymes which are released in the
isolation medium with other proteins. In the third step,
the nucleic acids are separated from other molecules. In
the fourth and the last step, the isolated nucleic acids
are precipitated and concentrated by adding ethanol or
isopropanol (Fig. 3.1).

Although, chemical and physical properties of nucleic
acids are similar in all organisms, the outer boundary of
cells differs from one organism to another. Therefore, in
order to disrupt the cell boundaries for releasing nucleic
acids into extraction medium, different strategies are
adopted. Animal cells have plasma membrane which can
be easily disrupted. On the other hand, plant cells and
bacteria are protected by tough layers (e.g., cell wall),
which need different approaches for their lysis. These
include homogenisation, grinding, sonication or enzymatic
treatment. Such mechanical or enzymatic treatment
ruptures plasma membrane or cell wall so that nucleic
acids get released from cells and exposes them to nuclease
enzymes (deoxyribonuclease and ribonuclease), which are
also released simultaneously.

As bacterial cells have little structure beyond the cell
wall and cell membrane, isolating DNA from them is much
easier. An enzyme called lysozyme digest the peptidoglycan,
the main component of bacterial cell wall. Detergents
like sodium dodecyl sulphate (SDS) is used to lyse the
cell membranes by disrupting the lipid bilayer. Plant
and animal cells are ground to release the intracellular
components. Plant cells are mechanically ruptured in a
blender to break open the tough cell walls. For isolation
of DNA from plant cells, cetyl trimethyl ammonium
bromide (CTAB) is used as detergent (a cationic detergent).
Plant cells have high concentration of polysaccharide
and polyphenols in comparison to animal cells and pose
problems during isolation of DNA. The solubility of DNA
and polysaccharides to CTAB depends on ionic strength of
the solution. At low ionic strength, DNA is soluble in CTAB
solution while polysaccharides are insoluble; whereas
at high ionic strength, polysaccharides are soluble and
DNA is insoluble. In addition, being a detergent, it also
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lyses cell wall. Both the molecules are separated based
on their differential affinity to CTAB. Addition of polyvinyl
pyrrolidone (PVP) to CTAB extraction medium neutralises
phenols. Soluble DNA present in supernatant is extracted
with chloroform-isoamyl solution. DNA present in aqueous
phase is precipitated using ethanol or isopropanol. In case
of animal cells, the cell membrane is disrupted by detergent
to release the intracellular components.

The cells and tissues from which nucleic acids are to be
extracted are broken down in a medium either mechanically
or enzymatically. The media is usually a buffer having
mild alkaline pH with minimum ionic strength (0.05 M)
containing chelating agent ethylene diamine tetraacetic
acid (EDTA). The mild alkaline pH facilitates the reduction
of electrostatic interaction between DNA and basic proteins
(histones) released during cell disruption. Chelating of
divalent cations particularly Mn?** and Mg?* prevents the
action of nucleases. Further, inhibition of their activities
is achieved due to alkaline pH of the buffer. In addition,
chelating of divalent cations prevents the formation of their
respective salts with phosphate groups of nucleic acids.

The next step is to separate nucleic acids from its
bound proteins. This is achieved by decreasing interaction
between proteins and nucleic acids so that nucleic acids
are free of proteins, by exposing to detergents, like SDS, an
anionic detergent. Exposure to SDS makes all the protein
molecules anionic. Consequently, basic proteins which
are positively charged and bound to negatively charged
nucleic acids become negatively charged and dissociate
from the nucleic acids. In addition, SDS also prevents the
activities of nucleases thereby giving additional protection
to nucleic acids from nucleases. Then sodium chloride is
added to the medium at high concentration. Increased salt
concentration diminishes the ionic interaction between
DNA and cations thus ensuring complete dissociation
of DNA and protein complexes. Deproteinisation of the
medium is achieved by exposing it to chloroform and
isoamyl alcohol. These solvents are non-polar in nature.
When itis added to the medium which is polar in nature and
subjected to centrifugation, it gives three distinct layers.
Since, the density of organic solvent mixture is higher than
water, it forms a lower layer (which contains denatured
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proteins) while the upper layer is aqueous in nature and
contains nucleic acids. Chloroform causes denaturation of
proteins while isoamyl alcohol prevents the formation of
foam and helps in stabilising the interface between lower
organic and upper aqueous phase, that can be separated
by pipetting. The nucleic acids from aqueous phase are
precipitated by addition of ethanol to aqueous medium
which reduces its polarity, that makes aqueous medium
as non-polar and thus nucleic acids become insoluble
which were otherwise soluble in aqueous medium. To
remove RNA, the enzyme ribonuclease A is added which
digests RNA into ribonucleotides. DNA is then isolated by
centrifugation and stored at low temperatures.

RNA Isolation

RNA is single stranded, while DNA is mostly double
stranded. Ribonucleases (RNases), a group of enzymes that
degrade RNA molecules, are abundant in the environment
and it is difficult to
remove or destroy RNases
completely. Thus, it is
often difficult to isolate

Cell lysis and dissolution

Cell lysis can be achieved using buffers or reagents containing
chaotropic agent Guanidinium isothiocyanate (GITC).
[ |

/ intact RNA.
Denaturation of DNA and proteins Total RNA is extracted
Dnase can be used to degrade DNA, while proteinase K can be frombiologicalsamplesby

added to digest proteins. Alternatively, repeated organic extraction

using phenol and chloroform or dissolving the sample in buffers using a specific reagent

containing guanidinium salts can also be used to re move proteins.
| |

7

Denaturation and inactivation of RNases
This can be achieved using any of the chaotropic agents, such
as phenol and chloroform. .

Separation of cellular components

RNA can be separated from other cellular components by adding
chloroform and centrifuging the solution. This separates the
solution into two phases: organic and aqueous phases. The

aqueous phase contains RNA.
| |

7

Precipitation
RNA is often recovered from the aqueous phase using isopropanol.

known as guanidinium
isothiocyanate  (GITC)-
phenol-chloroform. GITC
is a chaotropic reagent
and acidic in nature as
it disrupts the hydrogen
bond and releases energy

to increase entropy
(chaos) that reduces
hydrophobic effect of
the solution resulting

in the aggregation of
proteins and nucleic
acids. Phenol causes
denaturation of proteins

Fig. 3.2: (a) Flow chart for the isolation of RNA
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while chloroform solubilises lipids. Chloroform also
enhances specific gravity of phenol with respect to water.
When biological samples are treated with GITC solution and
subjected to centrifugation, the solution gets separated into
three phases: upper aqueous phase, followed by interface
and organic phase. Total RNA is extracted in the aqueous
phase due to the acidic nature of the reagent while DNA and
denatured proteins are retained in the interface or organic
phase. This step also inactivates RNase enzyme that may
hydrolyse RNA. Subsequently, RNA from aqueous phase is
precipitated with the help of isopropanol (Fig. 3.2 (a) and b).

Guanidinium isothiocyanate (GITC)- PN @
% ( ) N

phenol-chloroform .
Sample preparation

l by homogenisation or lysis
o e B - Aqueous phase
g o ja oo (Contains RNA) - ———
s 'j__l. A Y
Phase Collect aqueous phase
separation 'I in separate tube RNA
—_— s and add isopropanol Precipitation
_)
< Protein ) Usi
Interface iszlr;go anol i
“=<—— DNA (Contains precipitated prop '
2¢ RNA proteins) -_—
Organic phase /‘
(Contains DNA, lipids and proteins) RNA pellet

Fig. 3.2: (b) RNA extraction

Box 1: Separation of Plasmid DNA from Genomic DNA

Two types of DNA molecules are isolated in cloning experiments. One is plasmid DNA and the
other genomic DNA from bacteria. Chromosomal DNA is separated from plasmid DNA by boiling
bacterial lysate. The boiling of lysate causes irreversible denaturation of chromosomal DNA
and denaturation of proteins including deoxyribonuclease. Boiling causes formation of a gel,
which is precipitated by centrifugation. On the other hand, partially denatured plasmid DNA
(due to boiling) is renatured as circular double helix and become soluble. In another method,
bacterial suspension is lysed and its contents are denatured by anionic detergent SDS and
NaOH solution. The broken cell wall, chromosomal DNA and denatured proteins are clumped
as a large mass coated with SDS that are precipitated from solution by replacing sodium
ions (Na+) with potassium ions (K+). The precipitate is then separated by centrifugation. The
plasmid DNA is isolated from the supernatant by ethanol precipitation.
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(a) An exonuclease

Cleavage

\

|

3.3 EnzYMES USED FOR REcoMBINANT DNA
TECHNOLOGY

Enzymes constitute an important tool in rDNA technology.
The major task of the manipulation of the DNA involves
cutting and ligation of the vector DNA and the gene of
interest. For this, the natural abilities of different enzymes
found in organisms are exploited. The major enzymes used
in the rDNA technology are:

(i) Nucleases: Nucleases are the enzymes which cleave
nucleic acids by hydrolysing the phosphodiester
bond that joins the sugar residues of adjacent
nucleotides. Some nucleases are DNA specific
called DNases and some are RNA specific called
RNases. There are two major types of nuclease
enzymes depending on their preference of the
location of phosphodiester bonds of polynucleotide
chains (DNA or RNA or synthetic polynucleotide
chain) namely, exonuclease and endonuclease.
Exonuclease, as the name suggests, removes the

Cleavage

Nucleotide v Hydrogen bond

Phosphodiester bond

ssssscssssssanasgi Bl

(b) An endonuclease

Cleavage

Cleavage

! 4
POSSSSSseESssens Besssschaseasaans

PN

AN

T I T, T

Blunt end

Sticky end

Fig. 3.3: (a) An exonuclease, which removes nucleotides from the end of DNA molecule
(b) An endonuclease, which breaks internal phosphodiester bonds
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nucleotides one at a time i.e., mononucleotides,
either from the 3' or 5' ends of polynucleotide
chains. Endonuclease, on the other hand, breaks
internal phosphodiester bonds within a DNA or
RNA molecule [Fig. 3.3 (a) and (b)].

(ii)

Restriction endonuclease/enzyme (RE):

Endonuclease enzymes that cleave DNA molecules
at a specific position are called restriction
endonucleases or restriction enzymes. They
are mostly found in bacteria and archaea that
provide a defense mechanism against invading
bacteriophages. RE recognises and binds to a
specific DNA sequence called recognition sequence

or site, often consisting of 4 to 8 bp.

Restriction enzymes are categorised mainly into three
groups (Type I, II and III) based on their co-factor
requirement and the position of their DNA cleavage site
relative to the target sequence. Type I enzymes cleave
DNA at a site which is about 1000 bp from the recognition
site and require S-adenosyl methionine (SAM), Mg?*, ATP
and has DNA strand cleavage, methylase and ATPase
activities. Type Il enzymes cleave within the recognition
site and require Mg?* and has only DNA strand cleavage
activity (Fig. 3.4). Type II REs find application in rDNA
technology. Type III enzymes cleave at sites about 24 to
26 bp away from the recognition site; require S-adenosyl
methionine (SAM), Mg?*, ATP and has DNA strand
cleavage and methylase activities (Table 3.1).

Table 3.1: Types of Restriction Enzymes

s

The 1978 Nobel Prize in
Physiology or Medicine
was awarded jointly to
Werner Arber, Daniel
Nathans and Hamilton
Smith for the discovery
of ‘restriction enzymes’
and their application to
the problems of molecular
genetics. HindIl was the
first restriction enzyme to
be isolated by Hamilton
Smith.

Cleavage site Endonuclease and methylase function Examples
Type I Random around 1000 Endonuclease and methylase function EcoKI
bp away from the on a single protein molecule EcoAl
recognition site
CfrAl
Type II Specific within the Endonuclease and methylase are EcoRI
recognition site separate entities BamHI
HindlIII
Type III Random 24-26 bpaway Endonuclease and methylase function EcoPI
from the recognition site on a single protein molecule HinflII
EcoP15I
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PAAGCTT oH”

3'OH TTCGAA P5‘
A

\
*PICTGCAG oy°

Yo IGACGTC -
A

7
P GATATC ou”
3‘OH CTATAG P5'
A

The recognition sequences of widely applied Type II REs
are palindromic sequences, meaning the sequence on
the forward direction on a double stranded DNA reads
same in a reverse direction on the complementary strand.
These enzymes break specific phosphodiester bond in
both strands of the DNA molecule within the restriction
sequence recognised by the enzyme or at the site or near
the sequence. It generates a 5'-phosphate group at one end
of the break and a 3'-hydroxyl group at the other end of the
break (Fig. 3.4). Several REs cleave at different locations on
the two DNA strands to produce staggered cut having short
single-stranded protruding ends called cohesive or sticky
ends. Some REs produce blunt ended cut by cleaving both
strands of DNA at same location (Fig. 3.4).

HindIIl *p [& on” "PAGCTT on”

Digest Yon (LT CGA P “on[A P”

5' Sticky ends

Pstl "PICTGCA on” °P G oH”
S 1 1
*on G P° SouACGT C p®
Digest
3' Sticky ends

*p GAT on® "P/ATC on®
EcoRV p OH , OH

3'OH C’I‘A]‘:)5 3OH TAGP
Digest

Blunt ends

Fig. 3.4: Type II REs generating sticky or blunt ends

Let us now understand the nomenclature of restriction
enzymes. The enzyme is named after the microorganism
from which it is isolated. The first capital letter represents
the genus, the second and third letters represent species.
The fourth letter specifies the strain of the microorganism.
And the last Roman number represents the number of the
enzyme isolated from the species (Table 3.2).
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Table 3.2: Nomenclature for restriction endonucleases

EcoRI

Escherichia (E) genus

coli (co) specific epithet
strain Ry13 (R) strain

first endonuclease (I) order of identification
HindIII

Haemophilus (H) genus

influenzae (in)

specific epithet

strain Rd (d) strain

third endonuclease (III)

(iid)

order of identification

DNA ligase: Ligase enzyme facilitate the joining of
DNA strands together by catalysing the formation of
a phosphodiester bond in the duplex form (Fig. 3.5).
Bacterial DNAligases, from E. coli,use the hydrolysis
of NAD as their energy source, whereas ATP is the
energy source for DNA ligases from bacteriophages
(e.g., T4) and eukaryotic cells. The 5'-P group of
one chain makes a covalent linkage with the 3'-
OH group of adjacent chain. T4 DNA ligase is used
to join two DNA molecules having cohesive ends
or blunt ends. E. coli DNA ligase is used to join a
gap between two nucleotides in one strand of DNA
molecules.

3!

Sticky/cohesive end ligation

ATP (or NAD")
(@) 5 3’ Ligase S
A T G C A T
T A C G T A
AMP
3’ p HO 5 + 3
PPi
(b) oo‘ s & o
_—>
d — we
o TTTTT

Blunt end ligation

Fig. 3.5: Ligation of DNA by ligase (a) Formation of phosphodiester bond (b) Ligation of sticky end

(c) Ligation of blunt end
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(iv)

Sugar

Phosphate

, New strand

DNA polymerases: DNA polymerases are a group
of polymerases that catalyse the synthesis of new
DNA strand by using mono-deoxyribonucleoside
triphosphates (ANTPs) on a template strand. A DNA
polymerase enzyme synthesises new DNA strand in
5'—3' direction (Fig. 3.6). It cannot initiate synthesis
of a new DNA strand. In addition to dNTPs, they
require a primer (oligonucleotide) carrying a free
3'-end hydroxyl group that can be used as the
starting point of chain growth. DNA polymerase I of
E.Coli exhibit several other activities, such as 5'—
3’ exonuclease and 3'— 5'-exonuclease.

Template
strand

Pyrophosphate
5' released

Nucleoside triphosphate

(vi)

38 “ BIOTECHNOLOGY XII

Fig. 3.6: DNA polymerase adds nucleotides at 3' OH end of the DNA molecule

(v)

Alkaline phosphatase: Alkaline phosphatase is
used to remove the terminal phosphate group from
S’ end of DNA strands.

Polynucleotide kinase: Using polynucleotide
kinase, a phosphate group can be attached to
hydroxyl (-OH) group present on 5 end of DNA.
Polynucleotide kinase has the reverse effect of
alkaline phophatase, adding phosphate groups
onto free 5’ termini.
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(vii) Terminal deoxynucleotidyl transferase or
terminal transferase: This enzyme can add
similar nucleotide residues to form a homopolymer
tail on 3’ end of a DNA strand. Unlike most DNA
polymerases, it does not require a template.

(viii) Reverse transcriptase: It is also called RNA
directed DNA polymerase and is found in many
retroviruses. It is used to generate complementary

DNA (cDNA) strand from a—RNA template, a process
termed as reverse transcription (Fig. 3.7).
’ Reverse
transcriptase

dNTPs
RNA TTeTx" 3
5
Primer
5
RNA-dependent DNA polymerase
(Reverse transcriptase) activity
RNA Strand
5 3

3' T S
cDNA Strand

Fig. 3.7: Reverse transcription

(ix) Poly A polymerase: It incorporates adenine
residues to hydroxyl group of 3’ end of RNA
(Fig. 3.8).

Poly A polymerase ’ A A

5|

mRNA

Fig. 3.8: Addition of dATPs by poly A polymerase
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3.4 MobkEs oF DNA TRANSFER

Transfer of a foreign DNA molecule to a host cell (prokaryotic
or eukaryotic) from its surrounding environment is one of
the basic steps in rDNA technology. In nature, bacteria
obtain foreign DNA molecules from its surroundings in
three different ways, which are: (i) transformation, (ii)
transduction and (iii) conjugation.

(i)

Transformation: Transformation is genetic
alteration of a cell resulting from the direct uptake
of exogenous DNA molecule from its surroundings
through the cell membrane and gets incorporated
in the recipient genetic material. Recipient cells
with foreign DNA molecule are referred to as
transformants (Fig. 3.9). Transformation occurs
naturally in some species of bacteria.

(@) Transformation with (b) Transformation

DNA fragment

with plasmid

C® CH

uptake of DNA

uptake of plasmid

C® &

Fig. 3.9: Transformation in bacteria

(i)

40 “ BIOTECHNOLOGY XII

Transduction: Viruses may also mediate the
uptake of foreign DNA into the genome of a cell.
Viruses which specifically infect bacterial cells are
known as bacteriophages. Bacteriophages on
infecting follow a lytic cycle or a lysogenic life cycle
in the host. In lysogenic life cycle, the
bacteriophage genome gets incorporated into
bacterial DNA, and remains dormant for several
generations. After a period of time when phage
genome gets excised from the host DNA, they
occasionally take small sequences of bacterial
DNA with them. Phage genome containing bacterial
DNA is then packaged into phage coat proteins to
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(idi)

form a complete, recombinant viral particle. When
this phage infects a bacterial cell, the recombinant
phage genome containing bacterial DNA is
introduced into bacteria (Fig. 3.10). The recipient
bacterial cell is referred to as transductants.

Virulent Phage ——

Phage DNA

Generalised Transduction ‘ Specialised Transduction

v

v

gf4

Cell Lysis

(Lytic life cycle) (o)o)
o0 O

Cell Lysis

Fig. 3.10: Transduction in bacteria

Conjugation: Conjugationisreferredtoastransfer
of genetic material (DNA) from one bacterium to
another through cell-to-cell direct contact. The
bacterial cell that transfers its DNA is called
the donor cell and the one which receives is the
recipient cell. Conjugation is usually mediated by

Rationalised 2023-24
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Conjugation pilus

F plasmid

F+

Fig. 3.11: Bacterial conjugation
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F plasmids that carry a DNA sequence
called the fertility factor, or F-factor.

Bacterial chromosome  The F-factor produces a thin tube-like

structure called pilus, through which
the donor cell makes contact with the
recipient. A nick is made in one of the
strands of double stranded F-plasmid
by an enzyme relaxase in the donor cell
and this strand is transferred to the
recipient cell through pilus. Inside both
donor and recipient cells, the single-
stranded DNA wundergoes replication
to form double-stranded F plasmid
identical to the original F plasmid (Fig.
3.11).

In rDNA technology, the rDNA is
introduced (transferred) in host cells by
numerous methods. Chemical (calcium
chloride, lipofection, etc.) and physical

(electroporation, microinjection and gene gun) methods
for introducing foreign DNA molecules into host cells are
commonly used. In calcium chloride method, the DNA to
be transferred is mixed in a solution containing positively
charged calcium and the negatively charged group of DNA
to form a complex. The host cells take up the foreign DNA
molecule by a process of heat shock. In electroporation
method, transient micropores are created on the membrane
of host cells by exposing them to mild electric current in
the presence of foreign DNA molecules. The recombinant
DNA molecules enter into host cells through transient
micropores. Lipofection (or liposome transfection) is a
technique used to inject genetic material into a cell by
means of liposomes, which are vesicles that can easily
merge with the cell membrane since they are both made
of a phospholipid bilayer. Foreign DNA molecules can
be introduced directly to the nucleus of host cells using
specialised automated Microinjection apparatus. In
biolistic method, with the help of a gene gun (particle
gun), microscopic particles (gold, nickel, tungsten) coated
with foreign DNA are bombarded to cells at high velocity so
that foreign DNA molecule enters inside the cell (Fig. 3.12).
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Fig. 3.12: Methods of DNA transfer (a) Chemical (CaCl, ), (b) Electroporation, (c) Lipofection method of
DNA transfer into host cell, (d) Microinjection and (e) Biolistic method
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3.5 SCREENING AND SELECTION

Selection of transformed bacteria with recombinant
vectors is the most essential step for a successful cloning
experiment. Here, the objective is to identify the transformed
cells having recombinant vector from a mixture of
non-transformed cells. Success rate ofinsertion of an insert
into a plasmid and subsequent transfer of recombinant
plasmids to bacteria is very low. Therefore, it is difficult to
select a few bacteria containing plasmids with insert from
a large number of bacterial populations without the insert.

The method of selection of recombinant cells is based on
the principle of difference in biological traits presentin hosts
with recombinant DNA from those without recombinant
DNA. Thus, the recombinant cells are distinguished
from non-recombinants on the basis of their expression
or non-expression of certain traits, such as antibiotic
resistance, or expression of some specific proteins, such
as [3-galactosidase or Green Fluorescent Protein (GFP), or
dependence/independence of a nutritional requirement,
such as amino acid leucine. On the basis of this principle,
the selection procedure can be divided into two main types
as described in the following section.

(i) Direct selection of recombinants: In this method
of selection, transformed cells are distinguished
from non-transformed cells on the basis of
expression of certain traits. For example, bacterial
cells (host) are not resistant to a particular antibiotic
but when they take up the plasmids containing
antibiotic resistant gene, they become resistant
to that specific antibiotic. These cells will survive
and grow in a media containing the antibiotic(s),
whereas the host cells without plasmid will be
killed when they are exposed to antibiotics.

(ii) Selection of recombinants by insertional
inactivation: This is more efficient than the direct
selection method. In this method, a vector having
two markers (either two antibiotic resistant genes,
or one antibiotic resistant gene and one lacZ
gene) is used. When the gene of interest (insert
DNA) is inserted into one of the selection marker
genes in the vector, its expression is disrupted
and hence called insertional inactivation. Let
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us use a plasmid with two antibiotic resistance
genes—one for ampicillin (amp® gene) and the
other for tetracycline (tet® gene). The target DNA
(insert) is inserted into amp® gene of the plasmid
making them recombinant plasmids. Now we
have plasmids with insert and without insert.
When this plasmid mixture is added to a culture
of bacteria as described earlier, there will be
three different populations of host bacterial cells:
(i) host cells without plasmids (non-transformed),
(ii) transformed host cells with plasmids without
insert and (iii) transformed host cells with
recombinant plasmids (with insert). Now it is
essential to identify those cells which have
received the recombinant plasmid. This process
of screening is based on the property of resistance
to ampicillin which is lost in the host cell having
recombinant plasmids. The insert gets cloned
in amp® gene leading to insertional inactivation
of ampicillin resistance gene (amp®) (Fig. 3.13).
When these bacteria are plated on a media
containing tetracycline, the non-transformed
cells get eliminated as they are sensitive to it.
Only transformed cells (with functional tetf)
multiply and form colonies as they are resistant
to it. There will be two types of colonies (master
plate)— one of transformed cells having plasmid
without insert (non-recombinant) and the other
of transformed cells having plasmid with insert
(recombinant) (Fig. 3.13). By using nitrocellulose
membrane, bacterial cells from the master plate
colonies are plated on a solid media containing
ampicillin. Transformed cells with vectors (without
insert) will only multiply to form colonies (replica
plate) while transformed cells with recombinant
vectors will not grow because their amp® gene has
been inactivated. Now, if we compare the master
plate with replica plate, the colonies present
in master plate and absent in replica plate are
the transformed cells with recombinant vector
containing DNA insert of interest (Fig. 3.13).
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Fig. 3.13: Selection of recombinants by insertional inactivation
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Fig. 3.14: Blue-white selection method
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Blue-white selection method is another example of
insertional inactivation selection method to select the
recombinant transformed cells. In this method, lacZ gene
present in plasmid vector (refer to Vector section of Chapter
2) expresses the [-galactosidase enzyme. [(-galactosidase
cleaves a colourless chromogenic, Substrate called X-gal
(5 Bromo-4-Chloro-3 indolyl-beta D-Galactoside), an
analog of lactose to form 5-bromo-4-chloro-indoxyl, which
spontaneously dimerises to produce an insoluble blue
pigment called 5,5'-dibromo-4,4'-dichloro-indigo. When lacZ
gene in the plasmid is inactivated due to insertion of the insert
DNA, then the enzyme [3-galactosidase is not expressed in
hosts containing recombinant plasmids (Fig. 3.14).

During transformation experiment, the bacterial
cells (both transformed and non-transformed) are plated
on an ampicillin and X-gal-IPTG (Isopropyl [-D-1-
thiogalactopyranoside) containing solid media. The non-
transformed cells get eliminated and only the transformed
cells multiply and form colonies. Two types of colonies will
be formed i.e., blue colour and white colour colonies. The
bacterial cells in blue colonies contain a vector with an
uninterrupted lacZ, (no insert) while cells in white colonies,
where X-gal is not hydrolysed, indicate the presence of an
insert in lacZ, which disrupts the formation of an active
B-galactosidase.

Alternative methods have been developed in order
to screen transformed bacteria e.g., GFP. The concept
is similar to lacZ in which a DNA insert can disrupt the
coding sequence within a vector and thus disrupt the GFP
production resulting in non-fluorescing bacteria. Bacteria
that have recombinant vectors (vector + insert), will be white
and not express the GFP protein, while non-recombinant
(vector) will fluoresce under UV light.

3.6 BLoTTING TECHNIQUES

Blotting techniques are widely used by scientists to
separate and identify DNA, RNA and proteins from a
mixture of molecules. This technique immobilises the
molecule of interest on a support, which is a nitrocellulose
or nylon or polyvinylidene difluoride (PVDF) membrane.
It uses hybridisation techniques for the identification of
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specific nucleic acids and genes. Both nitrocellulose and
PVDF membranes are highly hydrophobic and chemically
resistant to a broad range of chemicals. They have high
affinity for binding to proteins and nucleic acids. Once
proteins or nucleic acids are transferred to membranes,
they are immobilised on the membrane. A specific protein
can be detected on the membrane by using its specific
antibody. Similarly, by using a specific nucleic acid probe,
one can detect the desired nucleic acid on the membrane by
hybridisation. Detection methods used in blotting techniques
are chromogenic, fluorescence, chemiluminescence or
radioactive. There are mainly three types of blotting
techniques used in biotechnology—southern blotting,
northern blotting and western blotting.

Southern blot technique: The original blotting technique
was invented by British biologist Edwin Southern as a
method to detect specific sequence in DNA samples. In
Southern blotting, large DNA molecules are cut into small
pieces by restriction endonuclease. The DNA fragments
are separated on agar gel on the basis of their size by
electrophoresis. DNA from the gel is transferred on to
nitrocellulose membrane through capillary action. For
this, a solid support is placed in a tray. Buffer solution is
added in the tray to half the height of the solid support. A

DRA Paper towels
1 Migration Filter paﬁeis N
3 3 Nitrocellulose membrane
Gel
Electrophoresis N
Whatman filter paper strip
Buffer solution
Solution passes through
gel and filter to paper towels
Probe hybridised \
to complementary
sequence Gel—\
- - | | ] ’/, <— Membrane
= XEr);I;I(i)isl?n Reénoved DNA transferred
- . nboun
Autoradiogram Wrap in v roll)le to filter
clingfilm p Hybrldlse with

unique radioactive

probe

Fig. 3.15: Identification of desired DNA by Southern blotting
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Whatman paper strip is placed on the solid support that
touch the buffer on two sides. The gel having DNA is kept
on this Whatman strip. A sheet of nylon or nitrocellulose
membrane is placed on the top of the gel. Pressure is
applied evenly on the gel by placing a stack of filter papers
or paper towels and a weight on top of the membrane and
gel. Buffer solution by capillary action moves through the
gel and membrane onto filter papers. Along with buffer
solution, DNA moves to the positively charged membrane.
The membranes after transfer of nucleic acids, serve
as the replica of their respective gels. The membrane is
then baked to permanently attach or fix the transferred
DNA to the membrane which is mixed with probes. The
blot membrane is then washed to remove unhybridised
probe. The desired DNA sequence on the membrane is
subsequently detected using probe (Fig. 3.15). Probe
is a single DNA strand, complementary to the sequence
present in the DNA fragment to be identified. The probe is
labeled with a detecting tag which may be of radioactivity,
fluorescence or chemical nature. The labeled DNA probe
anneals with its complementary strand in the membrane.
Location of the target DNA fragment is identified by
visualisation on X-ray film by autoradiography.

Northern blotting technique: It is used to detect specific
RNA molecules in a mixture of RNA. It was developed by
American scientists J. Alwine, David Kemp and George
Stark in 1977. Like Southern blotting, it starts with the
extraction of total RNA from a homogenised tissue sample
or from cells. They are separated on a agarose gel on the
basis of their size by electrophoresis. Then they are
transferred to a membrane where they are immobilised. A
nylon membrane with a positive charge is most effective
for use in northern blotting since the negatively charged
nucleic acids have a high affinity for them. The transfer
buffer used for the blotting usually contains formamide
because it lowers the annealing temperature of the probe-
RNA interaction, thus eliminating the need for high
temperatures, which could cause RNA degradation. Once
the RNA has been transferred to the membrane, it is
immobilised through covalent linkage to the membrane by
UV light or heat. It is then mixed with radioactive probes.
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The probes are specifically designed for the RNA of interest,
so that they will hybridise with RNA sequences on the blot
corresponding to the sequence of interest. The blot is now
washed to remove extra probes. The labeled probe is then
detected by autoradiography which appears as dark bands
on X-ray film or by fluorescent labels (Fig. 3.16).

RNA separated

RNA by size
@ Extraction Electrophoresis
—— NN\ —

N A A
Sample

Northern blotting
(transfer of RNA

Labeled «--:__.{..: —

probes >

L

& \ RNA fixed to
Visualisation < W ‘ a membrane with
labeled RNA on UV or heat
X-ray film

Membrane hybridised
with labeled probes

Fig. 3.16: Identification of desired RNA by Northern blotting

Western blotting technique: The name was coined by W.
Neal Burnette in 1981. It is a technique used to detect
specific proteins in a sample of tissue homogenate or
extract. Proteins are isolated from a source. They are
separated on an — SDS-PAGE gel on the basis of their
electrophoretic mobility which depends on charge, molecule

Labeled antibody
Electro transfer of treatment
proteins from gel to
membrane (Electro transfer)

Protein Separated
samples proteins

SDS-PAGE
-
~NT Develop
Protein bands visualised Autoradiography

Fig. 3.17: Identification of desired protein by Western blotting
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size and structure of the proteins. They are transferred to
a nitrocellulose membrane. The desired protein is detected
on membranes using an antibody specific to the protein
(Fig. 3.17).

Using all the three blotting techniques, a person can
identify a gene and its expression. For example, a gene in a
DNA sequence can be identified by Southern blotting, and
its transcripts (RNA) can be identified by northern blotting,
and finally the expression of a protein from mRNA (by

translation) by western blotting.

Box 3: Eastern Blot

Eastern blot is used for the detection of specific post-translational modification of proteins.
Proteins are separated by gel electrophoresis before being transferred to a blotting matrix
where upon post-translational modifications are detected by specific substrates (cholera
toxin, concanavalin, phosphomolybdate, etc.) or antibodies

“ BIOTECHNOLOGY XII

3.7 PoLYMERASE CHAIN ReactioN (PCR)

Several molecular and genetic experiments require
significant amount of DNA. In order to generate multiple
copies of DNA from a few copies, a technique was developed
by Kary B. Mullis, which is known as ‘Polymerase Chain
Reaction (PCR)’. In this technique, a very small amount of
DNA can be exponentially amplified to generate thousands
to millions of copies. PCR, sometimes called ‘molecular
photocopying’, is often heralded as one of the most
important scientific advances in molecular biology that
revolutionised the study of DNA to such an extent that its
inventor, Kary B. Mullis was awarded the Nobel Prize for
Chemistry in 1993.

PCR technique is based on the principle that cells use to
replicate its DNA. As the name implies, it is a chain reaction
carried out in repeated cycles which involves the process of
heating and cooling called thermal cycling carried out by a
machine called thermocycler. It requires a heat stable DNA
polymerase enzyme that can make new strands of DNA on
template strands at a high temperature of about 72 to 78°C
(a temperature at which a human or E. coli DNA polymerase
would be non-functional). DNA polymerase typically used in
PCRis called Taq polymerase, an enzyme isolated from the
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Fig. 3.18: Steps of polymerase chain reaction
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thermophilic bacterium, Thermus aquaticus, which inhabits
hot springs. Another enzyme Pfu polymerase isolated from
Pyrococcus furiosus is used widely because of its higher
fidelity when copying DNA. Like other DNA polymerases,
Taq polymerase also requires a primer, a short sequence of
nucleotides that provides 3'-OH end to start DNA synthesis.
Two types of single stranded synthetic deoxyoligonucleotide
primers (called forward and reverse primers) are used in
each PCR reaction that is complementary to the DNA
sequences in the template strands flanking the target region
(region that should be copied). They are designed from the
pre-existing knowledge of the sequence of DNA template to
be amplified.

PCR involves three steps — denaturation, annealing
and extension (Fig. 3.18). The first step i.e., denaturation
is accomplished by heating the double stranded DNA to
be amplified to a temperature of about 94-95°C. At high
temperature, hydrogen bonds that hold two complementary
strands of DNA molecule break down and each strand serves
as template for the synthesis of its new complementary
strands. The second step is annealing during which the
temperature is lowered to around 50-55°C so that the
specific primers can anneal to their respective template
strands at their complementary sites and serve as the
starting point for copying. Lowering of temperature depends
upon the length of the primer and sequence of the primer.
In the third step i.e., extension, the temperature is raised
to about 72°C, and the heat stable DNA polymerase begins
adding deoxyribonucleotides (ANTPs —dATP, dTTP, dCTP and
dGTP) onto the 3'-OH ends of the annealed primers. Thus,
a new chain of DNA grows from 5’ to 3' direction on each
template. Copies of DNA strands formed by PCR are known
as amplicons. At the end of the cycle, again the temperature
is raised and the process is repeated. The number of DNA
copies doubles after each cycle and the number of copies
at the end of each cycle would be 2" (where n’ is the cycle
number). Usually, 25 to 30 cycles are carried out in a typical
PCR reaction

In PCR, the amplified product is analysed by gel
electrophoresis at the end of reaction (end point analysis).
The amount of DNA in the band of gel plate is then estimated
by measuring the intensity of the band by computer
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Fig. 3.19: Steps of RT-PCR.

programs and transferred into a quantitative data. This is
called semi-quantitative PCR. If DNA material is formed
from mRNA by reverse transcriptase and used in PCR for
amplification (Fig. 3.19), the method is known as reverse
transcription PCR (RT-PCR).

The latest advancement in PCR technology is
real-time quantitative PCR (real-time qPCR). In this method,
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fluorescent markers are used which have specific binding
affinity to double stranded DNA. When bound to dsDNA,
they exhibit fluorescence behaviour. Fluorescence emission
is detected and quantitated by a detector. The amount of
fluorencence emitted is directly proportional to the amount
of double stranded PCR product. Since, the amount of PCR
product formed can be measured after each PCR cycle, and
hence, it is called real-time quantitative PCR. One of the
fluorescent dyes used in real time PCR is SYBR green. The
dye only binds to double stranded DNA.

The machine in which PCR reaction is conducted is
known as thermocycler. These are automated machines
having control points where one can set three gradients of
temperature (for denaturation, annealing and extension)
for different time periods for each step. For real-time
gqPCR thermocycler it has a detector to measure emitted
fluorescence. In real-time PCR, gel electrophoresis is not
needed as in case of conventional PCR.

PCR has several applications in molecular biology and
rDNA technology. One of the applications of PCR is to
quantify mRNA to assess the expression of a gene. It is also
used to amplify minute DNA samples collected from crime
scenes and fossils for further investigation.

Box 4

The Novel Coronavirus (nCoV) Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2) and COVID-19 Disease

(Corona Pandemic)

The International Committee on Taxonomy of Viruses on 12 February, 2020, officially named
2019-nCoV virus as SARS-CoV-2, and on the same day, World Health Organization (WHO)
announced it to be responsible for the pandemic Coronavirus disease 2019 (COVID-19). SARS-
CoV-2 is an enveloped virus which contains crown-like spikes on its outer surface.

The genome of SARS-CoV-2 is a single-stranded positive (sense) RNA of 30 kb with G + C
content of 38%. Two-thirds of viral RNA encode a number of non-structural proteins (NSPs) which
include papain-like protease (PLpro), 3-chymotrypsin-like protease (3CLpro), RNA-dependent RNA
polymerase (RdRp), helicase (Hel) and exonuclease (ExoN) as major proteins while the rest are
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accessory proteins which are involved in the transcription and replication of the virus. The
rest part of the virus genome encodes four essential structural proteins, including spike (S)
glycoprotein, small envelope (E) protein, membrane (M) protein, and N phosphoprotein (N)
protein, and also several accessory proteins that interfere with the host immune response.

Based on the structure, the RT - PCR tests have been efficiently optimised, and mRNA
vaccines have been designed and being administered (Chapter 4).
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Schematic diagram of the SARS-CoV-2 genome organisation and a virion. The genome contains a
S'-untranslated region (§''- UTR), open-reading frames (ORFs) 1a and 1b encodes non-structural
proteins, 3-chymotrypsin-like protease (3CLpro), papain-like protease (PLpro), helicase (Hel), and
RNA-dependent RNA polymerase (RdRp) besides accessory proteins, The other ORFs code for
structural S protein (S), E protein (E), M protein (M), and N phosphoprotein (N).
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Box 5: Application of RT-PCR and COVID-19 detection test

RT-PCR plays an important role in the COVID-19 detection test. It is based on the principle
of real-time reverse transcription polymerase chain reaction (rRT-PCR) test that qualitatively
detects the nucleic acid from SARS-CoV-2 in the lower and upper respiratory tract specimens
[sputum, broncho-alveolar lavage (BAL)] collected by health care staff, from individuals that
are suspected of COVID-19.

Principle of the RT-PCR test is same as described in the chapter. For testing, primer and
probes are selected from Open Reading Frame gene region (ORF1la/b) and viral nucleocapsid
region (N), or the spike protein (S) of SARS-CoV-2 genome. The kit contains primer/probe
specific for N gene, ORFla/b gene and the human RNase P. RNA is separated and purified
from the upper and lower respiratory tract specimens is firstly converted to cDNA by reverse
transcription and then amplified in real-time PCR thermal cycler. Probes consist of a reporter
dye at 5’ and quenching dye at 3'. The fluorescent signals emitted from reporter dye are
absorbed by the quencher, so it doesn’t emit signals. During amplification, probes are allowed
to bind to templates and are cut off by Taq enzyme (5'-3' exonuclease activity), separating
reporter dye from the quencher, and generating fluorescent signals. The PCR instrument can
then inevitably draw a real-time amplification curve that is based on the change in signal, and
finally realising the qualitative detection of SARS-CoV-2 novel coronavirus at the nucleic acid
level. Amplification plots shown in the figure signify the accumulation of the product over
the duration of the real-time PCR experiment. The fluorescent signal from individual sample
is plotted against the cycle number.

Ct value

Sample

Fluorescence

___________ Threshold
No template

Baseline

1
T
I
|
1

Number of Cycles

Threshold level and Ct value on a RT-PCR
amplification curve

The threshold cycle or Ct value is the cycle number at which the fluorescence generated
within a reaction crosses the fluorescence threshold — a fluorescent signal significantly above
the background fluorescence. Ct refers to the number of cycles needed to amplify the viral
RNA to a detectable level. At the threshold cycle, a detectable amount of amplicon product has
been generated during the early exponential phase of the reaction. The Ct value is inversely
proportional to the amount of the gene of interest in the sample.
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3.8 DNA LIBRARIES

DNA molecules present in a genome of an organism are
very large in terms of the number of base pairs it contains.
The size of a DNA molecule present in any diploid cell from
any organ of your body has around 3x10° bp. In a genome,
gene sequences are arranged randomly and selecting or
isolating a gene of interest is a big task, especially when the
genomic sequences are not known. Also, a small portion
of genome is transcribed to give mRNA, whereas a major
portion of the genome remains untranscribed. It will be
very difficult to isolate a gene of interest or a sequence
of genome whose location and sequence is not known.
Hence, DNA libraries are constructed by collecting DNA
fragments that have been cloned into vectors so that the
specific DNA fragments of interest can be identified and
isolated for further study. There are basically two types
of DNA libraries (genomic and cDNA libraries) which are
described in the following section.

(i) Genomic DNA Library

A genomic library is a collection of clones of small fragments
of DNA that together represents the complete genome of an
organism. A population of identical vectors store DNA inserts,
each containing a different insert. In general, construction of
genomic library is done as shown in Fig. 3.20. First, genomic
DNA is isolated from the source, which is too large to be
incorporated into a vector and needs to be broken down
into desirable fragment sizes. Therefore, the genomic DNA
is digested with a restriction enzyme to cut the DNA into
fragments of a specific size. DNA fragments are then inserted
into vectors using DNA ligase to form recombinant vectors.
This generates a pool of recombinant DNA molecules.
The recombinant DNA molecules are now taken up by
host bacterial cells by transformation and then allowed to
multiply in a nutrient medium to form colonies. All host cells
containing recombinant vectors represent a genomic library.
The library created contains representative copies of all the
DNA fragments present within the genome of an organism.
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Fig. 3.20: Construction of genomic library
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Genomic library has several applications in
biotechnology. Genomic library of a species may be helpful
for complete sequencing of its genome. Also, one can
search for many genes which are not expressed in the
genome of an organism. It is also helpful in understanding
the evolution of species. Genomic library can be used to
compare the sequences of healthy and diseased tissues of
the same organism to identify genetic aberrations.

(ii) cDNA Library

Gene expression in higher eukaryotes is tissue-specific.
In specific cells, certain genes undergo moderate to high
expression. For example, the genes encoding insulin
proteins are expressed only in beta cells of pancreas while
albumin encoding genes are expressed in liver cells. Using
this information, a target gene can be cloned by isolating the
mRNA from a specific tissue. The specific cDNA sequences
are synthesised as copies from mRNAs of a particular cell
type called cDNA (complementary DNA). Clones of such
DNA copies of mRNAs are called cDNA clones. The cDNA
clones of all the genes expressed in a specific cell type or
tissue of an organism represent cDNA library.
Construction of cDNA library involves the isolation of
total mRNA from a cell type or tissue of interest. mRNA
being single-stranded cannot be cloned as such and is
not a substrate for DNA ligase. It is first converted into
cDNA before insertion into a suitable vector which can be
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achieved using reverse transcriptase (RNA-dependent DNA
polymerase or RTase). RTase synthesise a complementary
DNA strand on mRNA by using mRNA as a template.
mRNA is then removed by RNase and the single stranded
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cDNA is converted into double-stranded cDNA by DNA
polymerase. cDNA molecules are cloned in appropriate
host-vector system (Fig. 3.21). The total clones of cDNA
are the representative of cDNA library of the source. Since
the expressions of genes are different in different organs or
cells of an organism at different physiological states, cDNA
libraries prepared from different sources of an organism
may vary from each other.

The cDNA library has a great significance in the
applications of biotechnology. The most important
application of cDNA library is to know which genes are
active in particular tissues under a particular physiological
state. It also helps us to isolate a specific gene. Using cDNA
as probes, we can screen genomic libraries for a particular
gene.

SUMMARY

* Isolation of nucleic acids from different organisms is the
most essential requirement for any molecular biology
experiment. There are four steps in the process of
extraction of nucleic acids i.e., disruption of biological
samples, protection of nucleic acids from its degrading
enzymes, separation of nucleic acids from other molecules
and assessment of purity and quality of the isolated
nucleic acids.

* Various enzymes play an important role in recombinant
DNA (rDNA) technology. These are nucleases, DNA
ligase, alkaline phosphatase, polynucleotide kinase,
poly A polymerase, etc.

* The major task of the manipulation of DNA involves cutting
and ligation of the gene of interest into the vector DNA.

* Nucleases are the enzymes that cleave nucleic acids
by hydrolysing the phosphodiester bond that joins the
sugar residues of adjacent nucleotides. Two major types
of nuclease enzymes depending on its action on the
phosphodiester bonds of polynucleotide chains have been
identified, which are exonuclease and endonuclease.

 Exonuclease enzymes can remove mononucleotide either
from the 3’ or 5’ end of the DNA molecule.
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Endonuclease enzymes cleave DNA molecules at a specific
sequence, hence called restriction endonucleases or
restriction enzymes (REs). REs are mainly categorised
into three groups (i.e., Types I, II and III) based on their
cofactor requirement and the position of their DNA
cleavage site relative to the target sequence. Type II REs
find application in rDNA technology.

DNA ligase can join two DNA strands together by catalysing
the formation of a phosphodiester bond in the duplex
form.

DNA polymerases are a group of enzymes that catalyse
the synthesis of new DNA strand by using dNTPs on a
template strand.

Alkaline phosphatase is used to remove the terminal
phosphate group from 5’ end of DNA strands.

Reverse transcriptase is used to generate complementary
DNA (cDNA) strand from an RNA template, a process
called reverse transcription.

In rDNA technology, the recombinant DNA is introduced
(transferred) in host cells by a number of methods,
such as chemical based transfection (calcium chloride,
lipofection etc.) and physical transfection (electroporation,
microinjection and biolistic) methods.

Selection of transformed bacteria is the most essential
step for a successful cloning experiment i.e., to identify
the transformed cells having recombinant vector (with
gene of interest) from a mixture of transformed and
non-transformed cells. These selection methods may be
direct or through insertional inactivation.

In direct selection, the transformed cells are distinguished
from non-transformed cells on the basis of expression of
certain traits, such as resistance to antibiotics.

In insertional inactivation method, a vector is used having
two markers (either two antibiotic resistant genes or one
antibiotic resistant gene and lacZ gene).

Blue-white selection method is another example of
insertional inactivation to select recombinant transformed
cells in which the expression of lacZ gene can directly be
observed in bacterial colonies.

Blotting techniques are widely used to separate and identify
DNA, RNA and proteins from a mixture of molecules.

Southern blotting technique is used to detect specific
sequence of DNA in DNA samples.
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Northern blotting technique is used to detect specific RNA
molecules in a mixture of RNA.

Western blotting is used to detect specific proteins in a
sample of tissue homogenate or extract.

Polymerase Chain Reaction (PCR) is used to amplify a
small amount of DNA into thousands to millions of copies,
which involves three steps i.e., denaturation, annealing
and extension. The amplified product of PCR can be
analysed by gel electrophoresis at the end of reaction (end
point analysis).

The latest advancement in PCR technology is real-time
quantitative PCR (qPCR), in which the fluorescent markers
are used that have specific binding affinity to double
stranded DNA. In qPCR, gel electrophoresis is not needed
as in the case of conventional PCR.

DNA libraries are constructed by collecting DNA fragments
that have been cloned into vectors so that specific DNA
fragments of interest can be identified and isolated. There
are basically two types of DNA libraries — genomic and
cDNA library.

A genomiclibrary is a collection of clones of small fragments
of DNA that together represent complete genome of an
organism.

The cDNA library constitutes cDNA clones of all the genes
expressed in a specific cell type or tissue of an organism.

EXERCISES

1. Describe the methods used for isolation of DNA.

2. What is the role of biological detergent in the process
of isolation of nucleic acid?

3. How does DNA isolation from plant tissue differ from
that of bacterial cell?

4. How many types of restriction enzymes (REs) are
there? Can all REs be used in rDNA technology? Give
justification.

5. What are the challenges faced during the process of
nucleic acid extraction?

6. Write the role of alkaline phosphatase, DNA ligase,
terminal transferase in rDNA technology.

7. Describe the role of chelating agent in the process of
DNA extraction.
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10.

11.

12.

13.

14.
15.

16.

17.

Briefly describe the modes of DNA transfer into the
host.

Identify the correct statement for blue-white selection
method.

(a) A specific dye is used to stain bacterial colony.
(b) It is based on the expression of lacZ gene.
(c) The recombinant bacterial colony remains blue.

(d) lacZ gene is inserted in an antibiotic resistant
gene.

Identify the correctly matched pair from the following
options.

(a) Northern blot: Detect specific sequence of DNA
(b) Southern blot: Detect specific sequence of RNA
(c) Western blot: Detect specific proteins

(d) Eastern blot: Detect transcriptional modifications
in RNA

Identify the incorrect matched pair from the following
options.

(a) Taq polymerase: Thermus aquaticus
(b) Pfu polymerase: Pyrococcus furiosus
(c) HindIll: Haemophilus influenzae

(d) Pstl: Pyrococcus stuartii

How are recombinants screened? Describe the methods
in detail.

Differentiate between the Southern, Northern and
Western blotting.

What is PCR? Describe in detail.

Write a comparative account of the genomic and cDNA
libraries.

Diploid human genome contains:

(@) 3.2 x 10° base pairs

(b) 6.4 x 108 base pairs

(c) 3.2 x 108 base pairs

(d) 6.4 x 10° base pairs

Select the incorrectly matched pair from the following.
(a) Nucleases : Hydrolyse phosphodiester bond

(b) Restriction enzymes: Cleave DNA at specific
sequence

(c) Palindromic sequence: Read same backwards and
forward

(d) EcoRI: Type I Restriction Enzyme
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18. Assertion: PCR can be used to amplify very small
amount of DNA using DNA modifying enzymes.

Reason: PCR uses Taq Polymerase.

(a) Both assertion and reason are true and the reason
is the correct explanation of the assertion.

(b) Both assertion and reason are true but the reason
is not the correct explanation of the assertion.

(c) Assertion is true but reason is false.
(d) Both assertion and reason are false.

19. Assertion: Foreign gene can be introduced into
host bacterium by transformation techniques like
electroporation.

Reason: Bacteria have cell wall/membrane.

(a) Both assertion and reason are true and the reason
is the correct explanation of the assertion.

(b) Both assertion and reason are true but the reason
is not the correct explanation of the assertion.

(c) Assertion is true but reason is false.
(d) Both assertion and reason are false.
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Chapter 4

DNA Technology

12150CH04

Recombinant DNA (rDNA) technology has revolutionised
our life in various ways. In recent years breakthrough
discoveries have provided solutions to many of the problems.
These include establishing the identity of an individual,
introduction of foreign genes into other organisms,
diagnosis of many diseases and their treatment, production
of therapeutic agents/molecules and so on. In this chapter,
students will be acquainted with a few applications of
rDNA technology, like DNA fingerprinting, developing
transgenic organisms gene therapy, recombinant vaccines
and production of therapeutic agents/molecules.

4.1 DNA FINGERPRINTING

As you are aware, chemical structure of every individual’s
DNA is identical and is made up of four bases: A
(Adenine), G (Guanine), C (Cytosine) and T (Thymine).
The arrangement of these bases along the DNA strands
is specific to an individual. The human genome consists
of 3.2 x 10°bp. However, there is very little uniqueness
in the genetic makeup of humans. About 99.9% of the
genome among humans is same and the remaining 0.1%
of the genome consists of sites of inherited variations. It is
these variations in DNA which make each of us unique.
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Identifying these differences is helpful in determining the
relatedness between two individuals. One way of achieving
this is by DNA sequencing. However, sequencing and
comparing DNA of individuals every time would not be
feasible. Therefore, to study and compare the inherited
variations in human DNA without sequencing, a new
technique known as DNA fingerprinting’ was developed
by a British geneticist Sir Alec Jeffreys in 1984 at the
University of Leicester.

More than 90% of the human genome consists of which
does not code for protein. Within the non-coding regions
of an individual’s genome, there exists short sequences
of nucleotides which are repeated
a number of times in tandem
(short tandem repeats) at a locus
which are called VNTR (variable

Fig. 4.1: Schematic representation of VNTRs in 3 alleles

-

Father

b A

number tandem repeat). VNTRs

are commonly subdivided into
microsatellites (repeat sequences
of 1 to 9 bp) and minisatellites

(repeat sequences of 10 to 100 bp)
as shown in Fig. 4.1.

These sequences show a high degree of polymorphism
(or variations) and form the basis of DNA fingerprinting.
Furthermore, as the polymorphisms are inheritable from
parent to offspring, DNA fingerprinting is the basis of
paternity testing in case of disputes.
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Fig. 4.2: DNA profiling to determine the child of a couple. In the above figure, the DNA profile of a child
is compared with father and mother to confirm paternity. Here, father and mother are parents
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We carry two different copies of every VNTR locus because
we inherit one chromosome from mother and one from father.
In simplest way, DNA fingerprinting can be performed using
restriction digestion of DNA. This technique is referred to
as Restriction Fragment Length Polymorphism (RFLP). In
RFLP, after restriction enzyme digestion of individual’s DNA
in specific regions, unique patterns are generated that are
used for genetic analysis and identification (Fig. 4.2).

Conceptually, the DNA fingerprinting shown in Fig.4.3 is
correct but in reality, the identification of individual bands
on gel is difficult and therefore, hybridisation (Southern
Hybridisation) using a VNTR probe is used. Hybridisation
with VNTR probes produces a pattern of bands which
are characteristic to every individual (Fig. 4.3). The steps
involved in this technique are as follows:

1. DNA is isolated from different samples like blood,

hair, skin, semen and buccal swab, etc.

2. The collected DNA sample is cut into several

fragments of different sizes using one or more
restriction enzymes.

Sample Extracted Fragmented
DNA DNA

Marker S, S,

Restriction
digestion \ / |
—> —_—— =
_’
—

Electrophoresis gel

Marker S, S, \

<«—— nylon

- T T Probe membrane
- _ = < «—
- = ‘\‘ gel
DNA pattern Hybridisation with DNA Transferred
compared with labelled probe to nylon membrane
known subjects
Fig. 4.3: Steps involved in DNA Fingerprinting
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. The DNA fragments are then separated by agarose

gel electrophoresis. The different sized DNA pieces
are separated on the basis of size.

. The separated DNA on the gel is thus transferred

to a nitrocellulose/nylon membrane. The nylon
membrane is then exposed to UV radiation on UV
transilluminator for three minutes or baked at 80°C
for two hours to permanently attach DNA to the
membrane.

. Then, Southern hybridisation is performed using

VNTR Probes (the labeled stretches of single-stranded
DNA used to detect the presence of complementary
target sequences)

. Finally, the hybridised DNA fragments are detected.
. The patterns of DNA bands are highly specific for

each individual and can be used in forensics and
paternity disputes.

Note: Polymerase Chain Reaction (PCR) is often used to increase the sensitivity of the
technique as it amplifies the DNA, irrespective of the amount of DNA.

\
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Applications of DNA Fingerprinting

1. VNTR patterns are used to ascertain the paternity

and maternity of a person given the fact that they are
inherited from their parents. Since, these patterns
are very specific, even a parental VNTR pattern
can be reconstructed from their known offspring(s)
VNTR patterns. Therefore, VNTR patterns of parent-child
can be used to solve paternity and maternity cases.

. DNA isolated from tissues like blood, hair, skin,

semen, etc., from the scene of a crime is used for
VNTR patterns analysis as evidence, where such
a pattern of DNA isolate is compared with VNTR
patterns of a criminal or suspect for establishing
guilt or innocence. Hence, DNA fingerprinting helps
in criminal identification and forensic studies.

3. DNA fingerprinting is also used to compare DNA
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extracts from fossils to modern day counter parts
and therefore, finds great significance in evolutionary
biology studies.

4. DNA profile of people suffering from some particular
disorder, or comparing it to a large number of people
with and without the disorder helps to identify the
DNA patterns in studying inherited disorders.

S. In addition to social security numbers, picture ID
and other more routine methods, even the DNA
profile (VNTR patterns) of an individual are also being
proposed to be used as a sort of genetic barcode for
personal identification.

4.2 TRANSGENIC ORGANISM

You must have heard about ‘Bt Cotton’ or ‘Rosie,the cow’,
but have you ever wondered what these are? Are these
naturally found in the environment? If not, then how have
these been created? Or why these have been created at all?
Both the examples mentioned above are a transgenic plant
and animal, respectively. These have been produced by the
introduction of new gene segments through the process
of transgenesis and these are not naturally found in the
environment. These have been created for the benefit of
human beings.

The process of insertion of a foreign gene (transgene)
into the genome of an organism and its transmission
and expression in the organism’s progeny is termed as
transgenesis. The organisms carrying the transgene are
known as transgenic organisms or genetically modified
organisms (GMOs).

4.2.1 Historical background

The first genetically modified organism was a bacterium
made by Herbert Boyer and Stanley Cohen in 1973. In the
subsequent year, it was followed by the engineering of first
transgenic animal (transgenic mice) by Rudolf Jaenisch
and Beatrice Mintz in 1974. In 1994, Flavr Savr tomato
was released as the first genetically modified (GM) food
crop approved by the US food and Drug Administration
USFDA.
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Box 1: History of GMO Technology

30,333 BCE

3 Artificial selection of
7,800 BCE wolves began

Oldest evidence of
artificially selected crops

Boyer & Cohen develop
Genetic engineering (GE)

Jaenisch & Mintz create
the first GE animal

Astiomar conference sets guidelines
for future GE experiments

WNLIOYBION JUdWILIRdXH HO

U.S. Supreme court allows
patenting of GE organism

FDA approves Humulin, the first
pharmaceutical manufactured
using GE technology

Flavr Savr Tomato become the first
GE food crop approved by U.S.
Department of Agriculture

US EPA approves the first
insecticide producing crop

Herbicide-resistant crops

first introduced

The drug ATryn, the first
biological product produced by
GE animal approved by US FDA

Golden Rice engineered to
mitigate Vitamin A deficiency

Timeline for ‘Advancements in the concept of transgenic organisms’
Ref: Rangel, G. (2015). From Corgis to Corn: a Brief Look at the Long History of GMO Technology.
Science in the News.

4.2.2 Production of transgenic organisms

Transgenic Plants

Transgenic or genetically modified plants are those plants
whose genome is modified (by the introduction of one

BIOTECHNOLOGY XII
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or more genes from another species) through genetic
engineering. Basic requirement for genetic transformation
is construction of genetic vehicle (vector), which carries
the genes of interest flanked by necessary regulating
sequences, like promoter or terminator. Most commonly
used techniques for gene transfer are of two types.

* Vector-mediated or indirect gene transfer

* Vector-less or direct gene transfer

¢ Vector-mediated or indirect gene transfer

Bacteria Mediated transfer: Agrobacterium tumefaciens
is a rod shaped Gram- negative soil bacterium that is
capable of naturally transferring DNA into the plant
genome, and causes crown gall disease (a type of plant
tumor). It is the most commonly and extensively used vector
for plant transformation in dicot plants. Agrobacterium
has the natural ability to transfer its own DNA to plant
genome randomly, where it can produce copies of itself,
and therefore, is also known as ‘Natural Genetic Engineer’.
It contains a large size tumor inducing (Ti) plasmid. A
portion of the plasmid carrying tumor inducing genes
is called T-DNA, which is transferred to plant genome
upon infection. These genes encode for phytohormones,
like auxin and cytokines which induce rapid cell division
in the host plant cell and cause the formation of tumor
called crown gall. This natural ability of A. tumefaciens to
transfer T-DNA has been exploited to transfer the genes
of interest to plants and produce transgenic plants. The
tumor inducing genes of T-DNA are replaced with genes
of interest like Bt gene for insect resistance. Ti plasmid
without tumor inducing genes is a disarmed plasmid
and this process is called disarming. Antibiotic marker
genes can be introduced along with genes of interest, to
differentiate among the transformed and non-transformed
cells. Vectors containing modified T-DNA (recombinant
disarmed T-DNA) are transferred to Agrobacterium cells,
which are further used for plant transformation. Leaf
segments are incubated with A. tumefaciens carrying
recombinant disarmed Ti-plasmid. Agrobacterium infection
causes the T-DNA to get transferred into plant cells and
subsequent integration of T-DNA carrying the target gene
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A plant is generated o

into plant nuclear DNA. These are further cultured on
regeneration media supplemented with the bacteriostatic
agent to stop further growth of Agrobacterium and lethal
concentrations of marker antibiotic which selectively
eliminates the non-transformed plant cells. In a few
weeks, the transformed tissue forms shoots which are
transferred onto the rooting media, where the transformed
shoots make roots within two to three weeks. Plantlets
are then transferred to soil; and molecular techniques
like PCR, are used for the confirmation of integration
of genes of interest in the genome of these plants.

A schematic representation of Agrobacterium mediated
plant transformation is given in Fig. 4.4.

Agrobacterium
tumefaciens
bacteria

Foreign DNA is
Right border  cut by the same restriction @
enzyme

Plant
expressmn
vector with —_— >

orelgn DNA

( &

The plasmid is
transferred into
¢ -.’ bacteria

Inserted T-DNA
carrying foreign gene

from a cell clone. All ~ The bacterium is
of its cells carry the c used to insert the
foreign gene and ultu.re of pl.aljlt . The plant cells are T-DNA . h
may express it as a cell with antibiotics ~ grown in culture -DNA carrying the
new trait containing media foreign gene into

the chromosome
of a plant cell

Fig. 4.4: Stepwise procedure for Agrobacterium mediated plant transformation
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* Intact plant parts, such as flower for transformation
instead of leaf fragments or isolated plant cells. Flowers
are dipped in Agrobacterium solution for a few minutes and
then plants are allowed to mature naturally. Seeds from
these plants are germinated in the presence of antibiotics
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and transgenic plants are selected. This is a time saving
approach as it omits the tissue culture step described in
the previous section.

¢ Plant virus-mediated transfer: Plant viruses, such as
caulimoviruses have the ability to enter intact plant cells
and introduce their own DNA into the plant’s DNA. Use
of plant viruses constitutes another method to transfer
gene of interest into plant cells. However, this is not a
common method of plant transformation as compared to
Agrobacterium.

B. Vector - less or direct gene transfer

Many physical or mechanical methods have been developed
to help direct entry of DNA in plant cells.

¢ Particle Bombardment gene transfer: It is a popular
direct gene transfer method and is capable of delivering
foreign DNA in both monocot and dicot plants. It is also
called biolistics. The DNA having genes of interest and
antibiotic resistance marker gene is coated on to the
surface of gold or tungsten particles (1 pum — 3 pm in size).
These particles are accelerated with high velocity and
bombarded onto the target tissue or cells using a powerful
gun, which is called a particle gun or gene gun. Tissues
bombarded are then cultured on the nutrient media
having an appropriate antibiotic. Transformed cells grow
to make callus and then transgenic plants are regenerated.
This method is very useful for those plant species, where
Agrobacterium-mediated transformation may not be very
successful, for example, cereals.

Particle bombardment technique is also utilised
for the transformation of chloroplast which requires
bombardment of plant cells with the transgene such that
it gets integrated into the chloroplast genome. As a plant
cell contains many chloroplasts, this method allows much
higher fold of transgene expression.

e Protoplast Transformation and Electroporation:
Protoplasts are spherical naked plant cells, which are
produced by the removal of cell walls. These naked cells
are capable of taking up DNA from their surroundings,
which get integrated into the genome of transfected
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cells. Gene transfer process can be accelerated with the
application of polyethylene glycol (PEG) and dextran
sulphate. Alternatively, electric current can also be used
for gene transfer in protoplast and the method is known
as electroporation. Transfected protoplasts are allowed
to regenerate cell walls and then the cell division begins.
Transformed cells are selected on the selective nutrient
medium and transgenic plants are regenerated.

Transgenic Animals

In transgenic animals, genetic makeup has been altered
by the use of various genetic engineering techniques
(Fig. 4.5). Most commonly used techniques for developing
transgenic animals are:

1. DNA pronuclear microinjection
2. Embryonic stem cell-mediated gene transfer

3. Retrovirus-mediated gene transfer

1. DNA Pronuclear Microinjection

This is one of the earliest strategies used for creating
transgenic mice. Just after fertilisation, the egg contains a
small female pronucleus and a large male pronucleus. In
pronuclear microinjection technique, transgene is directly
injected into the larger male pronucleus. The embryos with
injected transgene are cultured in vitro and then implanted
into the uterus of foster mothers. The transgene may get
integrated into the DNA of zygote, resulting in animals that
are transgenic.

The technique is simple and reliable, but the rate
of success is low as the transgene may or may not get
integrated into the host DNA. Also, the site of integration
of transgene is random which may lead to unpredictable
effects.

2. Embryonic stem cell-mediated gene transfer

Embryonic stem (ES) cells have the potential to differentiate
into any other cell type of the body including germ cells.
ES cells are collected from the inner cell mass region of
the blastocyst stage. These ES cells are then mixed with
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Biotechnological production of transgenic animals
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Fig. 4.5: Stepwise procedure for production of transgenic animals

recombinant DNA carrying the transgene, so that few ES
cells take up the transgene and get transformed. These
transformed ES cells are then transferred back to the inner
cell mass of blastocyst through injection. The blastocyst is
implanted into the uterus of a foster mother. The offspring
are then monitored for expression of the transgene.

A cell transfection procedure

electrical discharge. It cause

introduction and integration
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protein is present in the
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used to induce lactation in
the animal when it reaches
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Box 1: Chimeric Mouse

Chimeras are organisms composed of at least two genetically

distinct cell lineages originating from different zygotes. A
chimeric mouse contains both normal cells and genetically
manipulated ‘knockout’ cells. Coat colour can reflect this
with a spotted pattern. It is a patchwork of normal cell
and genetically manipulated ‘knockout’ cells. Embryonic

chimeras of the mouse have become a tool to investigate the

critical developmental processes, including cell specification,

differentiation, cell lineage, potential patterning and the function of specific genes. In addition,
chimeras can also be generated to address biological processes in the adult, including the
mechanisms underlying diseases or tissue repair and regeneration.

“ BIOTECHNOLOGY XII

3. Retrovirus mediated gene transfer

The genetic material of retroviruses is RNA. Retroviral
vectors are used to stably introduce transgene into early
embryos or ES cells. The advantage of this method is that a
single copy of retrovirus carrying the transgene integrates
at a particular location in the host genome. An example of
such retroviruses is the lentivirus.

4.2.3 Applications of Transgenic organisms

Applications of Transgenic Plants

In Agriculture

One major goal of plant transgenics has been to increase
theyield of crops and also to improve the nutritional quality
of crop products to cater to the needs of ever increasing
human population. Biotic stress due to pathogens, like
bacteria, fungi, viruses or insects, and abiotic stress
factors, like drought, salinity, extreme temperatures
causes huge loss to crop productivity in terms of yield.
Being sessile organisms, plants encounter both biotic and
abiotic stresses. Biotechnological strategies have been
used effectively to generate newer and effective cultivars
with increased resistance to pathogens or perform
better in harsh environmental conditions. Abiotic stress
response reaction involves the production of stress related
osmolytes, like sugar (e.g., trehalose and fructans), amino
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acids (e.g., betaine, proline) and certain proteins have been
produced which over express one of the above mentioned
compounds. These show better tolerance to environmental
stresses. A common example of a plant offering resistance
to insect is Bt cotton. This insect resistant transgenic
crop has been developed by transferring and expressing
Bt gene (also called cry gene) from bacterium Bacillus
thuringiensis into a cotton plant. Bt gene encodes a toxin
(Bt toxin) which is naturally produced by B. thuringiensis
as an insecticidal protein to kill insects. There are several
classes of cry genes and products of each class are harmful
only to a specific group of insects and do not affect other
useful insects, like butterflies and silkworms. For example,
crylAc and cryll as Ab codes for a toxin that control cotton
bollworms whereas crylAb encodes for a toxin that controls
corn borers. Some of the other crops for which transgenic
plants have been developed by introducing Bt genes are
brinjal, maize, rice, tomato, etc. All these transgenic crops
have been proven to be effective in controlling the insect
pests. Many of these transgenic crops are currently grown
commercially and have resulted in significant increase in
the total yields. Most notable example in India is Bt cotton
(offering resistance to the insect pest pink bollworm) which
is grown commercially since 2002.

Similarly, transgenic crops have been generated
for several other traits, which results in significant
enhancement in the crop productivity. These traits include
tolerance to herbicides; resistance to bacteria, pests,
viruses or nematodes; tolerance to environmental stresses;
nutrient quality and delayed fruit ripening, etc.

Strategies for increasing crop yield also include
modifying the photosynthetic machinery of the plant,
manipulating the enzyme activity and increasing sugar to
starch conversion, improving the nutritional quality; for
example increasing the expression of vitamins, such as
vitamin A in plants, e.g., Golden Rice. Many traits have
been already commercialised and several others are being
tested for their performance in the field conditions.
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Box 2: List of some transgenic crops and their engineered traits

Crop Source of Inserted Trait Trait
Resistance to insects
Tolerance to herbicides
) Male corn sterility
c Bacteria, other )
orn species of corn Alpha-amylase expression
Increased lysine level for use in animal feed
Reduction of yield-loss under
water-limited conditions
. Tolerance to herbicides
Cotton Bacteria . .
Resistance to insects
Tolerance to herbicides
Bact.erla, ClaFyp, CELES), (Cid oS High oleic acid soybean oil
Soybean species of soybean
Resistance to insects
Mustard greens Resistance to insects
Tolerance to herbicides
Bacteria Fertility restoration
Canola .
Male canola sterility
Fungus Degradation of phytate in animal food
Bacteria Resistance to insects
Potato virus Resistance to potato viruses
Potato Lower level of reducing sugars
Other species of potato Lower level of free asparagine
Reduced black spot bruising
Bacteria, potato Delayed softening
Tomato ; . .
Bacteria Resistance to insects
o ) Tolerance to herbicides
Radicchio Bacteria . . .
Male radicchio sterility
Alfalfa Bacteria Tolerance to herbicides
Sugar beet Bacteria Tolerance to herbicides
Rice Bacteria Tolerance to herbicides
Apple Other species of apple Reduced browning and bruising
Cantaloupe Bacteria Delayed ripening
Squash Viruses Resistance to viruses
Papaya Viruses Resistance to viruses
Flax Mustard green Tolerance to herbicides
Plum Virus Resistance to viruses
Cre@ing Bacteria Tolerance to herbicides
Bentgrass

80 “ BIOTECHNOLOGY XII

Rationalised 2023-24



Antisense technology

The antisense technology is used to inhibit/silence the
gene expression. In this technique, the inhibition of
expression of a specific gene is achieved by preventing
the translation of its mRNA. There are two approaches,
the first one is known as antisense oligonucleotide (ASO)
technique. In this technique, a synthetic oligonucleotide
(a short RNA or DNA molecule) which is complementary to
the mRNA of the target gene, is introduced into a cell. The
antisense oligonucleotide (ASO) makes a complementary
base pairing with the mRNA of the target gene and thereby,
prevents its translation. The ASO can mediate its effect
in two ways: either by binding of ASO to the target mRNA
followed by RNase H mediated degradation or by blocking
of its translation by hindering its binding to ribosomes.
The second approach is known as RNA interference (RNAi)
technique. In this technique, the expression of target
gene is inhibited by inactivating its mRNA through RNA
induced silencing complex (RISC). A double stranded RNA
of exogenous (viral origin) or endogenous origin (cellular
origin) is cleaved in the cytoplasm into shorter fragments
by the endoribonuclease named DICER. The shorter
double stranded fragments are separated by a multiprotein
complex RISC into guide strand and passenger strand.

RNA interference (RNAi)

ML, dsRNA (e.g. siRNA)

i
T
Dicer

v

passenger strand
ETTTTTTTTRTTRnnnine

v

mRNA

KA Antisense oligonucleotide (ASO) \ (E B
ASO
TITTTITTTmT
mRNA
T ASO - mRNA
/ \ COl’l’lpleX
guide strand
AERERRRRRRRARRAnn T
}
TTTTITTTITITIT 2. Steric block of
/\Aegra ded translation
mRNA
1. RNA-H mediated
\ degradation of mRNA - \

/\ cleavage of mRNAj

RISC-mediated

~

Fig. 4.6: (A) Mechanism of antisense oligonucleotide mediated gene silencing, (B) Mechanism of RNA

interference (RNAI).
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The passenger strand is degraded while the guide strand
attached to RISC binds to the target mRNA and cleaves
it, thereby the target gene is silenced.

Using a combination of Agrobacterium-mediated
transformation and antisense technology, pest-resistant
plants have been created. An example is provided by the
tobacco plant, which is infected by nematode Meloidogyne
incognita. Nematode-specific genes were introduced
into the plant using Agrobacterium as a vector. The
genes, when transcribed, produced antisense RNA. The
antisense RNA binds to the sense RNA of the nematode,
being complementary to each other, and thus prevents its
translation into proteins that are necessary for nematode
survival. This makes transgenic plants resistant to the
parasitic attack of the nematodes.

For Industrial Production

Plants are the backbone of all life forms on earth as they
convert the energy of sun to chemical energy that feed
the world. Today thousands of plants are being used for
food, feed and medicines to cure acute and chronic health
problems. Advances in our understanding of plant genetics
and biotechnological tools has led to the development
of relatively new bioscience ‘Molecular Farming’ It
involves the genetic modification of the host plant through
purposeful addition of a gene or group of genes leading to
the production of new desired biomolecules. Foreign genes
can be inserted either to nuclear genome or chloroplast
genome. As chloroplast has several copies of the genome,
the insertion of gene of interest in chloroplast results in
higher accumulation target biomolecules. In this way, a
large number of products have been produced in plants
which include vaccine antigens, therapeutic proteins,
diagnostic reagents, nutritional products, bioplastics, or
industrial enzymes, etc. In 2012, U.S. FDA approved
the first plant-made human biologics ‘Elelyso’. It is an
enzyme that is used to treat Gaucher’s disease and has
been produced in carrot cell cultures. Table 4.2 lists the
examples of a few therapeutic molecules that have been
produced in plants through genetic engineering.
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Table 4.2: List of industrial or therapeutic products produced in plants through genetic

engineering.

Transgenic Plant Industrial/ Therapeutic Product(s)

Disease/ Other Usage

Non-Hodgkin’s Lymphoma

Gaucher’s Disease

Lettuce Hepatitis B antigen Hepatitis B
Tobacco Cancer vaccine

Carrot Human glucocerebrosidase

Safflower Insulin Diabetes
Rice Human lysozyme

Anti-infection, anti-inflammatory

For Environmental benefits

* Biodegradable plastics: As you know, plastics are
non-biodegradable and a nuisance to the environment.
Transgenic plants can be exploited to produce biopolymers
that can replace plastics. Polyhydroxyalkanoates (PHAs)
are an attractive source of non-polluting and biodegradable
plastic. Production of PHAs using transgenic plants
provides an economically viable alternative. An example is
the production of bacterial polyester polyhydroxybutyrate
(PHB) in transgenic sugarcane.

* Phytoremediation: Phytoremediation refers to the use of
plants for the removal of pollutants from the environment,
especially soil. Metal detoxifying genes from bacteria
and other organisms are introduced into plants, and
the transgenic plants then uptake and convert the toxic
elements into less toxic forms.

Mercury is a hazardous heavy metal, largely found in the
aquatic ecosystems. Transgenic plants have been designed
to incorporate the mercuric reductase gene, which helps in
the detoxification of harmful mercury into less toxic forms.
Such transgenic plants act as ‘Mercury-breathing plants’,
and can be used for environmental remediation.

Applications of Transgenic Animals

For Industrial production

Transgenic animals are used as bioreactors for production
of normal and recombinant protein products in large
quantities (Molecular Pharming). An early example of
success in 1990s was the transgenic ewe, Tracy, which
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produced high levels of human protein al-antitrypsin in
her milk. Deficiency of al-antitrypsin in humans causes
lung diseases. The protein produced in the milk of Tracy
was thought to cure the symptoms of this deficiency but
clinical trials for this recombinant protein revealed the
side effects in patients.

In 1997, the first transgenic cow, Rosie was created
which could produce human a-lactalbumin-enriched
milk. Human a-lactalbumin-enriched milk was found to
be a more balanced product for human infants compared
to natural cow milk. Table 4.3 lists the examples of a few
human recombinant proteins that have been produced in
transgenic animals through genetic engineering.

Table 4.3: List of human recombinant proteins produced in the milk of transgenic animals
through genetic engineering

Name Transgenic Animal
Albumin Cow

a-fetoprotein Goat

Growth hormone Goat

Tissue plasminogen activator Goat

Coagulation factor IX Mouse

Coagulation factor VIII Rabbit

\
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For Research

Transgenic animals are also used as model organisms
by scientists for studying the normal human physiology,
development and diseases.

The transgenic animals are genetically manipulated to
develop symptoms of diseases, such as cancer, Alzheimer’s,
etc. This also allows the researchers to understand the
function of genes involved in various diseases.

Transgenic animals are also used for toxicity testing
of vaccines, drugs and chemicals before they can be used

on humans.

4.2.4 Concern over GMOs

The major concern over GMOs is the potential risk to
human health and the environment. Transgenic crops
may produce proteins that may cause allergic reactions in
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humans. Concerns arise over the use of viral vectors and
promoters in GMOs, as these can lead to viral infections
in humans. The improved characteristics of GMOs may
make them invasive or for the native or wild type species.
Variable insertion of transgene can lead to unpredictable
or non-target effects.

For ethical issues related to the use of transgenic
animals, India has established biosafety regulations for the
production and use of GMOs. The Ministry of Environment,
Forest and Climate Change has established the Genetic
Engineering Approval Committee (GEAC) which regulates
manufacture, use, import, export and storage of genetically
modified organisms and cells/hazardous microorganisms
and decides upon the validity and safety of introducing
GMOs.

4.3 GENE THERAPY

Many diseases in humans are known to be caused either
due to the absence of normal gene, or the presence of
defective and disease-causing gene. Can such disorders
be corrected? The answer lies in the approach known

(S
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T cells from the SCID patient vector with cloned retrovirus
¢ normal ADA gene

2 !
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a retrovirus that contains Cloned ADA
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N
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Fig. 4.7: Steps involved in gene therapy for SCID by replacement of a functional adenosine
deaminase (ADA)
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as ‘Gene therapy’. Gene therapy is a technique designed
to repair faulty genes in humans by introducing correct
genetic material inside the cells. The obvious candidate
diseases for gene therapy include immune disorder
called Severe Combined Immunodeficiency (SCID)
and inherited genetic disorders, such as cystic fibrosis,
hemophilia, muscular dystrophy, etc. The first gene
therapy was performed in 1990 in a four year old girl
suffering from SCID caused due to the defect in adenosine
deaminase (ADA) coding gene. Deficiency of ADA led to
the inability to produce sufficient immune cells which
subsequently made the girl suffer from frequent life-
threatening infections. A functional copy of ADA gene was
inserted into a viral vector, which was then introduced
into lymphocytes collected from the patient and these
lymphocytes were then reintroduced into the patient’s
bloodstream (Fig. 4.7). The immune system functioning
of the patient improved but the cure was not permanent.

4.3.1 Approaches for Gene Therapy

There are three main approaches for gene therapy— Gene
replacement or Gene addition, Gene inhibition and

Gene repair or Gene editing therapies.
In gene replacement or gene addition therapy, a

Thin layer of mucus functional copy of the gene is delivered into the
genome to replace the non-functional defective
W gene. The new gene carries the instructions to
synthesise the protein that was not available in
the cell due to defective gene. For example, cystic
" fibrosis is an inheritable disease caused due to a

a

Thick mucus layer

Narrow air

passage
(b)

Fig. 4.8: Cross section of air

passage (a) normal and

(b) in cystic fibrosis
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defective membrane protein known as cystic
fibrosis transmembrane conductance regulator
(CFTR) protein. The defective protein is produced
due to a mutation in the CFTR gene. Due to the
defective protein, the movement of salt and water
are hampered in body cell causing damage to
respiratory and digestive tract (Fig. 4.8). If the
mutated CFTR gene is replaced by normal CFTR
gene, the disease can be cured. Another example
is p53 gene that normally prevents tumor growth.

Several types of cancers have been linked to
defective forms of pS3. Replacement of the defective

form of pS3 in cancer cells may cause inhibition or
death of cancer cells thereby, curing cancer.

Rationalised 2023-24



In case of gene inhibition, the function of a gene which
causes a disease in cell, is inactivated. Therefore, gene
inhibition approach of gene therapy is applicable in case
of infectious diseases, cancer and in mutated genes whose
products cause diseases (for example, sickle cell anaemia,
Tay-Sachs disease, phenylketonuria, colour-blindness).
In gene inhibition, a gene is introduced in a cell whose
product either blocks the expression of the faulty gene or
disarms the products of the faulty gene.

Finally, in case of gene repair or gene editing, the
DNA is inserted, deleted, modified or replaced in the
defective gene of genome of living cells. This is achieved
by a recent technology known as CRISPR/Cas9 system.
Clustered Regularly Interspaced Short Palindromic
Repeats/Crisper associated protein 9. The CRISPR/Cas9
system was adopted from the natural defense system
of bacteria or archea against viruses that attack them.
With CRISPR system, bacteria recognise the invading
virus and with the help of Cas9 enzyme, they cut the
viral DNA into small pieces. The technique offers an easy
way to snip out mutated DNA and replace it with correct
sequence. This technique shows the possibility of treating
several genetic disorders in future (refer section 5.4.2,
Chapter 5).

4.3.2 Types of Gene Therapies

Based on the strategy used for gene delivery, gene therapy
can be classified into ex vivo and in vivo (Fig. 4.9). In
ex vivo (ex means ‘out of’ and vivo means ‘something alive’)
gene therapy, cells are taken out from the diseased person,
grown in culture, normal genes are then introduced
into these cells, and finally these transformed cells are
reintroduced into the patient. This is also known as cell-
based delivery. Ex vivo approach is much simpler as
compared to in vivo approach, because it becomes easier
to manipulate the cells externally (Fig. 4.9).

In in vivo gene therapy, unlike ex vivo approach, normal
functional genes are directly introduced into the target
cells and tissues of the person with the disease condition.
This is also known as direct delivery method.
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Based on the nature of target cells or tissues used
for the introduction of functional genes, gene therapy can
be classified into: somatic and germ-line gene therapy. In

somatic gene therapy, functional copies of the target gene
are introduced into the somatic cells of the patient. In

ex vivogene therapy
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Transplant liver cells back into
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provide clotting protein.

Fig. 4.9: ex vivo and in vivo gene therapies
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germ-line gene therapy, functional genes are introduced
into the germ cells (egg or sperm). The functional gene then
gets integrated into the genome of the germ cells. Changes
made to the germ-line are heritable.

Thus, based on the functional strategy used, gene
therapy can be classified into:

* Gene augmentation therapy (GAT): Addition of
functional gene to the genome with the aim of replacing
the missing gene product.

¢ Gene inhibition therapy (GIT): Using antisense RNA
or other inhibition techniques to block the expression
of dominant acting mutated genes

e Gene targeting: Replacing the non-functional gene
with a normal gene using homologous recombination.

/ BIOTECHNOLOGY XII
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Attempts to correct the function of a defective gene
as described above could become possible only after
advancements in rDNA technology, gene transfer and
gene editing mechanism. You have already studied the
mechanism of the delivery of target gene (desired DNA
sequence) either through viral (direct gene transfer) or
non-viral (indirect gene transfer) method earlier in this

chapter and also in Chapter 3.

4.3.3 Merits and Demerits of Gene Therapy

Gene therapy provides a potential cure for the treatment of
the devastating inherited diseases for which conventional
treatment strategies provide little hope. Advancements in
human genomics have shown that cancer is caused due to
somatic aberrations in the human genome. This has led to
enthusiasm among cancer researchers to use gene therapy
approach for genetic manipulation of cancer cells and to
find a possible cure to the disease.

However, uncontrolled expression of the therapeutic
gene needs to be resolved for efficient gene therapy
mechanism. Also, introduction of therapeutic gene in
non-target cells or its random integration at a wrong place
in the host genome another concern. For example, if the
DNA gets integrated into a tumor-suppressor gene, this can
result in tumor. There may be a requirement of frequent
administration of the therapeutic gene as gene therapy is
short-lived in nature. Host rejection of the therapeutic gene
or the viral vector employed in the process can stimulate
the host’s immune system. Besides being a costly process,
gene therapy is effective for single-gene defects but not for
multigene disorders.

4.3.4 Ethical Issues

Bioethics refers to the assessment of risks associated
with the procedures and moral implications of any new
techniques which are created. While genetic modification
of somatic cells is approved by a large part of scientific
community, genetic therapy in germ line cells often forms a
subject for heated discussion in the field of science. Since,
gene therapy includes making changes to the body’s basic
set of genes, it raises unique ethical considerations. Some of
the ethical concerns associated with gene therapy include:

* To decide the ethics behind germ line gene therapy is
a big question. Apart from the associated risks, it is
often argued that in place of involving reproductive
processes, like in vitro-fertilisation for treatment of
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genetic diseases, the defective embryo should be
discarded. Also, identification of germ-line mutations
requires prenatal genetic testing, which can result in
increase in the number of abortions and foeticides.

e To distinguish gene therapy from making alteration
in any target gene (gene enhancement) is another
concern. There is a need for strict regulations so that
such researches may not be improperly utilised for
gene enhancement research for which the outcome is
unpredictable.

* Access to such technology and its benefits may not be
distributed equally as the developed and rich country
or people may exploit its benefit. Also, in most of the
cases, experiments using gene therapy have been
primarily conducted in patients for whom all other
treatments have failed. Any new technology takes time
to get perfected and the same notion applies to gene
therapy as well.

Gene therapy as an approach is often criticised for
promising too much but delivering very little. However,
with constant efforts it might prove to become a common
practice for the treatment of genetic diseases with single
gene defects.

4.4 RECOMBINANT VACCINES

A preparation of killed or weakened pathogen or their
components given to elicit an immune response that
subsequently recognises the infectious agent and fights
off the disease is known as Vaccine. The word vaccine
was coined by Edward Jenner (Latin word vacca means
cow), who injected cow pox virus in the skin of a person
to confer successful protection against small pox. The
process of injection and administering vaccines is known
as ‘Vaccination’. The term vaccination was coined by
Louis Pasteur in 1881. During vaccination, the pathogen
(live or inactivated) or a component of pathogen known
as antigen is injected into an individual with a purpose
to induce immunity in an individual. Consequently, on
the subsequent exposure to the same pathogen, a quick
and heightened immune response is elicited involving
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antibodies and memory immune cells. The most common
vaccines given to infants and young children are DPT
(diphtheria, pertussis, tetanus) and MMR (measles,
mumps, rubella), since they are at the highest risk due to
low level of immunity. Initially, vaccines were developed
mostly by attenuation or inactivation of pathogens. To
avoid several potential concerns raised by conventional
vaccines, like chances of infection in case of live attenuated
vaccine, reversal of the toxoids to their toxigenic forms, or
co-purification of undesirable components and to overcome
the complexity involved in obtaining sufficient quantities
of purified antigenic components, recombinant vaccines
were developed using the various tools of rDNA technology.
There are three main types of recombinant vaccine:

1. Live genetically modified vaccines

The live pathogenic organism (bacteria or virus) is modified
into a risk free and safe non-pathogenic organism by
either the deletion or inactivation of one or more gene.
These deletion or gene-inactivated vaccines are primarily
developed to weaken or attenuate the disease agent.

Vector-based vaccines which carry a foreign gene from
another disease agent also falls under this category of
live genetically modified organisms. These vector-based
vaccines are bacteria, viruses, or plants carrying a gene
from another disease agent that is expressed and when
injected into the host, induces an immune response.
Examples of such vaccines include Salmonella vaccine (for
sheep and poultry) and a Pseudorabies virus vaccine (for
pigs). In case of viral and bacterial vectors, the vaccine
induces a protective response against itself in addition to
the pathogenic organism. Foreign genes must be inserted
into the genome of the vaccine vector in such a way that the
vaccine remains viable. Example of vector-based vaccines
includes vaccinia virus, an enveloped virus belonging to
the pox family. It has a large linear double stranded DNA
genome with around 200 genes. The genome of this virus
can accommodate stretches of foreign DNA which can be
expressed alongside with its own genes.

With the help of r DNA technology, vaccinia virus carrying
antigenic genes of several different pathogens have been
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constructed which are capable of simultaneously providing
protection against several different diseases. Such vaccines
are known as polyvalent or multivalent vaccines based
on their antigenic sites (Fig. 4.10). Thus, for the production
of vaccinia vectors to be used as vaccine, the DNA of
vaccinia virus is removed and genes from hepatitis viruses,
herpes simplex viruses and influenza viruses are inserted
in plasmid vector (Fig. 4.10). These insertion vectors now
possess the genes essential for vaccinia virus maintenance
and also the foreign subunit genes of interest. These
insertion vectors are then introduced into host cells along
with the normal vaccinia viruses. Since, vaccinia virus takes
over the host machinery, it is capable of replicating in the
host cell cytoplasm, and transcribe to produce its proteins.
During viral DNA replication, the plasmids are taken up
with normal vaccinia DNA to produce recombined vaccinia
viruses. These recombinant vaccinia vector vaccines
against hepatitis, influenza, malaria, herpes simplex
virus, rabies, and vesicular stomatitis are available since
early 1990s. The most important benefit of using vector
based vaccines is that they are capable of stimulating both
B cells and T cells. Consequently, vaccinia virus offers
elevated levels of protection against pathogens. But, due to
safety concerns, none of these vaccines has been licensed
for human use.

Box 3: Plant Vaccines

Edible vaccines are vaccines manufactured in plants that can be administered easily by
consuming the plant material containing the vaccine e.g. fruits, leaves and seeds, etc. The
significant antigenic genes have been inserted into different plants, like tobacco, banana, potatoes,
tomatoes and rice, etc. using various vectors. These recombinant vectors are introduced within
the plants by using either a bacterial transformation system, like Agrobacterium tumefaciens
or by microprojectile bombardment method. The ingestion of the edible vaccine stimulates the

mucosal immune system and elicits an immune response.

Example: Hepatitis B banana has been successfully made by inserting the HBsAg gene in a plasmid
vector and finally this construct was injected in the plant cell. Banana is the best plant for oral
vaccine production as it is easy to digest, requires no cooking, palatable, inexpensive and available

throughout the year.

7
OB — @ — &5 %—»

Gene from a Vector Leaf segments sprout into Eating banana triggers
human pathogen introduced into whole plants carrying the gene immune response to the
is inserted into a plant cells from human pathogen pathogen

vector

APPLICATIONS OF RECOMBINANT DNA TECHNOLOGY M

Rationalised 2023-24

93



VRO

SN

\

/ BIOTECHNOLOGY XII

2. Recombinant subunit vaccines

Subunit vaccines contain only a part of the whole pathogenic
organism. Thesecanbeeither synthetic peptideoranexpressed
whole protein extracted from the pathogenic organism or
expressed from cloned genes in the laboratory. Prokaryotic
systems, such as Escherichia colior eukaryotic systems, such
as yeast can be used to express recombinant proteins. The
advantages of these vaccines include purity, stability and safe
use. One such example of a subunit vaccine developed against
Hepatitis B, a widespread disease that mainly affects liver
leading to cirrhosis, chronic hepatitis and cancer. Hepatitis
B virus consists of a core containing a viral genome (DNA)
surrounded by a phospholipid envelope carrying surface
antigens HBsAg, the key element for the hepatitis B vaccine.
Culturing Hepatitis B virus and producing these surface
antigens is very complicated. Therefore, with the advent of
rDNA technology, the gene coding HBsAg surface protein was
identified and inserted in pMAS6, a yeast plasmid vector and
expressed in Saccharomyces cerevisiae yeast cells.

3. DNA vaccines

In recent years, DNA vaccines are one of the promising
advancements in vaccine technology. For DNA vaccines,
genes of interest (antigens) are identified and cloned in
plasmids. DNA vaccine carrying the plasmid harbours a
promoter site, cloning site, origin of replication, a selectable
marker sequence and a terminator sequence, like a poly-A
tail. During vaccination, DNA is directly injected into the
muscles of the animal model system like mice, generally
using a ‘gene gun’ that is based on compressed gas, to
inject the DNA into the muscle. DNA vaccines can also be
administered by nasal spray. The antigenic DNA is taken
up by a few muscle cells, which after protein expression,
induce the immune system. DNA vaccines are capable of
inducing both humoral and cellular immune responses.
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The HBsAg gene is claved to a strong alcohol dehydrogenase promoter (ADH Promoter).
These plasmids are then transferred and cultured. pMAS56 plasmid also carries a termination
sequence from yeast gene and the origin of replication from bacteria. For selection of
recombinants, an antibiotic resistance marker and a gene that permits growth only in the
absence of amino acid tryptophan were used in pMAS5S6. The protein is separated, purified
and used for immunisation. This was the first recombinant subunit vaccine for public use,
licensed in 1987 and marketed as Recombivax® and Engerix-B®.
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4. RNA Vaccines

RNA vaccines contain mRNA. Once injected for vaccination,
the mRNA is directly taken up by antigen presenting cells
and other target cells, where the mRNA is expressed as
properly folded and glycosylated protein that acts as an
antigen (Fig. 4.11). These vaccines elicit both humoral and
cellular immune response against the encoded protein.

mRNA encoding /mw Lipid delivery
antigen —>» vehicle

After entering and
self-replicating inside
the cell, RNA translated
to produce antigen

() » Elicit both humoral and
cellular response

0P
Host cell

Fig. 4.11: RNA vaccine
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RNA being labile, the stability of injected mRNA is
prevented by modifying it in a variety of ways e.g., the
addition of a 5' cap; the length and structure of a 3’ PolyA
tail; use of untranslated regions and the modification of
nucleotides, etc. Such RNA modifications are also helpful
in increasing the immunogenicity of mRNA. Therefore,
RNA vaccines are formulated with specific delivery systems
such as lipid nanoparticles (LNPs), which protect RNA from
degradation and increase target cellular uptake.

Thermostability of a vaccine is vital to reduce the need
for cold conditions during vaccine storage and use. Since
RNA is unstable, it needs to be frozen when stored to
ensure long-term stability. Efforts are underway to improve
the thermostability of RNA vaccines. Lyophilisation or
freeze-drying has been proposed as a way to improve their
thermostability. In this direction, formulation of RNA with
thermostable lipid nanoparticles, as mentioned above, has
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also been suggested for improving the thermostability of
RNA vaccines.

RNA vaccines are comparatively simple and have high
yield production. Their virus-free production process
enables modest and scalable production facilities. As a
result of cell-free production, there is less concern with
respect to contaminating agents. Another important
advantage of mRNA vaccine technology is its ability to
respond rapidly to emerging viral variants. This means
making modified mRNA vaccines for mutants with changed
sequences, is quick and simple.

Thus, RNA vaccines offer several advantages over
other categories of vaccines including rapid and low-cost
development (owing to rapid design and synthesis of
mRNA using fully synthetic approach), reduced need for
optimisation and regulatory testing (due to already existing
optimised and licensed formulation and delivery method).
Furthermore, mRNA vaccines require less amount of
vaccine dose in each shot and may not even require two
doses. Also, it can be produced more quickly and efficiently
as compared to other vaccines in case of new emerging
variants of the pathogens. RNA vaccines are comparatively
safe. There is no risk of pathogen reactivation and RNA
is degraded in vivo with no risk of antigen persistence or
integration into the genome. However, mRNA vaccines
need to be addressed for their improved thermostability.

mRNA Vaccine Development against
COVID-19

The COVID-19 pandemic demonstrates the ongoing threat
of pandemics caused by novel, previously unrecognised,
or mutated Severe Acute Respiratory Syndrome Corona
Virus-2 (SARS-CoV-2) strain with high transmissibility.
Vaccines namely, Covaxin (inactivated whole virus) and
Covishield (Adenovirus based DNA vaccines) are widely
used in India for the ongoing COVID-19 pandemic.
However, for effective control of pandemics, RNA-based
vaccines have also being developed. More than 25 mRNA-
based vaccine candidates for COVID-19 are in different
phases of preclinical and clinical trials. The mRNA-1273
is a lipid nanoparticle (LNP)-encapsulated mRNA-based
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vaccine that encodes a stable form of the spike protein
of SARS-CoV-2. When injected, the encapsulated mRNA-
1273 travels to the immune cells (lymph nodes) and
instructs them to make copies of the spike protein on their
surface, similar to that of SARS-CoV-2 upon its infection.
Meanwhile, other immune cells learn about the spike
protein and prepare themselves for the future response to
SARS-CoV-2.

4.5 THERAPEUTIC AGENTS/MOLECULES:
MonNoCLONAL ANTIBODIES, INSULIN AND
GRrRowTH HORMONE

Recombinant DNA technology has revolutionised
health care by facilitating the large-scale biological
production of a variety of safe, pure and efficient human
proteins. Compounds used for treating a disease and
for improving the health of human beings are called
therapeutic agents. With the advent of rDNA technology,
not only the newer therapeutic agents are produced but
also more efficient forms of conventionally produced
therapeutics are being manufactured. Since these
recombinant therapeutics produced are identical to
the natural human proteins unlike those isolated from
animals (like cow and pig), hence, they do not induce
immune responses and are free from threat of any allergic
responses. Presently, numerous products, like antibiotics,
monoclonal antibodies, blood clotting factors, hormones
(insulin and growth hormone), cytokines and vaccines are
being produced for human welfare.

Antibodies are the protein molecules produced by B
cells of the immune system and protect the body against
the invading foreign substances called antigens. In human
serum, five different types of antibodies are present: IgA,
IgD, IgE, IgG and IgM. B cells, in response to a foreign
particle, produce many different types of antibodies specific
to different regions of antigen called epitopes present on
the surface of antigen and hence, designated polyclonal
antibodies. This polyclonal antibody mediated response
leads to the antigen processing and degradation and
therefore, has obvious advantage for the organism, in vivo.
However, due to their heterogenic nature, the efficacy for in
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vitro use is restricted. On the contrary, antibodies, specific
to a particular region or epitope of an antigen, known as
monoclonal antibodies (MAB) can be very well exploited
for in vitro purpose, like in therapeutic and diagnostic
applications.

Earlier, following a brief exposure of an animal to an
antigen, B cells were isolated and cultured for producing
monoclonal antibodies. However, B cell culturing is very
tricky and complicated, and also the monoclonal antibodies
produced were short- lived. An invention made by George
Kohler and Cesar Milstein (1975) provided a way out,
through which the large-scale production of monoclonal
antibodies using Hybridoma technology, where the
short-lived antibody secreting normal B cell is fused with
immortal myeloma cells with the help of Polyethylene
Glycol (PEG) leading to the formation of hybrid cells called
hybridoma. Hybridoma cells acquire immortal growth, a
typical attribute of a myeloma cell, besides the antibodies
production property bestowed by B plasma cell. Myeloma
cells are genetically engineered such that they cannot use
hypoxanthine, aminopterin and thymidine (HAT medium)
as a source for nucleic acid biosynthesis and will die in
culture. On the other hand, B cells are able to survive in
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Fig. 4.12: Production of monoclonal antibodies using hybridoma technique
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In 1921, a series of classic experiments were
performed by Frederick Banting and Howard
Best, which lead to the isolation of insulin.
Insulin is distributed to all cells of the body
through the bloodstream. The primary structure
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