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ABSTRACT: In the last decade, the technique to genetically modify crop
plants has gained more and more interest in terms of bioproduction of
heterologous proteins. Plants have been discovered as a possible source
for large amounts of cost effective recombinant protein. Main application
fields are therapeutics for use in animal and human health, diagnostics,
and technical enzymes. This review is focused on the recent progress in
this field of molecular farming. After a comparison with hitherto estab-
lished protein production systems, the advantages of plants as an alter-
native production system are discussed. An overview about the different
host plants and possible expression strategies is given and the progress
in commercialization of the techniques is highlighted. Finally, the role
of plant cell cultures for the production of recombinant proteins is dis-
cussed.
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INTRODUCTION

Plants have been used for human benefit since the dawn of the human race,
supplying the growing population with food, fibers, wood, and therapeutics.
Thus, plants were, besides animals, the basic bioproduction system for impor-
tant bulk substances. Especially in the field of pharmaceuticals, plants offer
a huge variety of secondary metabolites with many therapeutic effects. These
substances, evolutionarily developed by plants to protect themselves against
pathogens and predators or to attract pollinators,1 exhibit wound-healing, anti-
inflammatory, antimicrobial, or psychoactive properties. They can be used
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to protect and maintain human and animal health. Modern biotechnological
methods to produce these therapeutics in a controlled and predictable man-
ner encompass cell cultures initiated from the respective medicinal plants.
This sometimes is the only possibility for the large-scale production of these
substances since the original plant species often are difficult to cultivate and
are rare in nature. Successful examples for this kind of bioproduction are the
alkaloids,2 paclitaxel,3 and shikonin.4

With the beginning of modern gene technology, it also became feasible to
alter the plant genome by the addition or replacement of specific genes and
their surrounding regulatory DNA sequences, for example, for tobacco5 or
sunflower.6 This in the first instance was used to improve or alter the sec-
ondary products of therapeutic value that already were produced by plant cell
cultures, for example, on tropan alkaloid or nikotin biosynthesis.7,8 At the same
time, first reports could demonstrate that plant cells are also able to express
antibodies in a correct and biologically active way.9,10 This opened up a com-
pletely new application field for transgenic plants. Here, the improvement of
plant-derived substances or the plants themselves are no longer at the center of
interest but the use of plants as a sole production tool for recombinant proteins
of virtually any origin is of interest. These proteins can be purified after the
plant harvest and applied for human benefit.

This review focuses on the current state of the use of intact plants and
plant cell cultures as protein production systems for human and animal health
in research and commercial applications. It highlights the potential that plants
offer as a serious alternative to contribute to current protein production facilities
in the future. Additionally, the use of plant cell cultures for this purpose is
discussed.

ESTABLISHED PROTEIN PRODUCTION SYSTEMS

In the last decade, protein-based therapeutics have attracted more and more
attention for the application in diagnosis and therapy. This includes mainly
antibodies and antibody derivatives but also many serum-derived proteins (cy-
tokines, growth hormones, interleukines, interferons, etc.). To date, 94 proteins
of human therapeutic value have entered the market.11 All these biologics are
produced recombinantly with the state-of-the-art in vitro production systems:
bacterial fermentation (Escherichia coli), yeast cell cultures (Saccharomyces
cerevisiae, Pichia pastoris), or mammalian cell cultures. These production
platforms, though very sophisticated and well characterized, still bear some
disadvantages that are inherent in the respective production systems. Criteria
for the assessment of the different systems are of biologic (yield of biologi-
cally active protein, posttranslational modifications, etc.) as well as economic
nature (overall production costs, time to market, etc.).

To date, the bacterial fermentation is the best-characterized and most cost-
effective production system. However, because of the procaryotic nature of
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the organisms, a eucaryotic type of protein processing is poorly developed
and the production is limited to simple structures (peptides, small proteins)
where posttranslational modifications are absent or unimportant for the bio-
logic activity. Moreover, high protein accumulation often results in aggregation
(inclusion bodies), thus, laborious renaturation steps are needed to recover the
proteins in their biologically active form. The overall yield, however, remains
relatively low, ranging from 100 to 1,500 mg/L.12 Another point to consider
is the bacterial toxins that have to be eliminated during downstream process-
ing. Yeasts as eucaryotic organisms avoid some of these disadvantages, but
the practical experiences show a high amount of product loss due to degra-
dation of the target protein in the medium. Moreover, especially S. cerevisiae
tends to hyperglycosylate the produced proteins what results in N-glycans of
high-mannose structure, which are totally different from the mammalian or
human structures of N-glycans. These critical points can be improved by us-
ing P. pastoris as expression system.13 Here, a protein yield up to 6.4 g/L
could be obtained,14 although the average protein yield is 100–200 mg/L.13

Despite these limitations, 43% of the current biologics on the market are pro-
duced in bacteria and yeasts. The majority of the biologics (57%), however,
is produced in different mammalian cell cultures (e.g., NS0, BHK, CHO). As
cell types most similar to their human counterpart, these systems offer the
highest yield of functional recombinant protein with correct N-glycosylation
and other posttranslational modifications. The yield typically ranges between
1 and 3 g/L.12 This “golden standard,” however, requires expensive infras-
tructure and media components. Additionally, the risk of viral or oncogenic
contamination is given. This leads to reasonably high overall production costs,
ranging from 300 to 10,000 USD/g, depending of the quantity of the protein
produced.15

FUTURE QUANTITY DEMAND OF THERAPEUTIC PROTEINS

The human genome project has also boosted the identification of target pro-
teins of therapeutic potential. Thus, the pipeline of protein-based therapeutics
in preclinic and clinical trials at the moment by far exceeds the amount of such
kind of therapeutics on the market.11 Within this target pipeline, the portion
of monoclonal antibodies will enlarge from today’s 25% of all biologics to
nearly 62%, mainly based in the therapeutic field of cancer treatment, inflam-
matory diseases, and anti-infective therapy.11 After these drug candidates have
been approved for the market, the quantity demand for each will range from
hundreds of kilograms to several metric tons of highly pure protein per year.
This demand exceeds today’s industrial production capacities and even after
increase of manufacturing capacities, this issue is regarded as a future bottle-
neck in bringing protein-based therapeutics to the market.16 Even when this
capacity problem is solved using the established production systems, the high
investment and production costs will put reasonable financing pressure on the
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national health systems. From that point of view, new technologies for large-
scale and cost-effective biomanufacturing of therapeutic proteins are highly
appreciated.

WHY PLANTS AS PRODUCTION PLATFORM?

Since the early days of expression of antibodies in plants,9,10 many fea-
sibility studies of the production of different therapeutic proteins have been
performed in plants17,18 and plant cell cultures.19,20 This includes IgG,21 acetyl-
cholinesterase,22 �-interferon,23 human �-1-antitrypsin,24 or secretory IgA,25

which cannot be produced in any other production system so far. Plant cells
as eucaryotic systems possess all the features for the biologically active gen-
eration of complex therapeutic proteins. This results in a very high ratio of
biologically active recombinant protein. In a comparative study of the expres-
sion of anti-CEA scFv, tobacco BY-2 cells showed by far the highest amount
of functional protein (92%) of total recombinant protein (TP), compared to E.
coli (12% TP) and P. pastoris (40% TP).12

Using open-field cultivation, transgenic plants have superior advantages over
all established expression systems in terms of capacity, flexibility, scalability,
and production costs. If transgenic seed material can be supplied to the market
in sufficient quantities, farming will rely on the well-established, low-cost
agricultural infrastructure. The acreage of planted transgenic plants can be
adopted to meet altered quantity demands from one year to another without
additional costs. Taking into account an average protein yield of 0.5–1 g per
kg fresh weight, Fischer and coworkers26 calculate that 1 hectare of tobacco
plants would result in 100 tons of fresh material per year. From this, 50 kg
of sIgA or 100 kg of recombinant glucocerebrosidase can be harvested. Thus,
the relatively low protein yield, which is a general feature of transgenic plants
compared to other expression systems, can be compensated easily by the huge
quantity of generated biomass. Moreover, the downstream processing costs
may also be diminished because there is no need to downgrade any bacterial
toxins or human pathogenic particles (viruses, toxins, prions) existing in animal
production systems. Taking these unique features into account, the costs for
the resulting proteins have been calculated to be below 50 USD per gram.27

CHOOSING A HOST PLANT FOR THE GENE EXPRESSION

For the production of valuable secondary metabolites, one is restricted to
the plant species where this specific and complex biosynthetic pathway can
be found and exploited. This entire pathway cannot be transferred to another
plant. In contrast, proteins are encoded by only one or very few genes that can
be inserted and expressed in virtually any host plant. This gives much more
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freedom to operate, but, on the other hand, leads to a vast variety of possi-
ble host plants and expression strategies for the production of recombinant
proteins. There is not one clear advantageous, leading plant expression sys-
tem, although the well-established crop species are preferably used, including
tobacco, rice, and corn.15,18 Depending on the biologic and economic require-
ments of one specific target protein, one is free to choose the most suitable
plant expression system. There are two basic strategies for the expression: tran-
sient expression or stably transformed plants. Transient expression has some
advantages since this technique does not result in transgenic plants with its
ecologic or regulatory concerns. Moreover, a reasonable amount of protein
can be obtained within few days after infection.28 The transient expression can
be achieved using infiltration of whole plants or plant parts (e.g., leaves) with
Agrobacterium tumefaciens.29,30 This results in lab-scale quantities of protein
in the milligram range for feasibility or preclinical studies. In another tran-
sient expression strategy, the target gene is fused to the coat protein gene of
plant viruses, for example, tobacco mosaic virus, and the thus altered virus is
used for plant infection.28 This technique is used commercially for large-scale
protein production in open-field plants, for example, by Large Scale Biology’s
Geneware� technology31 and Icon Genetics’s MagICON� technology.32 Trans-
genic plants, on the other hand, require a longer time for the generation and
characterization of production lines and the generation of a sufficient amount
of seed material. But after this, an almost unlimited and sustainable production
capacity can be reached using the established agricultural infrastructure. This
strategy is already applied commercially using bulk crop plants like tobacco,
corn, rice, or soybean15,18 or special plant species like soapworts (Saponin Inc.,
Saskatoon, Canada), safflower (SemBioSys Genetics Inc., Calgary, Alberta
Canada), or alfalfa (Medicago Inc., Quebec Canada). An alternative to open-
field plants is the cultivation of the transgenic plants in greenhouses, which
enables more controlled production conditions, but increases the production
costs. This decision depends on the quantity demand of the target protein and
the regulatory issues of the specific country in terms of release of transgenic
plants into the environment and GMP requirements of the production process.

AQUATIC PLANTS AS EXPRESSION SYSTEMS

Free floating water plants as production hosts for recombinant protein pro-
duction are a quite new and innovative field of molecular farming, providing
a further alternative to open-field plants. This includes higher, free floating
water plants as well as algae. All these have the advantage of a fast vegetative
growth rate and the cost-effective cultivation on water and inorganic nutrients.
Depending on the safety and mass requirements, these organisms can be held
in contained in vitro cultures, in controlled greenhouse containers, or in open
ponds of any size for bulk biomass production. From eucaryotic algae, mostly
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Chlamydomonas reinhardtii is used.33 But other algae species eventually have
been tested for that purpose, for example, Chlorella ellipsoidea.34 The spe-
cific algae-related problem of a codon usage different from animal and human
could be overcome by the use of completely synthetic genes with adopted
codon usage.35

Regarding higher plants, members of the Lemnaceae (duckweed) family
successfully are already commercially exploited as a source for recombinant
therapeutic proteins, namely Lemna minor by Biolex Inc. ( Pittsboro, NC,USA)
and Spirodela oligorhiza by LemnaGene (France). Also, species of the genus
Wolffia are under development for that purpose.36,37 A specific advantage of
duckweed is that these plants are rich in proteins and can serve as animal feed.38

In addition, Wolffia plants were also cultivated as “water eggs” and used for
human nutrition in east Asia in former times.39

SPATIAL AND TEMPORAL REGULATION OF GENE
EXPRESSION

In most cases, the target protein is expressed in the whole plant and the gene
is driven by constitutive promoters, for example, CaMV 35S or mas promoter
without any regulation. This is to reach the maximum protein yield. But the
temporal and spatial regulation of transgene expression within the plant can be
advantageous for specific applications. This regulation is reached by the use
of plant promoters that are active only in a specific plant organ or time frame
within the plant’s life. If the transgene is expressed constitutively in the whole
plant, the recombinant protein has to be extracted right after the plant harvest
and the crude protein extract or the purified protein has to be distributed under
elaborate conditions in a cooling chain. In contrast, targeting the expression
to one of the plant storage organs leads to an accumulation of the resulting
protein exclusively in these plant parts. Here, the protein remains stable and
active at ambient temperature for an extended time span. After harvest, the
organs can be stored and transported without any cooling or stabilization and
can be extracted at a place distant from the harvesting location. The target stor-
age organs mostly were seeds (cereals, corn) or tubers (potato). This strategy
is applied successfully to several technical proteins and enzymes and is also
considered for therapeutic protein production.40 To make protein production
in plants more safe and controllable, it can be useful to put the target gene
under the control of an inducible promoter. This avoids transgenic plants con-
taining recombinant protein on the field and the deliberate induction of gene
expression enables protein production after the harvest right before extraction.
This possibility successfully has been applied using a stress-inducible pro-
moter (MeGATM promoter) in tobacco by CropTech Corp (Blacksburg, VA,
USA).41 Here, the foreign gene expression is induced by chopping the freshly
harvested tobacco plants under contained conditions. In another strategy, a



BOEHM 127

germination-specific promoter drives gene expression in barley seeds. After
harvest and storage of the seed granules, the protein production can be induced
at the desired time point and place by germinating (malting) the granules. This
technique is proprietary of MALTagen GmbH (Andernach, Germany).

EFFECTS ON THE INTRACELLULAR TARGETING
OF THE RECOMBINANT PROTEIN

The intracellular targeting of the resulting protein is of great influence to
protein yield and its biological properties. At the current state of the art, the
targeting of all intracellular compartments is feasible using known signal se-
quences that can be fused to the target gene. The intracellular locations that
have been tested and compared for foreign protein production include cytosol,
the endoplasmic reticulum (ER), the apoplastic space, the vacuole, and the
chloroplast (see below). Several studies have been performed to compare the
efficacy of protein production using cytoplasmic, ER, and apoplastic accu-
mulation in tobacco42–44 or rice.45 Conclusive, ER targeting gives rise to the
highest yield of biologically active protein. In contrast, cytosolic expression
mostly leads only to poor protein yield. The reason is that the ER contains
many important posttranslational protein maturation elements like chaper-
ones, protein-disulfide isomerase, and glycosylation enzymes in a reducing
environment. These features are not at all or scarcely present in the cytosol.
Vacuolar targeting and secretion into the apoplastic space is also coupled with
ER/Golgi passage and the above-mentioned maturation and stabilization prop-
erties. However, the protein yield often is found to be diminished compared to
ER accumulation, probably due to unfavorable protein stability properties of
these compartments.

CHLOROPLAST TRANSFORMATION

The targeting of the foreign gene’s expression to the chloroplasts is a com-
pletely different strategy that cannot be accomplished using the respective sig-
nal sequence for chloroplast protein import but by a specific transformation
method of the chloroplast itself using particle bombardment.46,47 Successful
chloroplast transformation, which is selected via chloroplast-specific selec-
tion markers, leads to “transplastomic” rather than transgenic plants. After
the generation of fully homotransplastomic plants by repeated rounds of se-
lection, the protein yield reaches up to 46.1% total leaf protein46 and, thus,
is superior to all other transgenic expression strategies with regard to pro-
tein yield. This results from the high copy number of the chloroplast genome
and of the integrated transgene coupled with high transcription rates. Some
more advantages render the chloroplastic expression of foreign genes to a
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promising strategy to compete with other nonplant expression systems re-
garding protein yield: Due to the procaryotic nature of the chloroplasts, it
is possible to transfer whole polycistrons with several genes under the same
regulation and to get their coordinate expression. Moreover, homologous re-
combination is feasible to integrate genes into specific genome sites without
gene silencing or position effects, which leads to reduced variability in ex-
pression levels of the introduced transgene. Finally, the plants lack transgenic
pollen due to the maternal inheritance of the chloroplast genome. The only
disadvantage that results from the procaryotic organelle character is the de-
creased ability for necessary posttranslational modifications present in the ER.
Thus, the range of proteins that can be obtained in a biologically active manner
from chloroplast transformation is limited similarly to the bacterial expres-
sion systems. The chloroplast transformation was first established in tobacco,
but the range of transformable plant species is increasing in recent years, in-
cluding cotton,48 soybean,49 oilseed rape,50 tomato,51 and potato.52 A growing
number of therapeutic relevant proteins have been expressed using this strat-
egy, including interferon gamma53 vaccines54–56 and other therapeutic relevant
proteins.46 This production strategy has already been commercialized, for ex-
ample, by Chlorogen, Inc. (St. Louis, MO, USA) and Icon Genetics (Halle,
Germany).

EDIBLE VACCINES

Besides living, attenuated, and inactivated strains of viruses and bacteria,
it has been found that also isolated parts or even single proteins of these
pathogens (so called subunit vaccines) can provoke an active, prophylactic
immunization, if delivered by injection. These subunit vaccines are another
class of therapeutic proteins that can actively be expressed using plants.57 An
alternative vaccine delivery to reach an active immunization efficiently is oral
or nasal exposure of the vaccines to mucosal tissue of nose, throat, and gut.
Here, the vaccines elicit the mucosal (sIgA) as well as systemic (IgG) immune
response.58 These findings paved the road to a very fascinating combination
of medicine and plant science: The plants expressing oral vaccines do not
only serve as the production system but at the same time as delivery vehicle
for the vaccines. Oral immunization simply can be achieved by eating edible
plant parts expressing the subunit vaccine gene. This enormously simplifies
delivery and administration and reduces the production costs, since any kind
of downstream processing and protein purification is unnecessary. Thus, the
production of vaccines in edible plant parts like fruits is of unique advantage.
Choosing an appropriate host species like banana, it opens up the possibility for
low-cost immunization in underprivileged countries with poor medical supply.

Vaccines belonged to the first recombinant proteins that have been generated
using transgenic plants.59 The successful active immunization after oral ad-
ministering of vaccine-expressing plant parts has been proven several times.60
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Since then, numerous vaccines have been produced in transgenic plants, includ-
ing hepatitis B envelope surface protein, Norwalk virus capsid protein, heat-
labile toxin B-subunit of enterotoxigenic E. coli for human immunization, and
VP1 gene of foot-and-mouth disease virus or glycoprotein S of transmissible
gastroenteritis coronavirus for veterinary applications.15 Relevant host plants
for the expression were especially those generating edible plant parts that can
be eaten without any processing or cooking. This includes tomato61 and car-
rot.62 Although no report about vaccine production in banana is available to
date, this plant species is especially prone for vaccine production in developing
countries, where it can be cultivated easily. Additionally, leaves can in some
cases be eaten raw and, thus, used for oral vaccine production, as for example,
alfalfa63 or lettuce.64 Potato tubers as an accumulation organ for vaccines often
have successfully been used as model system65 but lack practical relevance,
since potatoes have to be cooked for human food, destroying much of the vac-
cine protein. In conclusion, if some regulatory issues like homogenous vaccine
dose per gram fresh weight can be solved satisfactorily, plant-derived vaccines
will hold many promises for safe and cost-effective mass immunization of
mankind much more than any other production system.

COMMERCIALIZATION OF PLANT-BASED
PROTEIN PRODUCTION

Because the perspective for an economically reasonable protein produc-
tion in transgenic plants is that promising, several companies, especially in
the United States and Canada, have been founded that focus on the produc-
tion of therapeutic proteins in open-field-cultivated plants, including Large
Scale Biology (www.lsbc.com), Ventria Bioscience (www.ventria.com), Planet
Biotechnology (www.planetbiotechnology.com), Dow Agroscience (www.
dowagro.com), and Agracetus (www.agracetus.com) in the United States,
Medicago (www.medicago.com), Plantigen (www.lhsc.on.ca/plantigen),
and SemBioSys (www.sembiosys.ca) in Canada, Icon Genetics (www.
icongenetics.com), Novoplant (www.novoplant.de), Sungene (www.sungene.
de), and MALTagen (www.maltagen.de) in Germany, or Méristem Therapeu-
tics (www.meristem-therapeutics.com) in France. Many of the numerous ther-
apeutic proteins under development have already entered clinical phase trials.
However, no plant-derived product has entered the market to date. The first
product, a sIgA/IgG chimeric antibody against Streptococcus mutans for caries
treatment, will be launched by Planet Biotechnology in 2006, according to the
company.66

PLANT IN VITRO CULTURES

In contrast, production systems using plant in vitro cultures are not used at
a commercial level so far, but several systems are under development at the
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academia.19,20,67 Plant cell cultures are more comparable to mammalian cell
cultures from the view of biochemical engineering. Although no calculation
of overall production costs using plant cell cultures can be found in literature,
these systems promise to be more cost effective. This is due to the simple me-
dia using cheaper medium components (mostly inorganic salts and sucrose)
and the lack of human pathogenic particles that have to be eliminated in the
downstream processing. As a first estimation, plant cell cultures cannot com-
pete with transgenic plants in open-field cultivation with regard to production
costs, but still promise to be more cost-effective than mammalian cell cul-
tures. This, however, is also strictly dependent on the level of gene expression
and, thus, protein yield. First feasibility studies demonstrate the successful
expression of IgG,68 interleukin-12,69 human granulocyte-macrophage colony
stimulation factor,70 or immunotoxins.71 However, protein yield remains low,
averaging 1–5 mg/L cell suspension culture.19 Exceptional high protein yield
has been reported rarely, for example, 200 mg/L of �-1-antitrypsin in rice cell
cultures.72 This, however, highlights the potential of plant in vitro systems for
therapeutic bioproduction purposes. To finally reach economical profitability,
much effort has to be put on consequent strain and genotype selection, media
component optimization, development of appropriate promoters and enhancer
elements, codon optimization, et cetera. to enhance productivity by a factor
of at least 500. This has been done in a similar way with animal cell culture
strains over the last 20 years, which finally led to today’s productivity in this
area. It remains questionable, however, whether there is enough interest from
the industry side to push the development of such profitable plant cell culture
systems in the future in the face of available, optimized, and approved animal
cell production lines. If so, the development will certainly focus on few well-
characterized lines, for example, BY-2 tobacco cells,73 rice cell culture,45 or
that of the moss Physcomitrella patens.74
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21. STÖGER, E., M. SACK, R. FISCHER & P. CHRISTOU. 2002a. Plantibodies: application,
advantages and bottlenecks. Curr. Opin. Biotechnol. 13: 161–166.

22. MOR, T.S., M. STERNFELD, H. SOREQ, et al. 2001. Expression of recombinant human
acetylcholinesterase in transgenic tomato plants. Biotechnol. Bioeng. 75: 259–
266.

23. SAWAHEL, W.A. 2002. The production of transgenic potato plants expressing human
alpha-interferon using lipofectin-mediated transformation. Cell Mol. Biol. Lett.
7: 19–29.

24. TREXLER, M.M., K.A. MCDONALD & A.P. JACKMAN. 2005. A cyclical semicon-
tinuous process for production of human alpha 1-antitrypsin using metabol-
ically induced plant cell suspension cultures. Biotechnol. Prog. 21: 321–
328.

25. MA, J.K.-C, B.Y. HIKMAT, K. WYCOFF, et al. 1998. Characterization of a recom-
binant plant monoclonal secretory antibody and preventive immunotherapy in
humans. Nat. Med. 4: 601–606.



132 ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

26. FISCHER, R., S. SCHILLBERG & N. EMANS. 2001. Molecular farming: a field of
growing promise. Outlook Agr. 30: 31–36.

27. EVANGELISTA, R.L., A.R. KUSNADI, J.A. HOWARD & Z. L.NIKOLOV. 1998. Pro-
cess and economic evaluation of the extraction and purification of recom-
binant b-glucuronidase from transgenic corn. Biotechnol. Prog. 14: 607–
614.

28. FISCHER, R., C. VAQUERO-MARTIN, M. SACK, et al. 1999b. Towards molecular
farming in the future: transient protein expression in plants. Biotechnol. Appl.
Biochem. 30: 113–114.

29. VAQUERO, C., M. SACK, J. CHANDLER, et al. 1999. Transient expression of a tumor-
specific single-chain fragment and a chimeric antibody in tobacco leaves. Proc.
Natl. Acad. Sci. USA 96: 11128–11133.

30. KAPILA, J., R. DE RYCKE, M. VAN MONTAGUM & G. ANGENON. 1997. An Agrobac-
terium-mediated transient gene expression system for intact leaves. Plant Sci.
122: 101–108.

31. POGUE, G.P., J.A. LINDBO, W.O. DAWSON & T. H. TURPEN. 1998. Tobamovirus
transient expression vectors: tools for plant biology and high-level expression of
foreign proteins in plants. In Plant Molecular Biology Manual. S.B. Gelvin &
R.A. Schilperoot, Eds.: L4, 1–27. Kluwer Academic Publishers. Dordrecht, the
Netherlands.

32. MARILLONNET, S., C. THOERINGER, R. KANDZIA, et al. 2005. Systemic Agrobac-
terium tumefaciens-mediated transfection of viral replicons for efficient transient
expression in plants. Nat. Biotech. 23: 718–723.

33. FRANKLIN, S.E. & S.P. MAYFIELD. 2005. Recent developments in the production
of human therapeutic proteins in eucaryotic algae. Expert Opin. Biol. Th. 5:
225–235.

34. KIM, D.H., Y.T. KIM, J.J. CHO, et al. 2002. Stable integration and functional ex-
pression of flounder growth hormone gene in transformed microalga, Chlorella
ellipsoidea. Mar. Biotechnol. 4: 63–73.

35. FUHRMANN, M., W. OERTEL & P. HEGEMANN. 1999. A synthetic gene coding for
the green fluorescent protein (GFP) is a versatile reporter in Chlamydomonas
reinhardtii. Plant J. 19: 353–361.

36. BOEHM, R., C. KRUSE, D. VOESTE, et al. 2001. A transient transformation system for
duckweed (Wolffia columbiana) using Agrobacterium-mediated gene transfer. J.
Appl. Bot. 75: 107–111.

37. KRUSE, C., R. BOEHM, D. VOESTE, et al. 2001. Transient transformation of Wolffia
columbiana by particle bombardment. Aquatic Bot. 72: 175–181.

38. ISLAM, K.M.S. 2002. Feasibility of duckweed as poultry feed—a review. Indian J.
Anim. Sci. 72: 486–491.

39. APPENROTH, K.-J. & H. AUGSTEN. 1996. Wasserlinsen und ihre Nutzung. Biologie
in unserer Zeit 26: 187–194.
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