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Abstract: In modern biological sciences it is a major advantage to be able to produce a specific protein

on demand. The extent of this notion can be understood when one considers how important proteins are

and how problematic it can be to produce enough of a required protein from its natural source.

Recombinant protein production is a fundamental aspect of the 21  century biotech industry. Harnessingst

the natural protein expression powers of, prokaryotic as well as eukaryotic, hosts enabled the development

of a multi-billion dollar industries with high strategic impacts extending from therapy to environment

manipulation. This review presents a brief account of the vital importance of the recombinant proteins and

their main production systems.
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INTRODUCTION

Proteins are essential components of the living

structures. They play a vital role as passive structural

elements as well as active functional units. Proteins

constitute more than half of the cells dry weight,

comprise fundamental components of the cell structure

and at the same time serve as the main instruments of

molecular recognition and catalysis. Although DNA

serves as the genetic template, it is the proteins it

codes that influence almost all of the cellular processes.

For example, the genes encoding haemoglobin subunits

cannot carry oxygen, the property of the proteins

specified by the genes . [1]

In nature proteins are synthesized via a

sophisticated mechanism of guided polymerization of

simpler building blocks, the amino acids. The natural

protein production process is entwined with what is

known as gene expression, the process in which the

information encoded in the hereditary polymer DNA is

translated. In fact, the specific polymerization order of

a protein's amino acids has to be guided by the

particular order of the building blocks of a

corresponding DNA. Proteins are expressed in the

living organisms according to a tightly regulated

mechanism to meet specific needs and the process is

described as homologous gene expression. 

When recombinant DNA techniques are used to

express certain genes outside their natural expression

habitat, the process is described as heterologous gene

expression. This process has various academic as well

as industr ia l app lications. P roteins may be

heterologously synthesised in vivo or in vitro. In vivo

heterologous expression systems include any nonnative

cellular system that permits synthesis of the target

protein, while the in vitro heterologous expression

systems include any, non-native, acellular system which

permits such synthesis. 

The study of different proteins and the increasing

knowledge of their properties has led to a growing

number of protein products of commercial and medical

use from domestic cleaning  to advanced bone and[83]

cartilage repair . Neither the fundamental study of a[88]

protein or its development as a commercial product

would have been possible without the availability of

sufficient protein in the first instance.

This review is briefing the strategic importance of

recombinant proteins and summarizing the available

systems to produce them.

Strategic  Importance Of  Recombinant Proteins:

The development of genetic engineering techniques

from the 1970s and onwards is an example of a

changing relationship between a research oriented

towards science and a research directed towards

commercial uses as well as between universities and

firms. By the early 1970s, scientific research fields,

like molecular biology and biochemistry, were still of

an interest within the academic domains of the

universities. By the late 1970s, these fields of research

generated knowledge and commodities with promising

market value. At the forefront of these commodities
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there were recombinant proteins such as insulin and the

human growth hormone. The creation of these

invaluable products was largely dependent upon

recombinant protein expression research . In this way,[4,3]

heterologous protein expression proved itself as a vital

strategic alternative to the extraction of certain proteins

from their natural sources. For example, without the

use of recombinant heterologous protein expression,

p re p a ra t io n  o f  8 0  µ g  o f ,  the  p u r e  a n d

biologically-active human hormone secretin, would

require 3000 kg of bovine intestine . In addition,[33]

between 1922 and 1972, the vital therapeutic protein,

insulin, was commercially available only through

extraction from bovine and porcine pancreas, collected

as by-products from the meat industry . The quantity[31]

of purified insulin obtained from one pig satisfies the

requirements of one diabetic person for three days ,[86]

which on average dose units means 150 I.U or ~6 mg

of pure insulin. A sharp decline in meat consumption

and consequently the supply of pancreatic glands,

occurred between 1970 and 1975. The concern was

whether there would be a time when the supply of

pancreatic glands would be insufficient to meet the

needs of insulin-dependent diabetics. Alternative

solutions to the insulin shortage problem were

examined and finally heterologous expression of the

human insulin gene in Escherichia coli K-12 strain of

was achieved . Although the exact yields from this[4]

system were not disclosed, more recently it was

reported that 1500 mg/L of the fusion protein

superoxide dismutase-human pro-insulin (SOD-PI) were

obtained from the yeast S. cerevisiae . Again the[78]

yields of the insulin product have not been reported,

but as a starting material for the production of

recombinant human insulin, the 1500 mg SOD-PI/L

would mean that one litre of S. cerevisiae culture is

better than 60 pigs even if only 50% yield is obtained.

In addition to improved yield, recombinant insulin was

functionally and immunologically identical to human

insulin and heterologous expression guaranteed a

reliable, expandable, and safe supply of human insulin

for diabetics. 

At this moment of time, expression of recombinant

proteins has moved very far forward since the early

days of insulin and human growth hormone production.

A strategic coalition between the arts of protein

engineering and heterologous protein expression joined

forced with fermentation and  b io-processing

technologies resulting in a large and continuously

growing number of recombinant proteins. Analysis of

the global biotechnology sector in the past three

decades shows that its growth and prosperity have been

based on the commercialization of recombinant proteins

and the creation of a multi-billion dollar recombinant

protein business with hundres of companies. In 2006,

the market value of commercialized recombinant

protein drugs alone reached $47.4 billion with 77

products . In addition to the 77 already marketed[77]

recombinant protein drugs, there are 104 more in the

pipeline in preclinical/clinical stages or awaiting

approval. 

The current recombinant protein drugs portfolio

covers four types of products; growth factors (27

products), interferons (26 products), hormonal therapies

(24 products) and interleukins (21 products). Looking

at the immediate therapeutic uses of these innovative

drugs shows that oncology comes first with 41 products

followed by diabetes and endocrinology with 38,

infectious diseases with 21 and haematology with 17

products. The market value of recombinant therapeutic

proteins is expected to reach $53 billion by 2010 with

a growth rate of 7% . It has to be said that the[77]

market value of the recombinant therapeutic proteins is

only an indicator of the strategic importance of such

commodities, as their socio-political impacts extend far

beyond. 

Recombinant proteins do not only serve therapeutic

uses because many industries rely upon a growing

number of recombinant protein products. In addition to

the long-established industries such as detergents, paper

and textiles, in which recombinant industrial enzymes

are used, vital energy-related nanotechnologies use

recombinant enzymes as well. The total market value

for energy-related nanotechnologies reahced $4.35

billion in 2006, a figure that is expected to climb to

$7.12 billion in 2012, growing by 8.4% over the next

five years. Industrial enzymes dominate the

energy-related bionanotechnology market, with a 57.8%

market share in 2006. Nanostructured monolithics, of

which zeolite refinery catalysts are the most important

sub-segment, had the second largest market share

(34.6%) in 2006, a share projected to increase to

36.3% by 2012 . [19,55]

In addition to precious protein commodities for

medicine and industry, recombinant proteins provided

the academic arena with powerful tools for the study of

fundamental biomedical problems. As a matter of fact,

all industrial and medical protein products can only

reach the end-use, after being heavily studied at the

academic level. Structure-function investigations of

most proteins rely, in one way or another upon, the

availability of a heterologous expression system in

which reasonable amounts of the target protein can be

prepared on demand. Generation of random or carefully

crafted mutants is the key toll in these studies.

Generation of such mutants and their expression solely

relies upon a mixture of protein engineering and

heterologous expression skills, usually generation as
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well as expression of such protein mutants is not

readily feasible at the homologous level.

Production Systems: Recombinant protein expression

technology has developed well during the last 30 years

so that a variety of in vivo and in vitro protein

synthesis systems are now available, allowing both of

the production and the manipulation of the properties

of almost any protein. In order to express a target

protein heterologously in a living host, the target

DNA-coding sequence has to be known and a suitable

transformation and selection strategy has to exist.

Cloning the coding DNA into a suitable vehicle is a

pre-requisite for introducing it into the selected host,

such a vehicle is usually called vector. This vector is

usually an independently replicating DNA or at least a

DNA segment which can integrate into the expression

host genome. In order for the protein encoding DNA

to be expressed, it has to be preceded at the 5` end

with a transcription promoter. Depending upon the

nature of the target protein, prokaryotic or eukaryotic

hosts can be used for the expression, which affects the

nature of the expression as well as the transformation,

the selection and the subsequent purification strategy.

The surrogate hosts producing recombinant proteins

now encompass five groups of organisms: bacteria,

fungi, plants, insects, and mammals. These span six

orders of magnitude in size, from E. coli at around one

micrometer in length to the heavy weight lactaters Bos

taurus (cow) and Ovis aries (sheep) at over one meter.

In addition to proteins routinely produced in microbes,

few recombinant protein products are produced in

transgenic animals. At the start of the twenty first

century, transgenic crops as well as transgenic

livestock, expressing recombinant proteins, provided a

major scope for the production of recombinant proteins

via traditional agricultural practices which have led to

the concept of `BioPharming` . [28,26,80]

Although proteins can be synthesised in a cell-free

environment using in vitro translation technology,[79,53]

this remains a relatively specialised and technically

demanding area that is not yet competitive with living

organisms for their natural protein synthesis

capabilities, especially at the high yield production

level. To express a target protein in an in vitro

synthesis system, the mRNA coding for the protein has

to be added to a cell-free environment which includes

necessary components for translating the mRNA into

t h e  c o r r e s p o n d i n g  p r o t e i n .  C o u p l e d

transcription/translation systems are also available

which allow the use of the protein-encoding DNA for

mRNA synthesis prior to translation. The rest of this

review will cover recombinant protein production via

in vivo  expression systems, presented in a

host-dependent account, followed by a brief account of

the in vitro protein synthesis will follow.

1- Microbial  Systems: Recombinant protein production

benefited a great deal from the wellestablished

microbial genetics and physiology. In fact, the relative

simplicity in handling and manipulating microorganisms

made them the primary candidates to express proteins

heterologously. Many microbial species have a strong

natural capability to express proteins which makes them

very attractive candidates for the heterologous

production of recombinant proteins. DNA manipulation

techniques allowed engineering custom protein

expression vectors with tailored cloning sites and

expression promoters. These invaluable vehicles, in

addition to few genetically-stable host species, are

fundamental to the current success of the recombinant

proteins industry. The most successful and routinely

used microbial recombinant protein expression systems

mainly belong to bacterial and fungal species.

a- Bacteria: Since the introduction of in vitro DNA

manipulation techniques in the late 1960s and the early

1970s, bacteria, represented by the well characterised

Gram-negative E. coli, became a workhorse for

molecular biology. It had been assumed that due to the

extended experience with E. coli any protein can be

produced in this microorganism as long as it is not too

small, too large, too hydrophobic, and does not contain

too many cysteines . There are many reasons why E.[22]

coli is so popular; it is very well characterised, its

genome sequence is known, many of its biological

processes and metabolic pathways are understood and

there are many genetic tools readily available for its

manipulation. 

However, a single organism such as E. coli is

unlikely to be suitable for every application . There[8]

are various limitations for E. coli as an expression

system. First, many proteins are complex, containing

multiple subunits, cofactors/prothetic groups, disulphide

bonds, and post translational modifications, including

glycosylation, that are essential for their function, and

producing such complex proteins in a prokaryote like

 coli may be quite challenging . Extensive efforts[87]

have been made in the direction of proper

understanding and improvement of E. coli as an

expression system for heterologous proteins .[27,69,87,25]

However, even if translated in E. coli, proteins may not

be successfully folded but may have to be purified

from bacterial inclusion bodies . The process of[11]

recovering a properly folded and bioactive protein

involves many practical problems. More specifically, if

the heterologous protein is of a pharmaceutical use,

post-translation modification may be critical for its



Res. J. Cell & Mol. Biol. 1(1): 9-22, 2007

12

biological activity, and a prokaryotic host like E. coli

is not cabable of such modification. In addition, E. coli

may contaminate recombinant protein preparations with

endotoxins and pyrogens, both of which are difficult to

remove . [9]

The search for non-E. coli bacterial systems has

been limited by the lack of broad host-range protein

expression vectors carrying effective transcriptional and

translational signals . However, both Gram-negative[65]

and Gram-positive species have been identified for

their good protein synthesis potential . Pseudomonas[8]

spp., Serratia marcescens, and Erwenia herbicola were

used successfully for heterologous expression of

proteins . Although these Gramnegative species cannot[65]

be considered strong E. coli rivals they are alternatives

that offer the potential of further development. 

Gram-positive bacteria perhaps represent very good

alternatives to E. coli. They are already known for

their production of industrial enzymes that is facilitated

by the architecture of their cell envelope, which allows

direct secretion of proteins into the fermentation

medium . For example, the lactic acidproducing[14]

bacteria Lactococcus lactis has been used successfully

for the expression of a variety of heterologous proteins.

As the organism is Generally Regarded as Safe, GRAS,

a major advantage of such food-grade bacterium is the

inherent safety of the proteins produced in it for human

consumption . Bacillus subtilis is also an important[42]

Gram-positive that is non-pathogenic, capable of

secreting functional extracellular proteins directly to the

culture medium and has no significant bias in codon

usage. It is known for its high capacity to synthesise

large quantities of industrial enzymes and a great deal

of its molecular genetics elements are known. The

related Bacillus brevis provides a useful system to

overcome any problems of endogenous proteases .[90,8]

Potentially even better examples of Gram-positive

bacteria are the actinomycetes which surpass the bacilli

in their higher protein synthesis abilities that can reach

>300mg/L of heterologous protein . [9]

In addition to using bacterial hosts for preparative

protein production they have also been successfully

used for what can be described as in situ recombinant

protein production. This approach involves generating

bacterial carrier strains that can produce recombinant

proteins while inhabiting their natural habitats. Probably

the best known and most widespread example is the

insecticidal toxin of Bacillus thuringensis (BT) that has

been expressed in other bacteria to facilitate their

delivery to specific niches. For example, the

cyanobacteria  Agm enillus  quadrup lica tus  and

Clavibacter xyli have been successfully used to deliver

BT to mosquito larvae and corn borer, respectively,

resulting in insecticidal effects . [8]

A useful strategy for heterologous expression of

proteins in bacteria is called surface display or surface

expression. In this strategy the expression of a

heterologous protein in the bacterial host is designed to

confer a novel property on the bacterium so that it can

be used as a tool. For a heterologous protein to be

displayed on the surface of a bacterium, it must cross

the cytoplasmic membrane and the periplasm and then

become inserted and retained in the outer membrane in

the correct conformation and orientation such that it

retains the desired biological properties to become

accessible to the external medium . One of the[27]

exciting applications implemented using the surface

expression, is the use of bacterial strains as live

vaccine vectors to deliver recombinant proteins to elicit

immune responses in higher organisms. The vector

strain is usually attenuated and transformed with an

expression vector that carries the gene for a specific

antigen. When the strain is introduced into a host, the

expression of the antigen elicits the immunisation.

Many species including non-pathogenic and pathogenic

strains have been used in such approach using either

constitutive or controlled expression vectors .[27,8]

b- Fungi: As vehicles for the expression of

recombinant proteins, fungi were described as the

perfect hosts  a verdict based on their rich diversity,[81]

which allows flexible host selection to match different

proteins, and their high synthesis capability which is

clearly disclosed under optimised industrial production

conditions. 

Fungi are equipped with a metabolic diversity that

suits the wide range of micro- and macro-habitats they

inhabit. They include species that produce large

amounts of primary metabolites, such as vitamins,

secondary metabolites, such as antibiotics, and

extracellular enzymes. The development of molecular

biology techniques has enabled man to harness this

natural synthesis ability for preparing many useful

products. 

Despite the diversity and the multitude of fungi

with conservative estimates of around 100 000

species,  only a few, mainly yeasts and moulds, have[15]

been extensively exploited for their heterologous

protein production skills. Yeast species, like

Saccharomyces, Pichia, and Hansenula, are well

known as efficient gene expression hosts with good

fermentation properties . Similarly mould species like[89]

Trichoderma and the Aspergilli, are distinguished by

their high enzyme secretion levels that can reach 20

g/L . When different heterologous expression hosts[41]

were compared for their general cell composition, the

maximum protein attainable from the yeast species

Pichia pastoris on fermentation was superior to all
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other systems at an incredible level of 65g/L . This[68]

lends support to the earlier verdict that fungi are

perfect hosts for heterologous expression of proteins.

Almost all vectors used for transforming fungi are

hybrids between eukaryotic sequences and prokaryotic

sequences . The prokaryotic part is usually[6,16,24,82,75,46,71]

derived from E. coli and fundamentally allows

replication and selection in this organism. In addition,

a polylinker facilitates introduction of foreign DNA

sequences. These features allow the cloning steps to be

performed in the easily manipulated E. coli. The

eukaryotic component is usually derived from fungal

sequences and varies according to the specific

requirements of the expression vector. In general, all

vectors need to be maintained and selected.

Maintenance can either be as an independent

extrachromosomal moiety or integrated into the host

genome with vectors classified into two types,

integrative and replicative, respectively. When the final

version of the construct is ready, it is then used to

transform the fungal host for expression. Whether the

introduced DNA is a wild type DNA or a hybrid

vector and whether the recipient host is a yeast or a

filamentous fungus, a key requirement for the success

of the transformation process is the efficient

introduction of the foreign DNA into the host cells.

2- Plant Systems: Transgenic plants possess many

advantages as producers of recombinant proteins

including the potential for agricultural scale production

at an extremely competitive cost and the availability of

established practices for their efficient harvesting,

transporting, sorting and processing. Most plant

transformation techniques result in stable integration of

the foreign DNA into the plant genome, and the

transformed plant line can easily be stored as seeds

almost indefinitely under ambient conditions. Also, as

eukaryotes, plants have well developed synthesis

mechanisms that allow proper processing and assembly

of expressed proteins with the additional possibility to

compartmentalise them in different organelles. 

The material produced in plants can either be

extracted, purified and used separately from the

surrogate plant host, or because of the fact that some

plants or plant organs are edible, the synthesis of the

desired material can be targeted to the edible parts and

these parts themselves are used for ‘fresh consumption’

of the active constituent. From this latter point of view,

it is expected that crop-based expression systems

(wheat, rice, corn, potato, banana...etc.) will become

heavily used because they produce fewer toxic

compounds than model species (e.g. Arabidopsis), and

there is an existing infrastructure for their cultivation,

harvesting, distribution and processing. Another

attractive approach which is feasible when such crops

are used is targeting the heterologous expression to the

seeds using seed-specific promoters, which offers very

good opportunity for long-term storage . [17]

In addition, plants can also be used in large-scale

microbial-like fermentation production facilities by

using plant-cell suspensions. Although plant cells are

not comparable to microbes in terms of generation

time, obtainable cell densities or nutritional

requirements they still require similar techniques and

equipment. It has been possible to use conventional

fermentor equipment, with minor adjustments,

to successfully apply modes like batch, fed batch,

perfusion and continuous fermentation with scales up to

100 000 litres  [18]

Plants have proved to be suitable for heterologous

production of many substances. McBride, et al.[54]

reported the successful production of Bacillus

thuringiensis insecticidal toxin protein (BT) in tobacco

plants. The BT toxin gene was expressed in plastids

under a strong plastid promoter to achieve 3-5% of the

soluble protein in tobacco leaves. The expression

strategy relied on the prokaryotic nature of the plastid

translation machinery and the high copy number of the

plastid plasmids to achieve such a high level of

expression which compensated for the short persistence

and the poor efficiency of BT against pests that feed

on the plant tissues.

Heterologous gene expression technology has also

enabled synthesis of a bacterial biodegradable plastic

polymer in Arabidopsis thaliana  and Brassica[64]

napus . Polyhydroxyalkanoates (PHAs) are aliphatic[70]

polyesters with thermoplastic properties that are

produced by a wide variety of bacteria as a carbon and

energy reserve . Bacteria like Ralstonia eutropha[63]

produce PHAs when grown in a medium with excess

carbon but limited other essential nutrients such as

nitrogen or phosphorus. The importance of the PHAs

originates from the fact that a wide variety of

micro-organisms can hydrolyse them to monomers

which are metabolised as a carbon precursor, therefore

they represent a potential source of renewable

biodegradable thermoplastics. In R. eutropha; PHB, a

member of the PHAs family, is synthesised from

acetyl-CoA by the consecutive action of the three

enzymes: 3-ketothiolase, acetoacetylCoA reductase, and

PHB synthase encoded by the three genes phbA, phbB

and phbC respectively . These polymers can[59]

accumulate in R. eutropha up to 80% dry weight, and

were heterologously produced in E. coli to a similar

level  but the major barrier to its commercialisation[64,45]

has been, and remains, its price. Whereas the price of

the most commodity plastics derived from petroleum,

such as polypropylene, is below US$1 per kilo gram,
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the most optimistic cost estimate for PHAs production

by bacterial fermentation from R. eutropha or

recombinant E. coli is US $3-5 per kilo gram .[63]

Synthesising PHAs in plants via heterologous

expression technology represented a promising step

towards the reduction of their production cost, as plants

are capable of producing carbon-based commodity

products, such as starch and oil, at a cost typically

below US $1 per kilo gram. The pilot experiment by

Poirier et al.  demonstrated the feasibility of[64]

producing such polymers in plants by expressing the

two A. eutropha enzymes acetyl-CoA reductase and

PHB synthase in the cytoplasm of the transgenic A.

thaliana. However, although the polymer was

successfully produced the yield was low (0.1% of the

dry weight) and the plants were stunted in growth. This

was later rectified by targeting the expression of the

enzymes necessary to catalyse the synthesis of PHB to

plastids where the yield was improved to 14% of the

dry weight without obvious defects on the growth or

the fertility of the transgenic plants . However,[59]

because PHB has poor physical properties as a plastic

polymer, attempts continued to synthesize better PHAs

in plants. Mittendorf et al.  succeeded in producing[56]

a better PHA family member, medium chain length

PHAS (MCL-PHAs) in peroxisomes of A. thaliana, but

at a low yield. Slater et al.  succeeded in synthesising[70]

the better quality plastic polymer PHBV in leaves of A.

thaliana and seeds of B. napus (oil seed rape). The

work by Slater and colleagues was in fact a

complicated metabolic engineering process because the

PHBV synthesis in plants required the expression of

four bacterial genes and the modification of two

metabolic pathways. Despite the low PHBV (<2.5% of

the dry weight) this work elegantly demonstrated how

heterologous expression technology and metabolic

engineering can open new production frontiers. 

Commercially important enzymes also have been

produced in transgenic plants. Aspergillus niger phytase

was produced very efficiently in tobacco plants. The

enzyme was accumulated in tobacco leaves at 14.4 %

of the total soluble protein . In an earlier report,[84]

phytase targeted to canola seeds accumulated to 9.3%

of total soluble protein providing the possibility of

stable storage and delivery without even the need for

purification . [62]

Plants have also proved suitable for the production

of protein pharmaceuticals. The use of plants for the

production of high-value pharmaceutical proteins and

peptides was dramatically boosted by the reports of the

successful human immunisation with the plant-based

imm uno -therapeutics . T hese  two  rep o rts[52,76]

demonstrated not only the production of active

immuno-therapeutics in plants but also the delivery of

the active material to humans in an oral vaccination

manner. Plant viruses have been successfully used as

epitope-presentation systems. Foreign antigenic proteins

were fused to certain permissible parts of the virus

capsid genes. When used to infect plants these viruses

often grow at wildtype levels providing gram quantities

of modified viruses which, when purified, can then be

used for either parental or oral vaccination. Most plant

viruses are particularly attractive for vaccine production

by using capsid expression strategy because of their

simple growth in host plants in gram quantities, their

straightforward purification and their extreme stability.

A number of viruses have been successfully used in

this technology including tobacco mosaic virus, potato

virus X and cowpea mosaic virus . [47,32,44]

Ma et al.  showed that tobacco plants can[50]

express biologically active antibodies against oral

plaque bacteria, and more recently showed that

antibodies against Streptococcus mutans (a major

contributor to tooth decay) generated in tobacco plants

successfully provided immunisation to humans . One[52]

kilogram of transgenic plant material was required to

prepare sufficient antibody for one course of treatment

for one human volunteer. After removing all traces of

the bacterium, the monoclonal antibody was applied

topically in six doses over an eighteen-day period

which successfully prevented re-colonisation for four

months, the duration of the experiment. The

biotechnology company Planet Biotech (Mountain

View, CA, USA) is concentrating on producing the

CaroRx™ plantibody that is designed to protect against

dental caries, a product which is based on the tobacco

produced anti-S. mutans antibodies . [17,19]

Tacket et al. , went beyond the production of[76]

active antibodies in a higher plant host to the

successful human oral immunisation with edible

potato-produced antibodies against endotoxin, an E.

c o l i  to x ic  p e p t id e  th a t  c a u se s  d ia r rh o e a .

Anti-enterotoxin produced in potato tubers succeeded

in stimulating preventive antibody response in humans

when consumed as 50-100 g of raw peeled tubers.

Each gram of transgenic potato contained 3.7-15.7 µg

antibody. Ten out of eleven human volunteers showed

a marked mucosal and systemic antibody response

indicative of successful immunisation. Although as the

authors point out, it is possible that other less-

immunogenic proteins, when given in an edible form,

may not stimulate the vigorous immune response

necessary for immunisation or may even induce

tolerance, they emphasized the importance of their

strategy in developing safe and inexpensive vaccines

against diseases for which a protective antigen has been

defined, such as tetanus, diphtheria and hepatitis B.

This revolutionary approach can simply be extended to
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other edible plant parts that do not need cooking, such

as banana fruits, which will mean that vaccine

production simply requires growing the plant and

delivery is no more demanding than eating it. 

Despite the high success potential of the higher

plants as heterologous expression systems for

recombinant proteins, there remain limitations that

require addressing. In general, plants used for

heterologous expression still have the disadvantages

such as the low accumulation levels of recombinant

proteins, gene-silencing, the lack of sufficient

information on posttranslational events and downstream

processing. In the case of plant-cell fermentation there

are the problems of poor growth rates, formation of

aggregates, somaclonal variation, gene silencing, and

inhibition of product formation at high cell densities

which leads to a low volumetric production. In terms

of ‘edible’ vaccines, there are many issues still to be

addressed, including the vaccine viability in the edible

plant parts, and the required doses for proper

immunisation . [21,51,61,43,13,18]

However, there is little doubt that recombinant

antibody production in plants is likely to have a great

impact on human health, and will be of high

investment potential. For example, according to the

American Medical Association, 650 000 new cases of

breast, lung and colon cancer are diagnosed in the

USA every year and for therapy each patient will

require 10-200 mg of recombinant anti-tumour

antibody, which could create a demand for up to 130

kg per year in the USA alone. Based on the ability of

plants to produce properly processed and assembled

antibodies 10-50 times less expensively than bacteria,

recombinant antibody production in plants becomes a

great benefit from both a safety and authenticity point

of view which lays a firm ground for what is now

called Molecular ‘Pharming’ . [17,49]

3- Animal  Systems: The genetic transformation of

animal cells by the introduction of extrinsic genetic

material dates back to the beginning of the twentieth

century when in 1910 Rous induced a tumour by using

a filtered extract of chicken tumour cells, later shown

to contain an RNA virus, Rous sarcoma virus. By the

late 1950s viral transformation of animal cells was

established, and in 1977 Wigler and Axel, and their

associates developed an efficient method for

introducing single-copy mammalian genes into cultured

cells, adapting an earlier method developed by Graham

and van der Eb . [1]

In fact, the biotechnological exploitation of animal

cells preceded their genetic transformation. Vaccine

production from in vitro cultured animal cells was of

major importance since the 1960s, and by the late

1970s interferon was the first licensed drug derived

from a cultured human lymphoblastoid cell line. Soon

after hybridoma and monoclonal antibodies (mAb) took

over the fast-developing market with their diverse

applications in diagnosis and therapy . During the last[5]

decade of the twentieth century the biotechnological

utilisation of animal cells expanded even further by the

establishment of a variety of genetic transformation and

culturing techniques for most animal species, from

invertebrates through lower vertebrates to humans,

serving purposes ranging from study of gene function

to gene therapy to the development of genetically

modified mammals carrying novel traits . [29,10]

When a gene is to be expressed in an animal cell

it may be either cloned into an expression vector used

in transformation or be transferred directly into the

recipient cell where it may independently survive or

integrate into the host genome . [67]

A typical mammalian expression vector contains a

copy of the gene of interest placed downstream of a

promoter sequence and is followed by a transcription

termination signal. The construct may also contain

transcription and translation enhancers and selectable

markers for both manipulation in E. coli and for

selection in the mammalian host. Although eukaryotic

mRNA is not generally polycistronic, such constructs

have been efficiently made using Internal Ribosome

Entry Sites (IRES) that were identified in the

single-stranded RNA genome of picornaviruses.

These sequences provide internal secondary

ribosome binding sites that were found to permit

expression from the polycistronic messages . Despite[20]

the fact that a number of episomal vectors have been

constructed from mammalian-derived sequences, the use

of such vectors in transforming animal cells is not

appropriate due to their loss during the development

process. This is why all the transformation attempts are

dependent on integrative vectors . [2]

This brief description of mammalian expression

vectors applies to vectors used in transforming cell

lines or whole animals although, when whole animals

are concerned, the situation is much more complex due

to the delicate process of delivering the transgene

construct to the developing embryo and the need for

several further embryo transfer and development steps

until a transgenic animal is obtained. A major

difference between vectors used in transfecting animal

cell lines and those used in making transgenic whole

animals is the selection problem. In cultured

mammalian cells, selection may rely on drug resistance

gene included in the expression vector. In contrast, for

practical purposes, the identification of transgenic pre-

implantation embryos prior to transfer into the recipient

animals is not yet possible. In addition, very little is
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known about the fate of the transgene following

integration into the genome of the transgenic

animals . [10]

A variety of transformation methods are available

for transforming animal cell lines. This includes

calcium phosphate-DNA co-precipitation which is

applied to monolayer mammalian cells and in which

the DNA is transfected into cells incorporated into fine

calcium phosphate precipitate. Lipofection is another

method in which the DNA is adsorbed to very small

spheroidal lipid vesicles that fuse to the mammalian

cell membrane. Electroporation is also used for

transforming mammalian cells in suspension. These

three methods can be optimised to produce reasonable

transformation frequencies around 1030% and the

selection usually relies on a selectable drug marker .[10]

When expression is required in a whole animal the

e x p re ss io n  co ns truc t  is  f i r s t  d e l ive re d  to

pre-implantation embryos, p redominantly with

microinjection into fertilised oocyte, which are then

transplanted into the uterus of a surrogate mother until

delivery. However, there is no way yet to select for

transformed embryos prior to implantation. 

The heterologous production of valuable proteins

represents a major area for animal cell technology that

can be achieved in both in vitro cultured cells as well

as whole living animals. At least in theory, any animal

species could be used for heterologous production of

at least some proteins but in effect the technology is

currently depending on two animal subkingdoms,

insects and mammals . [10]

a- Mammalian hosts: A wide variety of mammalian

cell lines have been established for the production of

recombinant proteins where each has its merits and

weaknesses. In general, these cell lines are transfected

with a protein expression cassette that carries the DNA

encoding the protein of interest and the selected cell

lines are then cultured for protein production. 

It has been claimed that, in pharmaoriented biotech

companies, more protein species are being produced in

CHO cells than in E. coli and in S. cerevisiae . In[92]

fact, these cells, which were derived from a biopsy of

an ovary of an adult Chinese hamster (Cricetulus

griseus) in 1957, are unique in many ways and exhibit

a number of advantages, ranging from ease of

introduction of exogenous DNA to the capacity for

growth and production at very large scales. 

When a CHO mutant cell line, that lacks

dihydrofolate reductase (DHFR) enzyme activity, is

transfected with an expression vector that carries the

wildtype gene, the cell lines that acquire the functional

DHFR gene can be selected on a medium that lacks

glycine, hypoxanthine and thymidine (GHT). Usually 

the DHFR plasmid can carry one or more expression

cassette for a product of therapeutic value and it can

also be co-transfected with another plasmid that does,

to eventually integrate into the host cell genome. It has

been found that use of elevated levels of the

methotrexate (MTX), which blocks DHFR activity

irreversibly, can lead to augmented gene expression in

transfected CHO cells by selection for cells with

multiple integrated copies . This amplification[92]

technique, the ability to synthesise proteins with similar

glycosylation patterns to the natural profile and the

suitability for scaling-up have made CHO cell lines a

successful heterologous protein producer . [5]

These cells were originally derived from 1-day-old

Syrian hamster (Mesocricetus auratus) kidney in 1961

and are often referred to as BHK or BHK21. In

addition to their use in recombinant protein production,

such as human factor VIII for therapy of coagulation

disorders, they are also known for their susceptibility

to viruses, and so have been extensively used for

vaccine production. 

Hybridoma are immortalised antibody secreting

hybrid cells derived originally from a fusion between

malignant tumours (called myeloma) and spleen

lymphocytes of a mouse immunised with a particular

antigen . They were originally designed, and have[40]

been used successively since then, in producing a

special class of proteins called monoclonal antibodies

(mAb). 

Hybridoma cells have also proved efficient in

producing recombinant mAb by constructing what are

called heterohybridoma. Different species can contribute

to the variant (e.g., mouse) and the constant (e.g.,

human) regions of the secreted mAb to produce a

bispecific mAb that can laos react with two antigens.

In addition to hybridoma, myeloma cell lines are not

only malignant fusion partners used for the generation

of hybridomas, but they are also suitable host for the

production of recombinant proteins because of their

natural secretion capability, their transfection properties

and their ability to grow to high cell densities . [5]

Instead of producing heterologous proteins in in

vitro cultured cells, transgenic animals technology has

enabled targeting of recombinant proteins to specific

animal tissues or secretions allowing their production

in living whole animals. Developing transgenic animals

started in 1980 when a transgenic mouse was

developed by the microinjection of DNA into a

fertilised egg . Currently transgenic animals may be[23]

produced by the delivery of the transforming DNA to

the embryonic cells either by microinjection into

fertilised eggs or viral transfection of embryonic stem

cells. In both cases when the foreign DNA integrates

into the embryo’s genome the developed animal can

then be considered transgenic . [34]
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The use of tissue-specific regulatory sequences

allows the expression of the gene to be targeted to

almost into any tissue . This principle was used to[30]

target specific recombinant proteins to the blood of the

transgenic livestock. A fusion construct between pig

β-globulin promoter and human β-globulin coding

region succeeded in expressing up to 24% completely

human haemoglobin A (HbA) in pigs blood. Animals

appeared to tolerate well the high levels of the human

HbA in their erythrocytes and the structural analysis

showed that recombinant human HbA was equivalent

to the protein purified from human blood. However,

the complex chemical composition of the blood makes

it difficult to isolate and purify the recombinant

product. It is also obvious that circulating blood cannot

be used as a source of biologically active recombinant

products, such as cytokines and hormones, without

creating health problems for the production animals as

already shown by transgenic pigs harbouring extra

copies of the human growth hormone. However, the

technique is still valid for producing normal

constituents of blood such as haemoglobin, antibodies

and α 1-antitrypsin . In addition to the production[18,30]

in blood, recombinant proteins have been also produced

in mammary glands of animals, including mouse,

rabbit, goat, sheep and cow . Due to its natural[29,30]

secretion, expression in milk is expected not to create

any health problems to the production animal even

when highly bioactive peptidesand proteins arebeing

synthesized. In addition, the mammary gland-specific

secretion sequences showed inter-species compatibility

that can overcome species boundaries. The most

phenomenal example has been a transgenic sheep

expressing the human α 1-antitrypsin in its milk at 50%

of the total milk proteins reaching 35 g recombinant

protein/L of milk . The recombinant protein was[91]

correctly glycosylated showing full activity. The

transgene was transferred and constitutively expressed

in  th e  p ro g e n y  w h ich  w e r e  s u b se q u e n t ly

commercialised.

Although such proteins have not reached the

market it is believed that some are in their final

clinical approval stages . [30]

Despite the high hopes in transgenic livestock as

a source of recombinant proteins the technology is still

in its infancy and major hurdles are yet to be

overcome. The process is extremely expensive,

labour-intensive and technically difficult. It requires

thousands of fertilised oocyte microinjections to

generate a single transgenic calf, and it has been

estimated that a transgenic sheep expressing a transgene

would be worth $60 000 while a transgenic cattle is

worth around $550 000 . In addition to the economic[85]

and the technical difficulties there are also ethical

issues to consider, particularly those of a religious or

culturally sensitive nature.

B- Insect Hosts: The use of insect cells in

heterologous expression of proteins was first

demonstrated in 1983 when human βinterferon was

successfully expressed in the tissue-cultured cells of the

‘fall armyworm’ Spodoptra frugiperda, using an

expression vector derived from the circular DNA

genome of the Baculoviridae virus, Autographa

californica . This technology emerged as a spin-off[72]

from the extensive research in developing insect

proliferation control methods using insect-specific

viruses. Now, baculoviruses such as the nuclear

polyhedrosis virus of the `fall armyworm` A. clifornica

(AcNPV), of the silkworm Bombyx mori (BmNPV) or

of the gypsy moth Lamantria dispar (LdNPV) can be

modified to incorporate heterologous genes of different

sources to express them in a number of cell lines . [7]

Heterologous protein expression in insects is a

versatile process that can be performed at the 100-ml

shake flask scale, the 100 L bioreactor level or can be

performed in whole insect larvae. 

Insect cell culture provides an environment in

which the process parameters can be carefully

controlled and monitored allowing the use of a single

cell line with more uniform post-translational

modifications. However, the process requires a

significant set up and running costs for the sterile

growth facilities. In contrast, the use of larvae may

provide substantial cost advantages, furthermore some

post-trans la t ional processing events such as

glycosylation and secretion may be more efficient in

larvae.

Based on productivity approximately 100-200

larvae will provide a final protein yield approximately

equal to 1L of cultured cells for an intracellular

recombinant protein . However, purification of[60]

secreted proteins is more difficult in larvae culture due

to the presence of significant levels of other insect

proteins and larval proteases which can lead to a

degraded final product . [7]

4- in vitro Systems: In addition to expressing proteins

heterologously in prokaryotic or eukaryotic hosts using

cloning and transformation techniques, it was proved

almost 40 years ago that a complete protein could be

produced in a cell-free extract prepared from E. coli .[58]

Rattan and Kristensen  considered this bypass of the[66]

requirement for living cells for the expression of

desired genes one of the major achievements of modern

biotechnology. 

Cell-free protein synthesis systems are based on

extracts from prokaryotic or eukaryotic organisms

known for their good protein synthesis capabilities.

Although, in principle, any organism that makes large

amounts of protein can be used as a source of the

cell-free protein synthesis machinery, in practice, only

a few systems have been commercially available, from
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microbial, E. coli extract; plant, wheatgerm extract; and

mammalian sources, rabbit reticulocyte lysate. These

extracts essentially lack both the genomic material and

the cellular boundary system but they contain the

cellular components required for transcription and/or

translation of genes; RNA polymerase, the four

ribonucleotide triphosphates, biochemical energy source

(ATP and GTP), transfer RNAs (tRNAs) and their

amino-acyl-tRNA synthetases, in addition to the key

element of translation, the ribosome . When these[57]

components are mixed with a DNAtemplate having a

polymerase-specific promoter sequence the genetic

information manifested in the sequence of the

deoxyribonucleotides of the DNA sequence is

transcribed into a messenger ribonucleic acid (mRNA)

which can be translated by the ribosomes into a protein

according to the central dogma . There are two ways[74]

in which protein synthesis could be stimulated in a

cell-free system; the DNA-dependent protein synthesis

and the RNA-dependent protein synthesis. The former

uses double-stranded DNA template which is first

transcribed by the DNA-dependent RNA polymerase

into mRNA that is then translated into the

corresponding protein, whereas the latter uses extracted

or synthetic mRNA to be directly translated . [12]

The cell-free protein synthesis process can be

performed in either a ‘batch’ or a ‘continuous’ form.

Both methods require the same essential components

for transcription and/or translation processes. However,

in the batch method (test tube, closed system) the

protein synthesis process continues until one of the

components is either degraded (e.g. mRNA) or depleted

(e.g. ATP), a point reached after one to two hours .[74]

This limited synthesis period was one of the major

limitations of the cell-free protein synthesis systems

until Spirin et al.  developed the ‘continuous flow’[73]

method, in which a continuous supply of amino acids

and energy components is secured and the protein

synthesis by products (AMP, GDP, etc.) are removed

via membrane ultra-filtration so that the synthesis

process continues for many hours allowing production

of hundreds of copies of a protein per mRNA

molecule . [66]

Over the years many improvements were

introduced to the cell-free protein synthesis procedures

which succeeded in extending the duration of the

reaction up to 100 hours and to enhance the rate of

synthesis by optimising reaction conditions so that up

to 6 mg of enzymatically active chloramphenicol

acetyltransferase (CAT) were synthesised per ml of the

reaction mixture in 21 hours . This success[36,37]

permitted the cell-free protein synthesis to provide a

useful alternative to the cellular-expression systems in

cases where problems such as protein aggregation in

inclusion bodies or proteolysis due to endogenous

proteases are encountered with the cellular hosts. It

also made the cell-free protein synthesis a very useful

system for purposes such as isotope labelling of

proteins and synthesis of artificial proteins that contain

unnatural amino acids . When merged together,[35,38,39]

the cellular and the cell-free protein expression systems

provide an extremely powerful tool for synthesis and

production of the fundamental components of the living

organisms, proteins. When engineering is added to the

equation, massive impact on biological research is very

likely.
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