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Humans have always used plants as an important source of food and other natural products. 

In the last 30 years, biotechnology has enabled the introduction of specific genes into plants, 

resulting in genetically modified (GM) plants. The most recent development in plant 

biotechnology focuses on the use of transgenic plants for the production of valuable 

recombinant proteins. This technology, also known as Molecular Farming (MF), is the topic 

of this dissertation. Twenty years ago, plants emerged as protein factories promising 

significant advantages. Both whole plants and plant cells can be used for the production of 

recombinant proteins. The huge amount of scientific publications, patents, field trials, animal 

studies and clinical trials proves there is no lack of successful technological advances in 

Molecular Farming. However, one could wonder why so little plant-made proteins have 

made it to the market. The amount of funding and attention the European Union has given 

to Molecular Farming proves both interest in and support for this new technology. Indeed, 

different EU Framework Programs (FP) have funded Molecular Farming projects. In addition, 

9¦Ωǎ ǊŜƎǳƭŀǘƻǊȅ ŀƎŜƴŎƛŜǎ 9a9! (European Medicines Agency) and EFSA (European Food 

Safety Authority )have been working on the development of specific guidelines for Molecular 

Farming.  

 

More than twenty years after the first reports on Molecular Farming, it is now time to move 

to the next level, from R&D to real applications. The objectives of this dissertation are plural.  

On one hand a production platform based on A. thaliana and its relatives was evaluated for 

seed and protein yields. Research questions were: How productive are A. thaliana and 

related species in a greenhouse? Can an Arabidopsis seed-based platform compete with 

other existing Molecular Farming platforms? A. thaliana and related species grown in 

greenhouses were chosen for two reasons: First, the contained environment of a 

greenhouse promotes a production of recombinant proteins that is more stable, safer and 

more easily accepted by the public. Second, a strong seed-specific expression technology 

developed at VIB-UGent has proven its strength in A. thaliana. 

On the other hand, other preconditions for successful implementation of Molecular Farming, 

besides technical aspects, were examined. The research question was: Is cultivation of 

Molecular Farming crops feasible and attractive for Flanders? This question was approached 

from social, economic and legal points of view. 
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Specific objectives were investigated in separate chapters: 

For the purpose of Molecular Farming, maximal protein yield per surface and per time 

interval is of specific interest. A maximal yield can be achieved with an optimal genotype and 

an optimal environment, in which resources, time and space are used in the most efficient 

way for the production of seeds with a high content of recombinant proteins. In Chapter 3, 

we focus on the influence of different cultivation practices on the seed and protein yield of 

Col-0, the most commonly used accession of A. thaliana for research purposes. Maximal 

production of seed proteins depends on a combination of a high seed yield with a high 

protein content.  

 

The aim of Chapter 4 is to explore the genetic variation of A. thaliana to select accessions 

with the highest potential as a platform for seed-specific production of recombinant 

proteins. Thousands of different accessions of A. thaliana have emerged through evolution. 

Natural variation of more than 60 characteristics has been described for A. thaliana. Similar 

variation can thus be expected in seed yield and protein content. The natural variation 

within the species A. thaliana may allow selection for seed and protein yield increases, which 

would lead to further optimization of an Arabidopsis seed-based platform for the production 

of recombinant proteins.  

 

In Chapter 5, species related to A. thaliana are evaluated for their potential as a seed-based 

production platform. Although A. thaliana is interesting as a fast, flexible platform due to its 

short generation cycle, other related species might be more interesting for production of 

seeds over a longer period of time when continuous protein production and larger product 

volumes are desired. We focus on relatives of A. thaliana because it can be expected that 

the expression cassette yielding high recombinant protein levels in A. thaliana will be 

successful in its relatives as well.  

 

In the following chapters, preconditions for the production of Molecular Farming crops in 

Flanders were evaluated. Chapter 6 focuses on the attitudes of Flemish greenhouse growers 

on Molecular Farming, as they are the primary crop producers. Indeed, the success of 

Molecular Farming does not only depend on technological advances, but also on the 
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willingness of the primary crop producers to grow these plants since they are free to decide 

what to grow in their farm, within legal and technical limitations.  

 

Chapter 7 describes the development of an exploratory framework for economic evaluation 

of Molecular Farming, which helps greenhouse growers and the protein industry to consider 

aƻƭŜŎǳƭŀǊ CŀǊƳƛƴƎΦ wŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴǎ ŀǊŜ ά!ǘ ǿƘƛŎƘ Ŏƻǎǘ Ŏŀƴ ŀ Ǉƭŀƴǘ-based platform 

produce a protein in a greenhouse? How does it compare with the costs of conventionally 

ǇǊƻŘǳŎŜŘ ǇǊƻǘŜƛƴǎΚέ ¢ƘŜ ŀƴǎǿŜǊǎ ǘƻ ǘƘƻǎŜ ǊŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴǎ Ƴǳǎǘ ŀƭǎƻ ǎƘŜŘ ƭƛƎƘǘ ƻƴ ǘƘŜ 

type of recombinant proteins that may become competitive in greenhouse production of MF 

crops. 

 

 Chapter 8 focuses on legal preconditions for the production of MF crops. The discovery of 

an unauthorized Molecular Farming product on the European market during this PhD 

dissertation triggered a new way of thinking about general detection methods for 

Genetically Modified Organisms (GMOs). Routine analyses focus on the detection of 

authorized GM products on the market, and have to ensure legal requirements concerning 

the introduction of GMOs on the market are met. In theory, any recombinant protein can be 

produced in plants, but current GM detection methods do not always suffice for their 

detection. The aim of this chapter is to develop molecular techniques for the identification 

of these unknown GMOs. 

 

Chapter 9 provides general future perspectives for further research, while Chapter 10 

summarizes the complete dissertation, including a general conclusion (a Dutch translation is 

available in Chapter 11). 

 



 

 



 

 

 

 

 

CHAPTER 2 

Literature review 
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1 METHODS FOR PRODUCTION OF RECOMBINANT PROTEINS IN PLANTS 

 

1.1 Three generations of  genetically modified plants 

 

Plants generally are an important source of food, but they also synthesize a wide range of 

other specific, valuable natural products. Aspirin derived from willow bark or rubber from 

rubber trees are two of such examples. These products are naturally produced by the plant. 

In the last 30 years, biotechnology has enabled the introduction of specific genes into plants 

to create genetically modified (GM) plants. Not only genes between different plant species 

can be exchanged, but the introduction of genes of any other living organism (for example, 

bacterial or mammalian genes) or synthetic genes are possible as well. Thus, GM technology 

theoretically makes the production of any product in plants possible. Today, GM plants are 

often divided in three generations  (Yonekura-Sakakibara and Saito, 2006). 

 

The first generation of GM plants focuses on input traits, altering production aspects but 

resulting in a similar end product. These GM plants are designed to benefit growers by 

reducing agrichemical inputs and thus costs. Widely adopted GM plants with insect-resistant 

and herbicide-tolerant traits are included in this first generation. For example, the gene for a 

bacterial (Bacillus thuringiensis) toxin is introduced in several crops, e.g., corn, cotton and 

potatoes. Bt toxins are poisonous for specific insect pests (e.g., European corn borer), and 

thus makes the Bt plant resistant to this pest (Sanahuja et al., 2011). In 2009, Bt crops were 

grown on more than 50 million ha, which is 36% of all GM crops grown worldwide (James, 

2010). Another well-known example are crops tolerant to the herbicide glyphosate, also 

known as Roundup Ready®. The herbicide tolerance has been introduced in a wide diversity 

of agricultural crops, e.g., soybean, corn, canola, and cotton (Stein and Rodríguez-Cerezo, 

2009a). 

 

Later, a second generation of GM plants was developed to improve product quality (output 

traits). Improving nutritional contents or decreasing allergenicity is a clear benefit for 

consumers, rather than for growers. The most famous example of this second generation is 

DƻƭŘŜƴ wƛŎŜΣ ƴŀƳŜŘ ŦƻǊ ƛǘǎ ōǊƛƎƘǘ ȅŜƭƭƻǿ ʲ-carotene-producing endosperm. Golden rice 
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Ŏƻƴǘŀƛƴǎ ƘƛƎƘ ƭŜǾŜƭǎ ƻŦ ʲ-carotene, which is a precursor for the fat-soluble vitamin A. Since 

vitamin A deficiency causes significant health problems in developing countries, Golden Rice 

can severely increase nutritional quality in these countries (Beyer et al., 2002). Golden Rice is 

expected to reach the market by 2012 (Potrykus, 2010). 

 

The third generation, the most recent development in plant biotechnology, focuses on the 

use of transgenic plants as protein factories. This technology, also known as Molecular 

Farming (MF), is the topic of this study and will be discussed in the rest of this chapter.  

 

1.2 Molecular Farming 

1.2.1 A historical overview of Molecular Farming 

 

Human growth hormone was the first pharmaceutically relevant protein produced in plants. 

The production of this recombinant protein in transgenic tobacco was reported in 1986 

(Barta et al., 1986). A few years later, the first antibody expressed in tobacco proved the 

ability of plants to assemble complex functional glycoproteins (Hiatt et al., 1989). In 1992, a 

hepatitis B virus surface antigen was reported as the first experimental vaccine (Mason et 

al., 1992). The first proof-of-principle for edible plant-produced vaccines was E. coli heat-

labile enterotoxin (LT-B) produced in potatoes. These transgenic potatoes were fed fresh to 

mice and proven to be orally immunogenic (Haq et al., 1995). 

It was after more than 10 years of proof-of-concept reports, that the first plant-derived 

protein was commercialized in 1997. Not surprisingly, this was a non-pharmaceutical 

protein, which had to overcome fewer regulatory hurdles than biopharmaceuticals. Chicken 

avidin, a diagnostic reagent, was produced in maize by ProdiGene and is still marketed by 

Sigma-Aldrich (catalogue number #A8706) (Hood et al., 1997). One year later, the first 

clinical trial of a plant-produced biopharmaceutical was reported for CaroRxTM, an antibody 

to prevent dental decay (see Section 1.2.4.2) (Ma et al., 1998). 

aƻƭŜŎǳƭŀǊ CŀǊƳƛƴƎ ǿŀǎ ǊŜŎŜƛǾƛƴƎ ƳƻǊŜ ŀƴŘ ƳƻǊŜ ŀǘǘŜƴǘƛƻƴ ǿƘŜƴ ƛƴ нллн tǊƻŘƛDŜƴŜΩǎ Ƴaize 

seeds containing transmissible gastroenteritis virus (TGEV) capsid proteins were found in 

subsequent soybean and maize harvests. The maize seeds were grown previously for 

ŜȄǇŜǊƛƳŜƴǘŀƭ ǇƛƎ ǾŀŎŎƛƴŜǎΣ ōǳǘ Ǝƻǘ ƳƛȄŜŘ ǳǇ ƛƴ ƴŜȄǘ ȅŜŀǊΩǎ ƘŀǊǾŜǎǘΦ ¢Ƙƛǎ ƛƴŎƛŘŜƴt raised 

http://www.sigmaaldrich.com/catalog/ProductDetail.do?D7=0&N5=SEARCH_CONCAT_PNO%7CBRAND_KEY&N4=A8706%7CSIGMA&N25=0&QS=ON&F=SPEC
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public concerns on containment of Molecular Farming crops and caused the US Department 

of Agriculture (USDA) to issue guidelines on the use of food crops for Molecular Farming 

purposes to prevent a recurrence (NN, 2002). 

In 2003, the first product for a broad market was commercialized. TrypZeanTM is a maize-

derived bovine trypsin, intended for commercial applications such as the processing of 

biopharmaceuticals, and is marketed by Sigma-Aldrich as well (Woodard et al., 2003). A big 

milestone in Molecular Farming was 2006, when the first plant-derived vaccine was 

registered and approved by the USDA. DowAgroSciences produced a vaccine against 

Newcastle disease for injection in poultry, produced by a tobacco cell culture. However, this 

vaccine never was sold, as it was only meant as a proof of concept for plant-produced 

vaccines. In the same year, the first plant-derived antibody was commercialized in Cuba. The 

antibody recognizes hepatitis B virus particles and is used for purification of hepatitis B 

vaccines. The antibodies, produced in tobacco, replace mouse-derived monoclonal 

antibodies (Pujol et al., 2005). These milestones are summarized in Figure 1. 

 

 

Fig. 1. A historical overview of milestones in the development of Molecular Farming. 

 

At this moment, a range of non-pharmaceutical plant-made recombinant proteins are on the 

ƳŀǊƪŜǘΦ ¢ƘŜǎŜ ƛƴŎƭǳŘŜ hwCΩǎ L{hƪƛƴŜϯ ƭƛƴŜ ŎƻƴǘŀƛƴƛƴƎ ǊŜŎƻƳōƛƴŀƴǘ ǇǊƻǘŜƛƴǎ ŦƻǊ ǊŜǎŜŀǊŎƘ 

purposes (see Section 1.2.4.4) and the DERMOkine® line with growth factors for cosmetic 

applications produced in barley seeds (www.orfgenetics.com). Different recombinant 

proteins produced by plants for human therapeutic use are close to reaching the market. 
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CaroRxTM, mentioned above, is approved for use on the European market, though not 

commeǊŎƛŀƭƛȊŜŘ ȅŜǘΦ tǊƻǘŀƭƛȄΩ ƎƭǳŎƻŎŜǊŜōǊƻǎƛŘŀǎŜ ǇǊƻŘǳŎŜŘ ƛƴ ŎŀǊǊƻǘ ŎŜƭƭǎ όǎŜŜ {ŜŎǘƛƻƴ 

1.2.4.1) most likely will soon receive approval for commercialization for clinical use (Protalix, 

2011). The process for approval was accelerated by a contamination of the existing 

mammalian cell-derived recombinant protein (Cerezyme®, Genzyme) (Genzyme, 2009). 

{ŜƳ.ƛƻ{ȅǎΩ ǎŀŦŦƭƻǿŜǊ-based insulin is expected to be one of the next products to reach the 

market, and currently is in clinical phase III (Obembe et al., 2011). 

 

1.2.2 Different platforms for recombinant protein production 

  

Proteins are widely used in research, medicine and the industry. In research they are used in 

growth media for cells, for detection and extraction of specific products, etc. Many 

pharmaceuticals are protein-based products, such as the commonly used insulin to treat 

diabetes patients. In industry as well, proteins (usually enzymes) are widely adopted to 

increase efficiency of production processes. Proteins can be extracted from their natural 

sources, but this poses many disadvantages. Firstly, extraction can be difficult and expensive 

due to inefficient production. Secondly, natural animal sources can pose severe risks by 

transmitting diseases from contaminated tissues (Ma et al., 2003). Recombinant DNA 

technology, allowing the introduction of foreign DNA into different organisms, has 

thoroughly changed protein production. In Molecular Farming recombinant proteins are 

produced specifically in plants. However, a variety of other recombinant protein production 

systems has been developed, each with its own advantages and disadvantages. Bacteria, 

fungi and mammalian cells are used most widely for commercial activities, but insect cells 

and transgenic animals are available as well. 

 

1.2.2.1 Bacteria 

 

The Gram-negative bacteria Escherichia coli (E. coli) is most widely used in bacterial cultures. 

The most important advantage of this system is the cost-effectiveness due to simple 

fermentation requirements, high titers (10-15 g/l, Tripathi et al., 2009) and a short 

generation time. Moreover, there is a vast amount of molecular, biochemical, processing 

and engineering knowledge. However, the inability to provide proteins with post-
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translational modifications limits their use. Post-translational modifications, the chemical 

modification of a protein, involves the addition of a whole range of functional groups, 

including acylation, hydroxylation, phosphorylation and glycosylation. Glycosylation is 

especially important in this context since many biopharmaceuticals are glycoproteins. The 

biological activity of a glycoprotein largely depends on its glycosylation status. Glycosylation 

is necessary for correct assembly and activity. The deposit of many protein species as protein 

aggregates, known as inclusion bodies, is a second disadvantage regarding bacteria. 

Extensive downstream processing is required to refold these inclusion bodies to soluble 

entities (Ferrer-Miralles et al., 2009 and references therein). In addition, E. coli 

endogenously produces endotoxins and pyrogens, which are difficult, and thus costly, to 

remove. Generally, bacterial cultures are used for the production of industrial enzymes and 

for proteins used in research applications. However, some pharmaceuticals, which do not 

require post-translational modifications for pharmaceutical activity, are also successfully 

produced in bacteria (Ferrer-Miralles et al., 2009; Mahmoud, 2007; Rai and Padh, 2001; 

Schmidt, 2004). Indeed, in 2009 about 30% of all approved recombinant biopharmaceuticals 

were produced in E. coli (Ferrer-Miralles et al., 2009). For example, the gene for human 

insulin was successfully expressed in E. coli in 1979 and is produced on a large scale 

nowadays, for the treatment of diabetes (Goeddel et al., 1979). Insulin is an interesting case 

since the patent protection of a range of insulin analogues will expire in 2013 and beyond, 

opening the gates for biosimilars (Kuhlmann and Marre, 2010). Biosimilars are subsequent 

versions of innovator biopharmaceutical products, made by a different sponsor following 

patent and exclusivity expiry on the innovator product. 

 

1.2.2.2 Yeasts 

 

Like E. coli, yeasts can be grown cheaply and rapidly. In addition, they offer the advantage of 

being neither pyrogenic nor pathogenic. Several yeast species efficiently produce 

recombinant proteins, including Saccharomyces, Pichia and Hansenula. These lower 

eukaryotes do have the cellular machinery for post-translational modifications, but produce 

yeast-specific glycosylation with a high mannose content, which differs significantly from 

human glycosylation patterns (Ferrer-Miralles et al., 2009). In addition, technical problems 

include loss of plasmid and a significant decrease in protein yield at large-scale production 
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(0.5 ς 1.5 g/l, Knoll et al., 2007). When different glycosylation is not an issue, yeast can be 

used as a protein production platform. Saccharomyces cerevisiae, for example, is used for 

the commercial production of a hepatitis B vaccines (Cos et al., 2006; Ferrer-Miralles et al., 

2009; Gerngross, 2004; Schmidt, 2004). In 2009, about 20% of all approved recombinant 

proteins in the USA and EU were produced in S. cerevisiae (Ferrer-Miralles et al., 2009). 

 

1.2.2.3 Insect cells 

 

Insect cells, transformed by baculovirus vectors, have a post-translational modification 

machinery suitable for the production of complex proteins. Since 2007, insect cells are 

successfully used by GlaXoSmithKline in the production of a vaccine against Human 

Papilloma Virus, to control a human cancer. However, a high protease activity and a 

deviation in glycosylation pattern are serious downsides of this system  (Ferrer-Miralles et 

al., 2009; Ikonomou et al., 2003; Rai and Padh, 2001; Schmidt, 2004). 

 

1.2.2.4 Mammalian cells 

 

Nowadays, mammalian cells are the preferred choice for the production of pharmaceuticals. 

Their similarity to human cells with respect to post-translational modifications is a major 

advantage. Chinese Hamster Ovary (CHO) cells and Baby Hamster Kidney (BHK) cells are the 

most widely used mammalian cell cultures for recombinant protein production. Up to 39% of 

all approved recombinant biopharmaceuticals in the US and EU are produced in mammalian 

cell cultures (Ferrer-Miralles et al., 2009). However, average production titers (5 g/l, Browne 

and Al-Rubeai, 2009), high costs of the complex nutrient media, handling, fermentation 

requirements and the high initial financial investments are significant drawbacks of this 

production host. In addition, susceptibility of mammalian cells for human pathogens poses 

extra control costs (Butler, 2005; Ferrer-Miralles et al., 2009; Schmidt, 2004; Warner, 1999).  

 

1.2.2.5 Transgenic animals 

 

An alternative for using mammalian cells is the production of recombinant proteins in 

transgenic animals. Proteins have been expressed successfully both in blood and milk. 
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However, purification from blood is difficult due to its chemical complexity, and high levels 

of some recombinant proteins (i.e., hormones) in blood can cause serious health problems 

for the animals. In contrast, secretion in milk has been proven successful. In 2006, 

recombinant human antiǘƘǊƻƳōƛƴ LLL ǎŜŎǊŜǘŜŘ ƛƴ ƎƻŀǘΩǎ ƳƛƭƪΣ ǿŀǎ ǘƘŜ ŦƛǊǎǘΣ ŀƴŘ ǎƻ ŦŀǊ ƻƴƭȅ 

product derived from transgenic animals to receive approval for commercialization in 

Europe. However, protein production in transgenic animal has drawbacks as well: 

production is labor, time and cost intensive, there is little flexibility in scale-up and the use of 

transgenic animals poses ethical questions. In addition, diseases can be transmitted from 

animals to humans (Ferrer-Miralles et al., 2009; Houdebine, 2009; Mahmoud, 2007). 

 

1.2.2.6 Transgenic plants 

 

Twenty years ago, plants emerged as protein factories promising significant advantages. 

First, plants produce post-translational modifications similar to other higher eukaryotes. In 

addition, they are not susceptible to human or zoonotic pathogens, and are thus considered 

safer than mammalian sources. Both whole plants and plant cells can be used for the 

production of recombinant proteins. Whole plants only require simple growth conditions 

compared to cell cultures, and have a virtually unlimited scalability in the fields. Moreover, 

infrastructure and expertise already exist for planting, harvesting and processing of many 

different crop species. Plants are thus often presented as cheaper sources of recombinant 

proteins. However, several challenges remain to be solved, including increasing protein 

yields, improving glycoprotein authenticity, removing processing bottlenecks and addressing 

biosafety and public acceptability issues (Karg and Kallio, 2009; Ma et al., 2003; Mett et al., 

2008; Streatfield and Howard, 2003). In the sections below, we will discuss a variety of 

methods for production of recombinant proteins in plants. 

 

1.2.3 Different expression technologies in plants 

 

1.2.3.1 Stable nuclear transformation 

 

Stable nuclear transformation is the method most commonly used in Molecular Farming. 

Stable integration of the targeted DNA into the host genome is achieved most commonly by 
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infection with Agrobacterium tumefaciens or with particle bombardment. If a species with a 

long generation cycle is used, it can take a long time to generate transgenic plants, but 

afterwards practices similar to current agriculture can be used (Boehm, 2007; Obembe et al., 

2011; Tremblay et al., 2010). 

 

1.2.3.2 Chloroplast transformation 

 

By targeting the chloroplast instead of the nucleus for stable DNA integration, 

άǘǊŀƴǎǇƭŀǎǘƻƳƛŎέ ǊŀǘƘŜǊ ǘƘŀƴ ǘǊŀƴǎƎŜƴƛŎ Ǉƭŀƴǘǎ ŀǊŜ ƻōǘŀƛƴŜŘΦ bƻ ǘǊŀƴǎƎŜƴƛŎ ǇƻƭƭŜƴ ƛǎ 

generated due to maternal inheritance of the chloroplast genome. This is a big advantage 

regarding biosafety. In addition, very high expression levels can be achieved because of high 

transcription rates and high copy numbers of the chloroplast genome. In tobacco 

chloroplasts, expression levels up to 70% total soluble protein have been reported (Oey et 

al., 2009). However, the prokaryotic nature of the chloroplast does not allow for post-

translational modifications, and is thus similar to bacterial production systems (Bock, 2007; 

Boehm, 2007; Twyman et al., 2003; Walmsley and Arntzen, 2003).  

 

1.2.3.3 Transient expression 

 

Transient expression of recombinant proteins is achieved either by infiltration of leaves or 

the whole plant with Agrobacterium, or by infecting plants with altered viruses. In both 

cases, no stable transgenic plants are generated. The major advantages of this system is the 

rapid gene-to-protein cycle, producing significant amounts of proteins within days. 

Disadvantages are scalability and expression levels, but advances are being made in the last 

years (Boehm, 2007; Komarova et al., 2010; Pogue et al., 2010). For example, Figure 2 shows 

G-/hbΩǎ ƳƻōƛƭŜ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ǳƴƛǘ ŦƻǊ ƭŀǊƎŜ-scale infiltration of tobacco leaves (Butler-

Ransohoff, 2011). {ƛƴŎŜ ǘƘŜ ŦƻǊŜƛƎƴ 5b! ƛǎ ƴƻǘ ǎǘŀōƭȅ ƛƴǘŜƎǊŀǘŜŘ ƛƴ ǘƘŜ ǇƭŀƴǘΩǎ ƎŜƴƻƳŜΣ ǘƘŜǊŜ 

are some specific remarks considering legislation, as explained further in section 2.1.4. 

The company ICON-Genetics (Germany) uses leaves of non-transgenic Nicotiana 

benthamiana for the transient expression of patient-specific antibodies to treat non-

IƻŘƎƪƛƴΩǎ [ȅƳǇƘƻƳŀΦ Lǘ ǿŀǎ ǎƘƻǿƴ ǘƘŀǘ ŀ Ǉƭŀƴǘ-based vaccine facility can be constructed in 

about 18 months, which is twice as fast as CHO-based facilities, and at only 10% of the 
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capital required for a CHO-facility. The speed of this production platform is proven by the 

production of patient-specific vaccines within 12 weeks after receiving tumor samples 

(Butler-Ransohoff, 2011; McCormick et al., 2008).  

 

 

Fig. 2. A large-scale mobile transformation unit for transient expression (Butler-Ransohoff, 2011). 

 

1.2.4 Choice of plant species as production host and plant organs as target accumulation 

site 

 

Many different plant species are susceptible to genetic modification. In these plants, 

proteins can be expressed in the entire plant under a constitutive promoter (for example 

Cauliflower Mosaic Virus 35S promoter, CaMV 35 S), or the expression can be targeted using 

a tissue specific promoter. Thus, a variety of plant organs can be targeted in different plant 

species. 

 

1.2.4.1 Cell cultures, moss and aquatic plants 

 

Plant cell cultures are comparable to other higher eukaryotic cell culture systems, i.e., 

mammalian cells. However, the medium nutrient components used are a lot cheaper, mainly 

consisting of inorganic salts and sucrose (Boehm, 2007). Cell cultures are more expensive 

than whole plants systems, but purification from single cells is a lot easier. Cell cultures are 

suggested as a preferred system when strictly defined and sterile production conditions are 

necessary (Ma et al., 2003; Obembe et al., 2011; Twyman et al., 2003). Conventional 

microbial fermenters with minor adjustments can be used, or even disposable polyethylene 
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bags as a very cheap alternative. The latter are being used on a commercial scale by the 

Israel-based company Protalix. They use carrot cell cultures for the production of 

glucocerebrosidase. This enzyme is used as a replacement therapy for the treatment of the 

ƎŜƴŜǘƛŎ ŘƛǎƻǊŘŜǊ DŀǳŎƘŜǊΩǎ ŘƛǎŜŀǎŜ όwww.protalix.com). 

The German company Greenovation provides a platform based on moss (Physcomitrella 

patens) in glass bioreactors. The only sources these higher multicellular eukaryotes require 

are light, carbon dioxide, water and minerals (www.greenovation.com) 

Aquatic plants are interesting production platforms because of their rapid vegetative growth 

and their cost-effective cultivation on water. Both higher, free floating plants and algae are 

used. Biolex, an American company uses duckweed (Lemnaceae) to produce interferon-

alpha under the brand name Locteron®. Locteron® is currently in clinical phase III for the 

treatment of hepatitis C in humans (www.biolex.com). 

 

1.2.4.2 Leafy crops 

 

Tobacco is one of the leafy crops most often used for Molecular Farming due to its high 

biomass yields and the existence of large-scale processing infrastructure. A prolific seed 

production allows for rapid scale-up. An important additional advantage is the fact that it is 

no food or feed crop, which minimizes the risk for contamination of the food or feed chain 

(Tremblay et al., 2010). A specific disadvantage for tobacco is the presence of toxic alkaloids, 

though low-alkaloid varieties are available as well. Leaves in general are an aqueous 

environment and thus unstable for the accumulation of recombinant proteins. Therefore, 

processing of the leaves immediately after harvesting or freezing or drying of the leaf tissue 

is necessary to prevent degradation of the proteins (Obembe et al., 2011; Twyman et al., 

2003). 

Planet Biotechnology, for example, uses transgenic tobacco leaves to synthesize secretory 

IgA antibodies (CaroRxTM) targeted against Streptococcus mutans, which causes tooth decay. 

CaroRxTM prevents the bacteria from adhering to teeth (www.planetbiotechnology.com). 

 

 

http://www.protalix.com/
file:///C:/Users/rdemeyer/Documents/Resultaten/Hoofdstukken%20doctoraat%20bij%20elkaar/www.greenovation.com
http://www.biolex.com/
file:///C:/Users/rdemeyer/Documents/Resultaten/Hoofdstukken%20doctoraat%20bij%20elkaar/www.planetbiotechnology.com
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1.2.4.3 Fruits and vegetables 

 

The main advantage of fruits and vegetables is the fact that they are edible with minimal or 

even without processing. Therefore, this production system is especially interesting for oral 

ǾŀŎŎƛƴŀǘƛƻƴΦ Lǘ Ƙŀǎ ōŜŜƴ ǇǊƻǾŜƴ ǘƘŀǘ ǘƘŜǎŜ άŜŘƛōƭŜ ǾŀŎŎƛƴŜǎέ Ŏŀƴ ƛƴŘǳŎŜ ŀ ƘǳƳƻǊŀƭ ƛƳƳǳƴŜ 

response when eaten. Even though 100-fold higher doses are necessary, compared to 

vaccination by injection, this method is thought to be more cost-effective (Streatfield and 

Howard, 2003). Bananas, potatoes and tomatoes are the most popular species in this 

category. The tubers of potatoes are stable storage organs, while tomatoes produce higher 

biomass yields. Bananas are interesting because they can easily be grown in developing 

countries where cheap vaccines are most needed (Ma et al., 2003). However, variation in 

protein accumulation levels between different plants is inevitable. It is known that 

environmental conditions can have a huge impact on plant growth, accumulation levels and 

stability of the recombinant protein (Colgan et al., 2010; Jamal et al., 2009). Especially when 

plants are grown outside, the environment in which plants are grown is not stable. 

Therefore, it is not straightforward to come to a uniform dosage using edible vaccines. Thus, 

expectations on this application have decreased in recent years (Yusibov et al., 2002). 

 

1.2.4.4 Seed crops 

 

Seeds are compact organs and offer a stable environment in which recombinant proteins can 

be stored for many years without loss of function, even at room temperature. Seeds also 

naturally contain high levels of protein and low activity of proteases. Together, these traits 

ensure higher yields for recombinant protein production. Moreover, the seed proteome is 

relatively simple compared to other tissues and is dominated by the natural storage proteins 

that accumulate in the seed tissues. This proteomic background allows easier purification of 

recombinant proteins from seed protein extracts (Boothe et al., 2010; Lau and Sun, 2009; 

Stoger et al., 2005). However, plants have to go through a flowering cycle to produce seeds, 

and thus transgenic pollen as well, which can spread to the environment. This is a significant 

drawback compared to vegetative organs, which can be harvested before flowering 

(Twyman et al., 2003). Corn is the main commercial seed crop used in Molecular Farming 
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because of similar reasons as tobacco: High biomass yields are achieved and large-scale 

processing infrastructure already exist (Ramessar et al., 2008b).  

One of the most successful seed-based companies at the moment is ORF Genetics. This 

Icelandic company grows transgenic barley in greenhouses heated by naturally present hot 

springs. More than 30 growth factors and cytokines for research purposes (ISOkineTM line) 

ŀǊŜ ŜȄǇǊŜǎǎŜŘ ƛƴ ōŀǊƭŜȅ ǎŜŜŘǎ ŀƴŘ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ƻƴ ǘƘŜ ŎƻƳǇŀƴȅΩǎ ǿŜōǎƛǘŜ 

(www.orfgenetics.com). In addition, SIF cosmetics, fully owned by ORF genetics, was 

founded in 2009 to develop and market skin care products (DERMOkineTM line) based on 

recombinant proteins from transgenic barley. 

 

1.2.4.5 Environmental impact on recombinant protein accumulation in different crops 

 

The effect of genotype and environmental conditions has been studied specifically for 

Molecular Farming purposes in a number of crops. In corn, conventional breeding practices 

were applied for the introduction of recombinant proteins in high-yielding elite inbred lines. 

Next, hybrid lines were produced, which indeed accumulated high levels of recombinant 

proteins (Barros and Nelson, 2010). The effect of environmental factors has been studied for 

transgenic tobacco expressing full-length antibodies. Results showed only temperature had 

an effect on relative recombinant protein accumulation (as % of total soluble protein), while 

temperature, radiation intensity and plant density influenced absolute recombinant yields by 

altering both protein content of the leaves and total biomass production (Colgan et al., 

2010). Tomato has been the object of studies on both environmental effects and the 

influence of genetic background. Kim et al. (2010) observed a variety in accumulation levels 

of recombinant proteins in hybrids with different genetic backgrounds. In another study, 

light intensity was found to affect total fruit yields, while changing photoperiods did not. In 

addition, cultivation in a conventional greenhouse was compared to a specifically designed 

closed cultivation system. The latter showed recombinant protein accumulation was much 

more stable (Hirai et al., 2010). 

 

 

 

http://www.orfgenetics.com/
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1.2.5 Different categories of proteins 

 

1.2.5.1 Monoclonal antibodies 

 

Monoclonal antibodies (mAbs) recognize their targets with a very high specificity and can be 

used for purification or for therapeutic purposes. While mAbs used for purification of target 

molecules are relatively cheap, therapeutic mAbs are the most expensive recombinant 

proteins of all biopharmaceuticals. Out of 151 recombinant biopharmaceuticals approved in 

the US and EU in 2009, 29 were mAbs, which are responsible for more than 40% of the 

revenues in the biopharmaceutical market (Porro et al., 2010). They are currently used in the 

treatment of inflammatory diseases, cancer and auto-immune diseases, but also for passive 

immunization against pathogens. Antibodies are complex molecules, which need to be 

glycosylated for correct assembly and folding in order to recognize their antigen targets. 

Because of their complexity, mAbs can only be produced correctly by higher eukaryotes. 

Currently, mammalian cells are the preferred production platform. As mentioned in section 

1.2.2.4, this production method is very expensive, leading to annual costs up to $35.000 per 

patient for the treatment of cancer (Farid, 2007). Since plants have proven to correctly 

assemble different antibody formats, they have been put forward as potential cheaper 

alternatives. A variety of antibodies has already been produced successfully in plants. For 

example, an anti-HIV mAb which showed similar antigen-binding activity as its CHO-

counterpart, has been produced in maize (Ramessar et al., 2008a; Ramessar et al., 2008b). 

 

1.2.5.2 Vaccines for human and animal diseases 

 

Vaccines provide active immunization by stimulating the immune system to produce 

antibodies against a particular disease. Traditional vaccines consist of live attenuated or 

killed pathogens. Recombinant technology introduced the production of subunit vaccines in 

different host organisms. Subunit vaccines are structural proteins of a pathogen available as 

soluble immunogenic antigens or virus-like particles (VLPs). Vaccines can be delivered 

through injections (parenteral vaccines) or through oral delivery (mucosal vaccine). A 

parenteral vaccine needs to be very pure, while an oral vaccine can be delivered without any 
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processing of the plant material. More information on advantages and disadvantages of oral 

vaccines can be found in Section 1.2.4.3.  

In plants, different subunit vaccines have been produced to treat viral and bacterial diseases 

for both human and veterinary applications. A vaccine for treatment of non-IƻŘƎƪƛƴΩǎ 

lymphoma was the first injectable plant-made vaccine for human use to enter phase 1 

clinical trial (McCormick et al., 2008). More information on this specific vaccine can be found 

in Section 1.2.3.3. Since then, several other vaccines for both mucosal and parenteral use 

have entered human clinical trials as well (Yusibov et al., 2011). As described in Section 1.2.1, 

a parenteral vaccine against Newcastle disease in poultry was approved as the first plant-

made vaccine by the USDA, but was never commercialized. Chicken feeding experiments 

with transgenic corn seeds expressing a Newcastle disease virus fusion protein have shown 

protection against the disease by oral administration as well (Guerrero-Andrade et al., 2006). 

 

1.2.5.3 Pharmaceuticals and nutraceuticals 

 

Pharmaceuticals cover a wide range of protein-drugs, including enzymes for the treatment 

and diagnosis of diseases, hormones and growth factors, anti-infection factors, blood anti-

coagulant factors, and others (Basaran and Rodriguez-Cerezo, 2008). Just like vaccines and 

antibodies, pharmaceuticals and nutraceuticals are subjected to very stringent cGMP 

(current good manufacturing practices) requirements. In addition, they need to be very 

pure, especially when used intravenously.  

As mentioned earlier, the Canadian company SemBioSys, for example,  uses a safflower 

seed-based platform for the production of recombinant human insulin. A phase I/II clinical 

trial successfully demonstrated the quality, safety and pharmacological equivalence of 

recombinant human insulin obtained from transgenic safflower seeds 

(www.sembiosys.com).  

Human lactoferrin is a nutraceutical, produced in rice seeds by Ventria Biosciences (USA). 

Lactoferrin is naturally found in breast milk and is globally used in infant nutrition products. 

This plant-made products is in an advanced stage of clinical trials. In addition, Ventria 

Biosciences has already commercialized rice-produced human lactoferrin for research 

purposes, commercialized by Sigma-Aldrich (catalogue number #L4040)  (www.ventria.com). 

 

http://www.sembiosys.com/
http://www.sigmaaldrich.com/catalog/ProductDetail.do?D7=0&N5=SEARCH_CONCAT_PNO%7CBRAND_KEY&N4=L4040%7CSIGMA&N25=0&QS=ON&F=SPEC
file:///C:/Users/rdemeyer/Documents/Resultaten/Hoofdstukken%20doctoraat%20bij%20elkaar/www.ventria.com
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1.2.5.4 Industrial and technical proteins 

 

Industrial proteins, mainly consisting of enzymes, are often needed in very large quantities, 

and should thus be produced very inexpensively. An advantage of this category of proteins is 

the fact that they advance more rapidly to the commercial market due to less stringent legal 

and production requirements. For example, laccase, a fungal enzyme, is an oxido-reductase 

enzyme and is used for fiber bleaching. Enzymes for biomass conversion for the production 

of ethanol are included as well, but also antibodies for purification and/or clean-up of 

industrial product streams (Herman and Schmidt, 2010). As mentioned in Section 1.2.4.4, 

ORF Genetics is a successful company producing proteins for research purposes, in barley 

seeds (www.orfgenetics.com).  

 

1.3 A. thaliana as a production platform  

 

No single system is ideal to produce all recombinant proteins of interest. Therefore, case-by-

case evidence is necessary until deeper understanding of the critical success factors is 

available. In this dissertation, we focus on A. thaliana seeds as a production platform for a 

variety of reasons listed below. 

 

A. thaliana is mainly used as a model organism in plant genetics (Koornneef and Meinke, 

2010), but it does have some interesting traits to be used as a production platform. It is a 

non-food/feed crop for which a very efficient and easy in vivo transformation method has 

been developed, floral dip (Clough and Bent, 1998). A. thalianaΩs short generation cycle in 

combination with prolific seed production turns it into a very flexible production platform. 

Therefore, it can be used for quick production of stable homozygous lines (about nine 

months) and very fast production of different recombinant proteins. Seed yields of individual 

Arabidopsis plants might not be very high (between 125 mg and 700 mg for accession Col-0,  

depending on the source of information (e.g., Boyes et al., 2001; Ruebelt et al.,2006)). 

However, extrapolating these yields to larger surfaces, A. thaliana can be considered as a 

competitive seed production platform, producing more than one ton of seed per hectare per 

year (estimation based on own data from accession Col-0, see Chapter 3). The use of A. 

thaliana leaves for commercial-scale production of recombinant human intrinsic factor by 

file:///C:/Users/rdemeyer/Documents/Resultaten/Hoofdstukken%20doctoraat%20bij%20elkaar/www.orfgenetics.com
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the Danish company Cobento has illustrated that its biomass production can be adequate for 

specific applications (Chapter 8) (Fedosov et al., 2003). Adding a high natural seed protein 

content of about 25% to these facts (Ruebelt et al., 2006), A. thaliana could be able to 

compete with other platforms for the production of specific classes of recombinant proteins. 

Indeed, valuable proteins needed in relatively small quantities (1-1000 kg, e.g., vaccines) 

justify small-scale cultivation in a contained environment. In addition, a small plant with a 

short generation cycle, like A. thaliana, is well-suited to examine the characteristics of a new 

recombinant protein. However, when proteins are needed on a large scale (>1000 kg), 

cultivation should be moved to the open field and to larger seed crops. 

A. thaliana further benefits from the availability of an extensive range of genomic resources, 

including a completely sequenced genome (The Arabidopsis Genome Initiative, 2000), an 

almost saturated knockout collection (Maloof, 2003) and commercially available chips for 

transcriptome analysis (Zhu and Wang, 2000). In the following sections we will list some 

specific advances made in A. thaliana, which are interesting for the purpose of a 

recombinant protein production platform. 

 

1.3.1 Prevention of pod shattering 

 

A. thaliana is a member of the Brassicaceae family, which also includes oilseed rape 

(B. napus). Just like this agriculturally important crop, A. thalianaΩǎ ƴŀǘǳǊŀƭ ǎŜŜŘ ŘƛǎǇŜǊǎŀƭ ƛǎ 

achieved by pod shattering. Pod shattering in B. napus causes annual seed losses of 20%, 

and even up to 50% under bad weather conditions (MacLeod, 1981). However, A. thalianaΩǎ 

shatterproof double mutant can be used to solve the problem of excessive loss of seeds at 

harvest. In this mutant, two MADS-box genes (SHATTERPROOF, SHP1, and SHATTERPROOF2, 

SHP2) are knocked out. Since these genes are required for fruit dehiscence in A. thaliana, a 

mutant with a double knock-out of SHP1 and SHP2 prevents seed dispersal and thus 

unwanted loss of seed (Liljegren et al., 2000). The double knock-out mutant is protected 

through a patent since 2001, with a patent duration of 20 years ό²hнллмκлтфрмт ά/ƻƴǘǊƻƭ 

of fruit dehiscence in Arabidopsis ōȅ LƴŘŜƘŜǎŎŜƴŎŜм ƎŜƴŜǎέύΦ Yield characteristics of this 

mutant were determined in this thesis, as described in Chapter 3 (Section 3.5). 
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1.3.2 A seed-specific expression cassette for high accumulation levels 

 

Very high accumulation levels of recombinant proteins have been obtained in A. thaliana 

seeds, using a seed-specific expression cassette developed at VIB-UGent (Fig. 3). The 

expression cassette uses regulatory sequences of common bean (Phaseolus vulgaris). 

Phaseolin is the most abundant seed storage protein in common bean (60% of total seed 

protein), while arcelin-5 makes up 30-40% of total seed protein. Phaseolin is a trimer 

ǇǊƻǘŜƛƴΣ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ŀ ʰ-Σ ʲ- ŀƴŘ ʴ-ǎǳōǳƴƛǘΦ Lǘ ƛǎ ǘƘŜ ǇǊƻƳƻǘŜǊ ƻŦ ǘƘŜ ƎŜƴŜ ŜƴŎƻŘƛƴƎ ʲ-

phaseolin which is used in the expression cassette. The Arcelin-5 gene family consists of two 

members: arc5-I and arc5-IIΦ ¢ƘŜ рΩ ǳƴǘǊŀƴǎƭŀǘŜŘ ǊŜƎƛƻƴ όǳǘǊύ ŀƴŘ оΩ ǊŜƎǳƭŀǘƻǊȅ ǎŜǉǳŜƴŎŜ ƻŦ 

arc5-I are included in the expression cassette. In addition, a signal peptide of the Arabidopsis 

seed storage protein 2S2 albumin is included, and a KDEL tetrapeptide for retention of the 

recombinant protein in the endoplasmic reticulum (ER).  

 

Fig. 3. {ŎƘŜƳŀǘƛŎ ŘƛŀƎǊŀƳ ƻŦ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ŎŀǎǎŜǘǘŜΦ tǇƘŀǎΣ ʲ-ǇƘŀǎŜƻƭƛƴ ƎŜƴŜ ǇǊƻƳƻǘŜǊΤ рΩǳǘǊΣ рΩ ǳǘǊ ƻŦ arc5-I 
ƎŜƴŜΤ оΩ ŀǊŎΣ оΩ-flanking regulatory sequences of the arc5-I gene; ss, signal peptide of the Arabidopsis 2S2 seed 
storage protein gene; GOI, gene of interest; KDEL, ER retention signal. 

 

This expression cassette has proven its power, resulting in the accumulation of a single chain 

variable fragment (scFv) up to 36% total soluble protein (TSP), corresponding to 73 µg of 

recombinant protein per mg seed (De Jaeger et al., 2002). A more complex antibody format 

such as a bivalent scFv-Fc fusion could still reach accumulation levels of 9.4 µg of 

recombinant protein per mg seed (Loos et al., 2011b) and even 26 µg/mg seed (Van 

Droogenbroeck et al., 2007). Very recently, the usability of transgenic Arabidopsis seeds for 

the generation of intact monoclonal antibodies has also been demonstrated by Loos et al. 

(2011a) with maximum expression levels of 2 ς 10 µg per mg seeds (Loos et al., 2011a). 

These accumulation levels are significantly higher than the accumulation of a full length 

antibody of 0.1 µg per mg seeds in corn (Ramessar et al., 2008a) and the accumulation of a 

mAb to about 2.5 µgѷmg dry seed in tobacco (Petrucelli et al., 2006). These results clearly 

show the value of the results obtained in A. thaliana. Recently, the expression cassette has 
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been adapted for direct subcloning by Gateway® recombination for high-throughput 

screening of different coding sequences (Morandini et al., 2011). 

 

1.3.3 Human glycosylation patterns 

 

Correct N-glycosylation is important for correct folding, stability and activity of antibodies in 

order to obtain the intended therapeutic efficacy (Ko et al., 2005). High-mannose type N-

glycans (with 5 to 9 Man residues) are similar in mammalian and plant glycoproteins, but 

complex-type N-glycans are structurally different. Plant-specific glycosylation incluŘŜǎ ʲόмΣнύ-

ȄȅƭƻǎŜ ŀƴŘ ŎƻǊŜ ʰόмΣоύ-ŦǳŎƻǎŜΣ ǿƘƛƭŜ ƘǳƳŀƴ ƎƭȅŎƻǇǊƻǘŜƛƴǎ Ŏƻƴǘŀƛƴ ʰόмΣсύ-fucose and sialic 

acid. In addition, plants lack further branching of bi-antennary N-glycans, which can be found 

in humans (Fig. 4) (Bosch and Schots, 2010). 

 

Fig. 4. N-glycosylation differs between plants (1) and humans (2-3-4) (Adapted from Bosch and Schots, 2010). 

 

Elimination of these plant-specific N-glycan epitopes has been successfully achieved in 

A. thaliana, thus producing human-like N-glycan structures at great homogeneity (Schahs et 

al., 2007). Recently, Loos et al. (2011a) demonstrated the usability of transgenic A. thaliana 

seeds for the generation of monoclonal antibodies with controlled N-glycosylation pattern. 

This is another significant step towards the use of A. thaliana seeds as a production platform 

for functional biopharmaceuticals for human use. 

 

1.3.4 Comparison with other production platforms 

 

In literature, several reviews can be found promoting different plant species as an ideal 

production platform for recombinant proteins: Medicago truncatula (Abranches et al., 

2005), corn (Naqvi et al., 2010; Ramessar et al., 2008b) and tobacco (Tremblay et al., 2010). 
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These reviews share common drivers to adopt the respective plant species as a production 

platform. First, the natural plant properties are advantageous for recombinant protein 

production. These include high biomass production and high protein contents in the plant 

organs of interest. Second, extensive genetic information is available for all three species, 

including a full characterization of the genome. In addition, easy transformation methods 

are available. Third, production and processing is an important topic. There is a lot of 

experience in the cultivation of tobacco and corn, which is a big advantage in large-scale 

production of recombinant proteins. Finally, safety is an important issue. On one hand this 

includes the prevention of gene transfer to wild relatives or conventional crop by 

outcrossing. The selfing properties of Medicago and tobacco are an advantage in this view. 

On the other hand, non- food/feed crops (e.g., tobacco) are preferred to prevent 

contamination of the food/feed chain. 

 

Two important properties mentioned above are fulfilled for A. thaliana: 1) extensive 

knowledge on genetics due to A. thalianaΩǎ status as a model plant, and an available easy 

transformation method, and 2) A. thaliana is a selfing non-food/feed crop. In contrast to the 

species mentioned above, A. thaliana is not an agricultural crop. Thus, the maximal potential 

for biomass production is not yet known, and large-scale cultivation methods are still 

lacking. 

 

2 MOLECULAR FARMING IN LEGAL AND AGRICULTURAL STRUCTURES 

 

2.1 Molecular Farming legislation in the EU and in Belgium 

 

In this section, we provide an overview of the European and Belgian legislation relevant for 

the application of Molecular Farming technology (Fig. 5). This introduction to legislation is 

relevant with a view on Chapter 8, in which legal preconditions for implementations of 

Molecular Farming are discussed. European legislation consists of directives and regulations. 

A directive is binding for all member states, but only becomes valid when it is translated into 

national legislation. The member state should translate the directive equally strict or stricter. 
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A regulation, on the other hand, is binding and directly applicable in every member state 

when it is published. It should thus not be converted into national legislation anymore. 

 

In legislation (Directive 2001/18/EC) a genetically modified organism (GMO) is ŘŜŦƛƴŜŘ ŀǎ άan 

organism, with the exception of human beings, in which the genetic material has been 

altered in a way that does not occur naturally by mating and/or natural recombinationέΦ 

hǊƎŀƴƛǎƳ ƛǎ ŘŜŦƛƴŜŘ ŀǎ  άany biological entity capable of replication or of transferring genetic 

materialέΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ƻƴƭȅ living organisms are GMOs. In the case of plants, this is the 

living plant but also viable seeds and tubers. Besides Directive 2001/18/EC, there is a specific 

legislation on transgenic plants for food and feed applications in the EU (Regulation (EC) no 

1829/2003).  

 

 

Fig. 5. Overview of the regulatory pathway for a new GMO-derived product. 

 

Legislation can roughly be divided in two categories: The contained use of GMOs, for 

example in laboratories and greenhouses, and the deliberate release of GMOs into the 

environment, both for experimental purposes (for example field trials or clinical trials) and 

for commercialization. 
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The first step in this overview involves the production of the genetically modified plant by 

transformation in the laboratory. This is followed by experiments with genetically modified 

plants in a contained environment (greenhouses and growth chambers, Section 2.1.1). 

Afterwards, legislation related to field trials is explained and regularization for 

commercialization of end products produced by Molecular Farming is summarized (Section 

2.1.2). Finally, the guidance document by EFSA (Section 2.1.3) and legislative uncertainties 

concerning transient expression (Section 2.1.4) are briefly discussed. 

2.1.1 Contained used of GMOs 

 

Legislation concerning the contained use of GMOs is easier than the legislation on the 

deliberate release of GMOs into the environment because there is no risk for the 

environment and nature under normal circumstances. Problems can only arise if the 

containment measures are insufficient due to an underestimation of the risk. 

 

Lƴ ƭŜƎƛǎƭŀǘƛƻƴ ό5ƛǊŜŎǘƛǾŜ нллфκпмκ9/ύ ŎƻƴǘŀƛƴŜŘ ǳǎŜ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άany activity in which micro-

organisms are genetically modified or in which such GMMs [Genetically Modified Micro-

organisms] are cultured, stored, transported, destroyed, disposed of or used in any other 

way, and for which specific containment measures are used to limit their contact with, and to 

provide a high level of safety for, the general population and the environmentέΦ ¢ƘǳǎΣ ǘƘƛǎ 

definition is applicable for GMMs in laboratories, but also in closed greenhouses or growth 

chambers. In Europe, only the use of genetically modified micro-organisms (GGM) is 

regulated by Directive 2009/41/EC. A micro-ƻǊƎŀƴƛǎƳ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άŀ microbiological entity, 

cellular or non-cellular, capable of replication or of transferring genetic material, including 

viruses, viroids, and animal and plant cells in cultureέ. For Molecular farming this would 

mean only GMMs used for transformation of plants, such as Agrobacterium tumefaciens, 

should be taken into account, and not the generated transgenic plants. Research institutes 

and companies using plant cells in culture for Molecular farming activities are bound to this 

European directive as well. 

 

The European Directive 2009/41/EC is a recent revision of Directive 98/81/EC on the 

contained use of GMM. In Belgium, every contained use of GMOs is under the competence 
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of the regions. Directive 98/81/EC was thus translated by different regions. In Flanders the 

decision of the Flemish Government of 6 February 2004 (Chapter 5.51 Biotechnology) to 

amend the decision of 6 February 1991 (VLAREM I) and the decision of 1 June 1995 (VLAREM 

II) applies. VLAREM is the Flemish legislation regulating environmental permits. The 

European directive was translated more strictly than prescribed by Europe in Flanders (but 

also in the Brussels capital region and the Walloon region). It was extended from GMMs to 

all GMOs and pathogenic micro-organisms. Thus, the decision of 6 February 2004 is also 

applicable to transgenic plants and their seeds and tubers being cultivated in the laboratory, 

closed growth chambers or greenhouses. 

 

According to this decision there are four different risk levels, of which one is the lowest level. 

For each level, specific containment measures have been set, both physical containment and 

safety prescriptions (Table 1). Criteria for categorization in a risk category are defined on a 

case-by-case basis by the technical expert. In Flanders, this technical expert is the Section 

Biosafety & Biotechnology (SBB) of the Scientific Institute of Public Health.  

When the use of a transgenic plant is placed in risk class 1 by the SBB, written permission or 

an environmental permit is not required. However, the necessary containment measures 

have to be fulfilled, and a notification of this contained use should be sent to the SBB and 

the local authority. For contained use of a higher risk level (level 2, 3 or 4), both a written 

permission and an environmental permit are required. The complete biosafety file has to be 

sent to the SBB. Only when both these permissions are provided, the contained use can start, 

for a period of 5 to 10 years. Afterwards, a permit for continued contained use can be applied 

for. 

 

We found several reports on Molecular Farming in which the specific biosafety level of the 

greenhouse used was mentioned. In all these cases biosafety level 2 was applied (Barros and 

Nelson, 2010; Villani et al., 2009; Yusibov et al., 2011). A transgenic plant is categorized in 

this level when both host plant and transgenic plant pose little risks for humans, animals, 

Ǉƭŀƴǘǎ ƻǊ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘΦ ά9ƴǾƛǊƻƴƳŜƴǘέ ƛƴŘƛŎŀǘŜǎ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘ ǿƘƛŎƘ ƛǎ ƭƛƪŜƭȅ ǘƻ ōŜ 

exposed during the planned activities. Within the containment of a greenhouse the exposed 

environment is very limited.  
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Table 1. Containment and other protective measures for glasshouses and growth-rooms of GM plants 

(Appendix IV, table 1B) 

 Level 1 Level 2 Level 3 Level 4 

Greenhouse: permanent 

structure 1 

Not required Required Required Required 

Entry via separate room 

with two interlocking 

doors 

Not required Optional Optional Optional 

Control of contaminated 

run-off water 

Optional Minimize run-

off 2 

Prevent run-

off 

Prevent run-

off 

Measures to control 

undesired species such 

as insects, rodents, 

arthropods 

Required Required Required Required 

Procedures for transfer 

of living material 

between the 

greenhouse/growth-

room, protective 

structure and laboratory 

shall control 

dissemination of GMMs 

Minimize 

dissemination 

Minimize 

dissemination 

Prevent 

dissemination 

Prevent 

dissemination 

1 The greenhouse shall consist of a permanent structure with a continuous waterproof covering, located on a 

site graded to prevent entry of surface-water run-off, and with self-closing lockable doors. 
² Where transmission can occur through the ground. 

 

2.1.2 Deliberate release of GMOs into the environment 

 

The experimental phase in a contained environment can be followed by a next step, the 

introduction of transgenic plants into the environment. First in a field trial, in case a field 

application is envisioned, followed by the possible commercialization of the product. The 

legislation on deliberate release of GMOs into the environment is a federal issue in Belgium, 

based on Directive 2001/18/EC. This directive is translated into the Royal Decree (RD) of 21 

CŜōǊǳŀǊȅ нллрΦ 5ŜƭƛōŜǊŀǘŜ ǊŜƭŜŀǎŜ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άany intentional introduction into the 

environment of a GMO or a combination of GMOs for which no specific containment 

measures are used to limit their contact with and to provide a high level of safety for the 

general population and the environmentέΦ IŜǊŜ ǘƻƻΣ Dahǎ ǊŜŦŜǊ ƻƴƭȅ ǘƻ ƭƛǾƛƴƎ ƻǊƎŀƴƛǎƳǎΦ 
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This legislation consists of two parts: the deliberate release into the environment for other 

purpose than for placing on the market (Part B of the Directive, Chapter II of the RD) and the 

placing on the market of GMOs (Part C of the Directive, Chapter III of the RD). Placing on the 

ƳŀǊƪŜǘ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άmaking available to third parties, whether in return for payment or free 

of chargeέΦ aŀƪƛƴƎ Dahǎ ŀǾŀƛƭŀōƭŜ ŦƻǊ ŀŎǘƛǾƛǘƛŜǎ ŦƻǊ ŎƻƴǘŀƛƴŜŘ ǳǎŜ ŀƴŘ ŦƻǊ ŜȄǇŜǊƛƳŜƴǘŀƭ 

purposes is not subjected to Part C. 

 

2.1.2.1 The deliberate release of GMOs into the environment for other purpose than for 

placing on the market 

 

The introduction of GMOs into the environment for research purposes, such as a field trial, 

are subjected to part B of Directive 2001/18/EC. A field trial is not allowed without prior 

permission according to the RD of 21 February 2005. Prior to submitting a request, the 

applicant has to conduct an environmental risk analysis, which is checked by the 

government. It is important to take into account both the nature of the introduced organism 

and the environment in which it is introduced, and the interaction between the GMO and 

the environment. 

The application is sent to the Belgian competent authority, which is the Federal Government 

Service of Public Health, Food Safety and the Environment. After the scientific risk 

evaluation, the Biosafety Advisory Council makes a decision and sends it to the competent 

authority and the regional minister. 

Simultaneous consultation of the public during 30 days is obligatory. During this period the 

public can consult all information, with exception of confidential elements, and comment. 

The information is simplified, in order to make it understandable for the general public. 

While the advisory board evaluates the risks and the public is being consulted, an 

information exchange with the other member states takes place. Their opinion contributes 

to the final decision as well. This decision is a competence of the federal minister for public 

health and environment, but the regional minister of environment of the region in which the 

field trial will take place, has a veto. 
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2.1.2.2 GMOs in trade 

 

There are different categories of products generated by Molecular Farming which can be 

placed on the market, such as additives for food and feed, medicinal products (both for 

human and veterinary use), technical proteins, etc. First a number of general concepts in 

legislation which are applicable to all GMOs on the market will be discussed. In a second part 

a list of applications with their specific legislation will be highlighted. 

 

General 

 

The basis for commercialization of GMOs is Directive 2001/18/EC Part C, translated into the 

RD of 21 February 2005, Chapter III in Belgium. The application is done in the member state, 

where the GMO will be placed on the market for the first time. The Belgian competent 

authority where the application should be filed, is the Federal Government Service of Public 

Health, Food Safety and the Environment. They immediately send a summary to the 

European Commission. For the scientific evaluation of the health and environmental risks, 

the Belgian competent authority is advised by the Biosafety Advisory Council. If the file is 

positively evaluated by the Belgian competent authority, the report is sent to the European 

Commission and competent authorities of other member states for further treatment of the 

file. If the commission and the competent authorities do not object, permission is given for 

commercialization of this product. However, when objections arise, the law states that the 

commission will ask the European Food Safety Agency (EFSA) to formulate an independent 

advice on the objections of the member states. A panel of 21 independent experts 

appointed by EFSA will be consulted. If their scientific advice on the safety of the GMO is 

positive, the European Commission (Directorate General for Health and Consumer Policy, 

SANCO) will set up a draft decision for the regulatory committee, which is represented by all 

European member states. If the decision of the committee is positive, permission will be 

given. If the decision is negative, there will be a vote on the possible permission in the 

Council of the EU, composed of ministers of all European member states. If they cannot 

come to a decision within 3 months, the permission will be given by the European 

Commission anyway. On 6 July 2011 the European Parliament approved a legislative 

proposal that allows Member States to impede, restrict or ban the cultivation of transgenic 
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crops legally within their borders, a move which has been proposed with the ostensible aim 

of preventing tactical voting by committee members resulting in EU-wide bans. 

A permit will apply for the entire European Union due to free movement and trade of goods 

within the EU. Just like the procedure for field trials, the public is consulted prior to 

admission and an extensive environmental risk assessment is of uttermost importance. In 

addition, an advisory commission can be consulted on ethical matters. The procedure does 

not end at admission on the market: Monitoring after commercialization is a legal obligation. 

Moreover, the permission for introduction on the market is only valid for maximum 10 

years. Afterwards, an extension of the permission has to be requested, which contains all 

monitoring data of the past 10 years 

 

Directive 2001/18/EC part C is not applicable for GMOs used as pharmaceuticals for humans 

and animals, and which are admitted by Regulation (EC) no 2309/93. This application will be 

discussed further in this chapter. 

 

Applications 

 

Food 

 

A possible application of Molecular Farming is the mixture of plant produced recombinant 

proteins or parts of the transgenic plant (e.g., seeds) in food for human consumption. In 

wŜƎǳƭŀǘƛƻƴ ό9/ύ ƴƻ мтуκнллн ŦƻƻŘ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άany substance or product, whether 

processed, partially processed or unprocessed, intended to be, or reasonably expected to be 

ingested by humansέΦ tƘŀǊƳŀŎŜǳǘƛŎŀƭǎ ŀǊŜ ŜȄŎƭǳŘŜŘ ŦǊƻƳ ǘƘƛǎ ŘŜŦƛƴƛǘƛƻƴΦ ¢ƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ 

ƎŜƴŜǘƛŎŀƭƭȅ ƳƻŘƛŦƛŜŘ ŦƻƻŘ ƛƴ wŜƎǳƭŀǘƛƻƴ ό9/ύ ƴƻ мунфκнлло ƛǎ άfood containing, consisting of 

or produced from GMOsέΦ !ƴ ƛƳǇƻǊǘŀƴǘ ƴǳŀƴŎŜ ƛǎ ǘƘŜ fact that food produced with the aid 

of GMOs is not included in this definition. This is determined by the presence of material 

derived from the genetically modified starting material. For example, this is not the case for 

technical adjuvants for the production of food. These technical adjuvants in itself are not 

consumed as food, but are knowingly used at the processing to meet a certain technical 

goal. This causes an inevitable technical presence of these substances. 
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Regulation 2001/18/EC only handles living GMOs which are placed on the market, which 

would mean only seeds and living plants are subjected to the law in the case of food. 

However, Regulation (EC) no 1829/2003 is more strict and also regulates the use of products 

produced with GMOs. The use of grinded seeds or proteins purified from transgenic plants 

are thus subjected to this regulation as well. 

 

In Belgium requests for permission according to Regulation (EC) no 1829/2003 have to be 

sent to the Directorate-General Animals, Plants and Food of the federal government service 

Public Health, Food Safety and the Environment. The decision on the permission is made at 

the level of the European Commission, taking into account advice of EFSA and remarks of the 

general. The procedure does not stop at permission for commercialization: Monitoring after 

commercialization is also a legal requirement. In addition, the permission for 

commercialization is only valid for 10 years. Afterwards an extension of the permit can be 

applied for, which contains all monitoring data from the past 10 years.  

Regulations (EC) no 1829/2003 and (EC) no 1830/2003 also provide regulations for 

ŜǘƛǉǳŜǘǘŜǎ ŀƴŘ ǘǊŀŎŜŀōƛƭƛǘȅΦ ¢ƘŜ ŜǘƛǉǳŜǘǘŜ ŎƭŜŀǊƭȅ Ƙŀǎ ǘƻ ǎǘŀǘŜ άόǇǊƻŘǳŎŜŘ ǿƛǘƘύ ƎŜƴŜǘƛŎŀƭƭȅ 

ƳƻŘƛŦƛŜŘ ώƴŀƳŜ ƻŦ ǘƘŜ ƻǊƎŀƴƛǎƳϐέΦ 

 

Concerning Molecular Farming, there are a few applications to which the legislation on 

genetically modified food can apply, e.g. chymosin produced in plants for the production of 

ŎƘŜŜǎŜΦ /ŜǊǘŀƛƴ ǇǊƻŘǳŎǘǎ ŎƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ŦƻƻŘ ƻǊ ƳŜŘƛŎŀǘƛƻƴΣ ŜΦƎΦ ǘƘŜ άŦƻƻŘ 

supplemŜƴǘέ ƛƴǘǊƛƴǎƛŎ ŦŀŎǘƻǊΣ ŦƻǊ ŀ ƳƻǊŜ ŜŦŦƛŎƛŜƴǘ ǳǇǘŀƪŜ ƻŦ ǾƛǘŀƳƛƴ .мнΦ {ƛƴŎŜ ǘƘƛǎ ƛǎ ŀ ŦƻƻŘ 

additive, the application for this purified recombinant protein was done according to 

Regulation (EC) no 1829/2003. However, the application has been withdrawn in the mean 

time. 

 

Feed 

 

The legislation concerning genetically modified feed is comparable to the legislation on GM 

ŦƻƻŘ όwŜƎǳƭŀǘƛƻƴ ό9/ύ ƴƻ мунфκнллоύΦ Lƴ wŜƎǳƭŀǘƛƻƴ ό9/ύ ƴƻ мтуκнллн ŦŜŜŘ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άany 

substance or product, including additives, whether processed, partially processed or 

unprocessed, intended to be used for oral feeding to animalsέΦ ¢ƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ Da ŦŜŜŘ ƛǎ 
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άŦŜŜŘ ŎƻƴǘŀƛƴƛƴƎΣ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ƻǊ ǇǊƻŘǳŎŜŘ ŦǊƻƳ Dahǎέ. For commercialization of GM feed, 

a permit is required. This can be obtained according to Regulation (EC) no 1829/2003, similar 

to the procedure for GM food. Pharmaceuticals for veterinary use are not included in this 

legislation. 

 

Concerning Molecular Farming, there are quite some applications to which the legislation on 

pharmaceuticals rather than on feed apply, e.g., vaccines. However, when a transgene plant, 

or a part of it, is used for feed without a pharmaceutical effect, the above mentioned 

regulation does apply, e.g., enzymes which promote digestion, such as phytase (Chen et al., 

2008).  

 

Medicinal products for human and veterinary use 

 

Many medicinal products are derived from proteins, e.g. insulin, vaccines and antibodies. 

These proteins can also be produced in transgenic plants, which is an extensively studied 

application of Molecular Farming due to the high value of these recombinant proteins. 

Legislation (Directives 2001/82/EC and 2001/83/EC) defines a medicinal product for both 

ƘǳƳŀƴ ŀƴŘ ǾŜǘŜǊƛƴŀǊȅ ǳǎŜ ŀǎ άAny substance or combination of substances presented for 

treating or preventing disease. Any substance or combination of substances which may be 

administered to human beings with a view to making a medical diagnosis or to restoring, 

correcting or modifying physiological functions in human beings is likewise considered a 

medicinal productέΦ !ƭƭ ƳŜŘƛŎƛƴŀƭ ǇǊƻŘǳŎǘǎ όǿƛǘƘ ƻǊ ǿƛǘƘƻǳǘ ƎŜƴŜǘƛŎ ƳƻŘƛŦƛŎŀǘƛƻƴǎύ ƘŀǾŜ ǘƻ 

be tested thoroughly prior to commercialization. 

 

a. Clinical trials for human use 

 

After obligatory preclinical research and animal trials, there are three clinical phases for 

experiments on human subjects. In a first phase the safety of a medicinal product is tested 

on a limited group of healthy people. In the next phase the optimal dose is defined for a 

group of patients. Finally, in a third clinical phase the activity of the medicinal product is 

tested. All tests from the preclinical research until commercialization of a new 

pharmaceutical can easily take up to 10 to 12 years. 
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Directive 2001/20/EC regulates clinical trials with medicinal products for human use and is 

translated in the Belgian law of 7 May 2004 concerning experiments on humans. At the start 

of a clinical trial, the subject has to provide his free and informed written permission, and an 

ethical commission has to give a positive advice. In addition, the minister of public health has 

to give his written permission for clinical trials with medicinal products containing GMOs. 

The clinical trial also has to comply with Directives 2009/14/EC and/or 2001/18/EC, 

respectively for contained use and/or deliberate release into the environment. At the 

European level it is not clear yet when a clinical trial is part of contained use, but for now all 

clinical trials performed in the hospital itself are subjected to Directive 2009/14/EC 

concerning the contained use of GMOs. 

 

There is no separate legislation for clinical trials for veterinary use, but they have to comply 

with chapter II of the RD of 21 February 2005 concerning the deliberate release of GMOs 

into the environment. The only difference is that the competent authority taking the 

decision is the Federal Agency for medicines and health products, together with the Flemish 

Minister of the environment when the clinical trial is conducted in Flanders. In addition, a 

permission from the ethical commission is required prior to starting the trial.  

 

b. Commercialization 

 

Regulation (EC) no 726/2004 regulates the procedures for permits and supervision of 

medicinal products for human and veterinary use. A medicinal product made with 

recombinant DNA technology or controlled expression of genes for biologically active 

proteins in prokaryotes and eukaryotes can only be commercialized when it is granted a 

permit of the Community. The permit will be valid in all member states of the EU. 

The procedures for medicinal products for human and veterinary use are similar. A permit 

request is applied at and evaluated by the European Medicines Agency (EMEA). If the advice 

is positive, the dossier is provided to the European Commission, which can grant permission. 

This permission is valid for five years. Afterwards, the permission can be extended after an 

evaluation of advantages and risks by EMEA. This extended permit is unlimitedly valid. To 

obtain a permit for the use of medicinal products for veterinary use which will be used for 

food, some specific regulations apply (Regulation (EC) no 2377/90). 
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Technical proteins 

 

There is no specific legislation on the use of proteins purified from transgenic plants. The 

ǉǳŀƭƛǘȅ ƻŦ ǘƘŜǎŜ ǇǊƻǘŜƛƴǎ ŦƻǊ ŜΦƎΦΣ ŘŜǘŜŎǘƛƻƴ ŀƴŘ ǇǳǊƛŦƛŎŀǘƛƻƴ ƛǎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

responsibility. Directive 2001/18/EC is only valid for living organisms, and thus not for 

technical proteins manufactured with transgenic plants. When transgene plants are grown in 

a closed greenhouse and downstream processing is done at the same place, only the 

decision of the Flemish Government of 6 February 2004 concerning the contained used of 

GMOs should be taken into account.  

 

2.1.3 The guidance document by EFSA 

 

The European Food Safety Agency (EFSA) plays an important role in the risk assessment of 

GMOs in Europe. EFSA carries out a risk assessment for all GMOs related to Regulation (EC) 

no 1829/2003 an Directive 2001/18/EC. Recently, EFSA published a Scientific Opinion on 

Guidance for the risk assessment of genetically modified plants used for non-food or non-

feed purposes (EFSA, 2009). The document supplements the Guidance Document for the risk 

assessment of GM plants and derived food and feed. This Opinion includes Molecular 

Farming applications, but also the production of biofuels and phytoremediation. 

Consumption is not expected in the case of GM plants for non-food and non-feed purposes, 

but accidental exposure is possible, e.g., by inadvertent entry in the food and feed chain, or 

gene flow. Therefore, specific confinement measures and toxicity and allergenicity are 

included in the risk assessments. The legal background for GM plants used for non-food and 

non-feed purposes was summarized in this Opinion, as discussed in the sections above, and 

shown in Figure 6. 
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Fig. 6. Regulatory flowchart for different GM applications in Europe (EFSA, 2009). 

 

2.1.4 Legislative uncertainties concerning transient expression 

 

The legislation concerning GMOs was formulated in 1990 and has been revised several times 

since then. However, the definition of a GMO remained the same since 1990. Thus, new 

techniques (e.g., transient expression) developed since 1990 pose challenges for regulators 

and are a source of legislative uncertainties concerning the classification of these 

techniques. The classification as a GMO or non-GMO is crucial since the registration costs 

will be much higher if techniques are classified as GMO. Thus, the legal status of a transient 
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expression will determine the adoption of this technique in Molecular Farming, either only 

for very high value applications, or also for a broader field of applications, in which small and 

medium enterprises can profit from the technique as well. If transient expression is classified 

as non-GMO, commercialization can be expected in 2-3 years (Lusser et al., 2011). 

 

2.2 Molecular Farming in Flemish greenhouses 

Molecular Farming crops can be grown either in containment (bioreactors and greenhouses), 

or in the field. Even though greenhouses are a more expensive environment than the open 

field, they offer several important advantages. The containment of greenhouses is especially 

interesting for Molecular Farming, as it prevents gene flow of the transgenic plants grown 

inside to the environment. Considering the current legislation (see Section 2.1.1) and the 

public opinion on GM plants in Europe, this seems the most obvious option at the moment. 

In addition, crops inside the greenhouse are grown in a more stable climate and are 

protected against harmful influences from the outside, such as herbivores, storms, etc. It is 

known that both temperature and physical damage can lead to yield variability of 

recombinant proteins. Growing crops in greenhouses will thus improve batch-to-batch 

consistency, which is a core principle of cGMP (current Good Manufacturing Practices, a set 

of standards designed to guarantee a good quality of therapeutics) (Colgan et al., 2010; Paul 

and Ma, 2011). 

 

2.2.1 Current state of the Flemish greenhouse sector 

The expertise in the horticultural sector, and the moderate climate make Flanders very 

suitable for growing crops in greenhouses (Georges et al., 2003; Van Huylenbroeck, 2010). In 

total there is 2062 ha of greenhouse surface in Belgium, of which more than 95% is situated 

in Flanders. In 2010, the average size of a greenhouse company was 75.85 are (Federal 

Government Service of Economy, Directorate-General Statistics and Economic Information). 

Greenhouse surfaces range between a few hundred m² (overwintering of plants) and more 

than 10 ha (specialized vegetable greenhouses). However, there is a trend towards larger 

greenhouses to minimize fixed investment costs, such as the construction and maintenance 

of the greenhouse itself and water storage (Decadt et al., 2007). Currently, 1025 ha of the 

total greenhouse surface is used to grow vegetables, of which tomatoes (43%) and lettuce 
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(22%) are the most important crops. More than half of the vegetable cultivation is situated 

in the province of Antwerp. The ornamental sector takes up 625 ha, almost half of which is 

situated in the province of East-Flanders. The most important crop is azalea, taking up 29% 

of ornamental greenhouse surface (Fig. 7). In 2008, 400.000 ton of vegetables were 

ǇǊƻŘǳŎŜŘ ƛƴ ƎǊŜŜƴƘƻǳǎŜǎΣ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ŀ ǇǊƻŘǳŎǘƛƻƴ ǾŀƭǳŜ ƻŦ ϵ нул Ƴƛƭƭƛƻƴ (Platteau et al., 

2009). Data on production volumes of the ornamental sector are not available. Production 

ǾŀƭǳŜǎ ƻŦ ǘƘŜ ƻǊƴŀƳŜƴǘŀƭǎ ǇǊƻŘǳŎŜŘ ƛƴ ƎǊŜŜƴƘƻǳǎŜǎ ŀǊŜ ŜǎǘƛƳŀǘŜŘ ŀǘ ŀōƻǳǘ ϵ нлл Ƴƛƭƭƛƻƴ 

(Agriculture and Fisheries policy area, Department of Agriculture and Fisheries). 

 

              

Fig. 7. Distribution of greenhouse surface in different crops for a vegetables and b the ornamental sector. 

 

2.2.2 GM greenhouses for the production of recombinant proteins 

 

As described in section 2.1.1, containment levels for Molecular Farming greenhouses will 

most likely deal with biosafety level 2. For level 2 GM plants, only a permanent greenhouse 

structure and measures to control undesired species such as insects, rodents, arthropods are 

strictly required (Table 1). In practice the following adjustments for a GM greenhouse is 

suggested: 

1) A fine-mesh netting for all windows to prevent entry of harmful insects and 

spreading of GM material 

2) A concrete floor to prevent interaction between soil, water and GM material 

3) Sterilization of water and soil used in the greenhouse 

4) A lockable door for bidirectional isolation of the greenhouse 

b a 
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3 A SWOT ANALYSIS OF MOLECULAR FARMING IN FLANDERS 

 

3.1 Strengths 

 

Flanders offers several relevant and important advantages as region to develop commercial 

Molecular Farming activities. First, Flanders is a leading biotechnology region, housing 147 

companies with activities in medical, agricultural and industrial biotechnology. Of these 

companies, 124 have R&D activities. In addition, Flanders is home to renowned biotech 

research centers and academic institutes with a worldwide reputation, such as the Flemish 

Institute for Biotechnology (VIB). Finally, bio-incubators and science parks aim at bringing 

the academic and commercial world together (FlandersBio, 2011). 

Second, Flanders is a strong greenhouse region, with more than 2000 ha of greenhouse 

surface, mainly divided between the vegetable and ornamental sector. The greenhouse 

ǎŜŎǘƻǊ ƛǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƻǘŀƭ ǊŜǾŜƴǳŜǎ ƻŦ ŀōƻǳǘ ϵ рлл Ƴƛƭƭƛƻƴ όSource: Agriculture and 

Fisheries policy area, Department of Agriculture and Fisheries). The sector is working on a 

modernization of the infrastructure, and the scale of individual greenhouse companies is 

increasing. A larger company scale offers economic advantages due to reduced fixed costs 

per unit, but it also offers more innovative and sustainable production (van der Meulen et 

al., 2010; Verspecht et al., 2003). Third, the moderate climate in Flanders is very suitable for 

greenhouse cultivation. Finally, Flanders offers a uniquely central location at the heart of 

Europe, providing rapid access to markets and suppliers. 

 

Molecular Farming, as a combination of agriculture and biotechnology, is a perfect example 

of a technology that can bring these two unique strengths together in Flanders. 

 

3.2 Weaknesses 

 

Intellectual property (IP), as a value generator, is crucial in the commercial exploitation of 

any new technology. Proper IP management ensures a protection of 20 years for a new 

invention in order to recover costs made in R&D and manufacturing costs, but also 
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investments made in the original R&D in developing and testing other, ultimately 

unsuccessful product candidates. It is crucial to protect an invention before making it public, 

e.g., in a scientific publication or at a conference. In case the results are already published, 

no IP rights can be claimed anymore, and others are free to use the technology for their own 

benefits. Only three patents on Molecular Farming issued between 2002 and 2006 (< 1%) 

were held by Belgium. Different reasons have been suggested for the generally low 

patenting activities in Europe (Basaran and Rodriguez-Cerezo, 2008). First, there seems to be 

a general absence of culture of patenting. Second, patent applications involve substantial 

expenses. In Europe, only some research institutes offer financial support for patenting 

applications and/or offer patent support units to handle patenting issues. Third, patents are 

not always counted as publications for researchers, causing scientific publications to be 

favored to patenting. 

The shortage of adequate economic data makes it difficult to forecast the commercial 

feasibility of Molecular Farming. These include data on Molecular Farming production 

(protein yields, production costs, etc.) and on current recombinant protein production, as a 

competitor. Unfortunately, financial data on Molecular Farming production costs are not 

available and detailed economics of commercial protein production are confidential.  

 

3.3 Opportunities 

 

At the local level, Flanders is one of the regions in Europe giving R&D on GM crops a chance. 

This is clearly illustrated by the ǎǳǇǇƻǊǘ ƻŦ ǘƘŜ CƭŜƳƛǎƘ ǇƻƭƛŎȅ ŦƻǊ Da ǘǊƛŀƭǎ ƛƴ ǘƘŜ Ψфлǎ όōŜŦƻǊŜ 

the GMO moratorium was imposed in 2001) and again in the last few years. The first GM 

field trial after the moratorium was a trial with transgenic poplars for the production of bio-

ethanol, by VIB - UGent. In 2010, the cultivation of authorized GM corn was granted 

permission for research on co-existence of GM and conventional corn. At this moment, a 

field trial with GM potatoes having enhanced Phytophtora resistance is ongoing in Wetteren, 

Belgium. Thus, the legal framework is being prepared to enable possible future cultivation of 

GM crops in Flanders, as is additionally shown by the recently published advice for the 

Flemish Government on co-existence of potatoes and sugar beets (SALV en Minaraad, 2010). 
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The positive climate on GM research and development in Flanders could offer opportunities 

for Molecular Farming as well. 

At the European level, Molecular Farming has been supported in several framework 

programs. The most recent ones include the Pharma-Planta consortium for the development 

of a plant-produced HIV-vaccine in tobacco (FP6) and the CoMoFarm consortium on 

contained Molecular Farming (FP7). In addition, EMEA and EFSA have both issued guidelines 

for the specific risk assessment of Molecular Farming crops and products. The support at the 

European and regional level for Molecular Farming (and Knowledge Based Bio-economy in 

general) by funding research and preparing legislation is indispensable for future 

developments of Molecular Farming. 

 

3.4 Threats 

 

Three threats for the development of Molecular Farming in Flanders were identified. First, 

the lack of a commercially available biopharmaceutical for human use is a major challenge. 

Even though significant amounts of proof-of-concept studies are published, only products 

intended for non-therapeutic use have made it to the market so far. One can speculate on 

different reasons for this lack of commercially available biopharmaceutical products. One 

possible reason is the limited amount of in-house developed products in Molecular Farming 

R&D pipeline, and thus the lack of vertical integration in the entire development process. 

Another reason is the weak involvement of the industry to enable and support large scale 

production of Molecular Farming products. Deals between major life-science companies and 

Molecular Farming companies are still scarce, e.g. deals between Bayer and Icon-Genetics, 

and Pfizer and Protalix. Indeed, most Molecular Farming companies at the time are 

dedicated start-up companies, often created as a spin-off from academic research institutes. 

As of now, the big industry has shown little interest in plant-based platforms, possibly 

because of the uncertainties still associated with plant-made recombinant proteins. 

Unfortunately, small companies often lack funding for further developments till 

commercialization. Therefore, funding should be sufficient to reach an advanced stadium in 

product development (e.g., clinical phase I or II for medical products). Only when the 

product effectiveness and production feasibility of these plant-made products is sufficiently 
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proven (and economic risks for return of investments are thus severely reduced), bigger 

companies will be willing to join in the development of Molecular Farming products and 

invest in the final stages of development till commercialization. However, industry observers 

have suggested that one plant-made biopharmaceutical brought to commercialization is 

likely to trigger increased interest in Molecular Farming. 

Second, regulatory hurdles concerning Molecular Farming still exist. In the past, unclear 

regulation has led to increased time to market, causing investor fatigue with potential 

bankruptcy of the company (Davies, 2010). Even though significant efforts have recently 

been made in Europe on creating a clear regulatory framework, some ambiguities still exist. 

The case of transient expression is an example: it is not clear yet whether crops produced 

with this technology will be classified as GMOs or not (See Section 2.1.4). The classification 

has an enormous impact on the development costs of products made with this technique. If 

the crops used for transient expression are classified as non-GMOs, applications with a lower 

value can be developed, small and medium-sized companies will also profit from the 

technique and commercialization of products can be expected in 2-3 years (Lusser et al., 

2011). 

Third, stakeholder perception is of uttermost importance for the development of any new 

technology. Especially for GM crops of the first generation, this issue has been problematic 

in the past. This threat should be minimized for Molecular Farming with clear and realistic 

information: clear, to make it understandable for all stakeholders, and realistic to prevent 

overhyping expectations. The latter is thought to be an important source of the negative 

public opinion on first generation GM crops (NN, 2008).  
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Abstract 

Optimal cultivation practices are a prerequisite for optimal growth with maximal seed and 

protein yield. The object of this research is Col-0, the most commonly used accession of 

A. thaliana for research purposes. Even though research has shown expression of 

recombinant proteins is very effective in A. thaliana seeds, the lack of knowledge on optimal 

cultivation conditions, and thus the lack of knowledge on yields which can potentially be 

achieved in A. thaliana, has hampered its development as a production platform in 

Molecular Farming so far.  

First, increasing fertilization till 2 ml Wuxal Super twice per week resulted in seed yields two 

times higher than the standard regime of fertilizing once every two weeks. However, 

optimization to a good balance between macronutrients is still necessary, specifically 

focusing on higher nitrogen levels. Second, plants generated in March yielded four times 

more seeds than those sown in June. Lower yields in other months were most likely due to 

stress factors such as heat and insufficient light. Adapting the greenhouse climate to an 

optimal growth environment for A. thaliana can further increase yields, taking economic 

considerations into account as well. Finally, it was clear that sowing plants closer to each 

other or using smaller pots results in a better use of space in the greenhouse for maximal 

yields.  

Even though consistent results over all experiments could not be obtained due to varying 

greenhouse conditions, these results show there still is potential to further increase seed 

yields in A. thaliana. Automation of cultivation practices is very important for large-scale 

production of A. thaliana to exclude costly manual work as much as possible. We showed 

that automatic sowing of coated A. thaliana seeds was very efficient. Automating the 

harvest procedure, however, still needs further research, with a special focus on efficient 

collection of the plant material and entry into the harvesting machine. 

 

1. INTRODUCTION 

 

A. thaliana is generally acknowledged as a model plant in genetic and molecular studies 

(Koornneef and Meinke, 2010). In this context, Weigel and Glazebrook (2002) reported the 

following cultivation conditions for healthy and fertile plants for research purposes: seeds 
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germinate best if seedlings are kept humid for a week. An ideal temperature range of 16 ς 

25°C is suggested, with an optimal 22 ς 23 °C for rapid development. A photoperiod of more 

than 12 hours is required for accelerated reproduction, with an optimum light intensity of 

120 ς 150 µmol/m² sec. Range of humidity should be kept between 25 and 75% since 

humidity above 90% can lead to sterility.  

For the purpose of Molecular Farming, maximal protein yield per surface and per time 

interval is of specific interest. A maximal yield can be achieved with an optimal genotype 

(Chapter 4) and an optimal environment, in which resources, time and space are used in the 

most efficient way for the production of seeds with a high content of recombinant proteins. 

Reports on seed yield, protein content and the influence of environmental factors on these 

characteristics can be found in this context of A. thaliana as a model plant for agronomically 

important crops and traits 

 

In literature, seed yields between 125 mg (Boyes et al., 2001) and 700 mg per plant (Ruebelt 

et al., 2006) are reported for accession Col-0. Little information is available on protein 

contents of seed. Ruebelt et al. (2006) reported a protein content of 25.7% in Col-0. For 

accession Ws-0, a protein content of 41% has been observed (Baud et al., 2002). Growth 

conditions affecting seed yield in A. thaliana have also been studied. First, nitrogen 

fertilization has been proven to have an effect on seed yield. In accession Ws, low nitrogen 

conditions cause more than a twofold reduction in seed yield due to a reduced seed number 

(Lemaitre et al., 2008). Second, light intensity has been shown to affect seed production of 

A. thaliana: seed yield increased by 100%, mass per seed by 40% and oil per seed by 15% 

when light intensity increased from 100 to 600 µmol/m² sec (Li et al., 2006).  

 

Here, we focus on the influence of different cultivation practices on the seed and protein 

yield of Col-0, the most commonly used accession for research purposes. Maximal 

production of seed proteins depends on a combination of a high seed yield with a high 

protein content. The experiments are conducted in greenhouses rather than growth 

ŎƘŀƳōŜǊǎ ǘƻ ǎƛƳǳƭŀǘŜ άǊŜŀƭέ ŎƻƴŘƛǘƛƻƴǎ ƻŦ Ŏƻǎǘ-effective and large-scale cultivation. Within 

the experimental limitations of a greenhouse, the influence of fertilization, growth season 

and sowing density on seed yield and protein content of the seeds is investigated. In 

addition, seed yield and protein content of a mutant resistant to pod shattering was 
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measured, as an interesting alternative for efficient seed harvesting. Finally, possible 

solutions for automation of sowing and harvesting of A. thaliana seeds on a large scale were 

tested. 

 

2. GENERAL METHODOLOGY 

 

2.1 Plant material, general cultivation practices and pest control 

 

For all experiments, seeds of accession Columbia (Col-0) were used. Plants were grown 

under greenhouse conditions, with a temperature set at 21°C during the day and 16°C at 

night. In one greenhouse (P96; ILVO, Plant Sciences Unit, Burgemeester van Gansberghelaan 

96, Merelbeke) 12 hours of assimilation light was provided by high-pressure sodium lamps 

(400 W). In the other greenhouse (P21; ILVO, Plant Sciences Unit, Caritasstraat 21, Melle) the 

same lamps were used for 16 hours of assimilation light during the months of November till 

March. After sowing directly onto soil (potting mix Saniflor; NV Van Israël, Geraardsbergen, 

Belgium), seeds were covered with plastic for two days to keep them humid. Except for one 

set of experiments (optimal use of greenhouse space) all plants were grown in Aratrays® 

(Betatech NV, Ghent, Belgium), in holes with a diameter of 5.5 cm. In every experiment, 

Wuxal Super (N-P-K 8-8-6) was used from the third week on, either in a concentration of 2 

ml per liter of tap water when plants were grown on regular tables, or at an electrical 

conductivity (EC) of 2.0 mS when plants were grown on automatic ebb and flood benches. 

Fertilization and watering continued until plants naturally dried off. All seeds were harvested 

using the Aracon® system (Betatech NV, Ghent, Belgium) to maximize seed recovery. 

Beneficial nematodes Steinernema feltiae (Biobest) were applied as a prevention or curative 

treatment for fungus gnats. Nematodes were diluted in tap water according to the 

instructions of the supplier, and applied on the soil. This procedure was repeated one week 

later for an effective treatment. For the prevention and treatment of aphid infections, 

Confidor 200l was administered once directly on the soil at a concentration of 1ml/l when 

plants were 3 weeks old. 
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2.2 Growth stages and traits measured 

 

Two growth stages were registered: 1) the day on which the first flower bud was visible, and 

2) the day at which senescence was complete and plants were ready for harvest. These 

stages have been defined as growth stage 5.10 and 9.70, respectively (Boyes et al., 2001). 

Rosette diameter was measured as the distance between the longest leaves of the rosette, 

with an accuracy of ± 1 mm. At growth stage 9.70 the number of bolts originating from the 

rosette was counted and registered as the number of primary bolts. The length of the entire 

plant was measured from the rosette until the top of the highest inflorescence, with an 

accuracy of  ± 1 mm. Aboveground dry biomass of the entire plant, including seeds, was 

determined with an accuracy of ± 0.01 g. Seed mass per plant was registered with an 

accuracy of ± 0.1 mg. Harvest index (HI) was calculated as the proportion of seed mass to 

aboveground dry biomass of the entire plant. 

Crude protein content was determined using Kjeldahl analysis, briefly described as follows. 

For each condition, 100 mg of a bulked sample (n = 3 - 10) was added to 7 g K2SO4, 1 ml 

CuSO4.5H2O (0.5 g/ml) and 12 ml H2SO4 (1.84g/ml). Samples were destructed at 420°C during 

90 minutes. After cooling, analyses were performed on a Kjeltec 2300 machine (Foss, 

Denmark). The conversion factor used to calculate the percentage of crude protein content 

was 6.25 (Association of Official Analytical Chemists, 1984). 

 

2.3 Statistical analysis 

 

Only data of plants with an optimal growth were included in the comparative analyses. Thus, 

statistical outliers were removed from the data set if aberrant yields could be related to 

suboptimal growth, e.g., due to drought. Analysis of variance (ANOVA) was performed on 

untransformed data or, if necessary, on square-root transformed data to estimate levels of 

significance among conditions. For one experiment, a non-parametric test (Kruskal-Wallis) 

was done because conditions for ANOVA were not fulfilled after transformation of the data. 

Contrasts between traits in the shatterproof experiment were tested with a two-tailed t-test. 

Simple correlation analysis was used to investigate correlations between different traits 
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measured and correlation coefficients (r) were computed. All statistical analyses were 

performed with Statistica 9.1 (StatSoft inc.). 

 

3. SPECIFIC METHODOLOGY, RESULTS AND DISCUSSION 

 

3.1 Evaluation of the effect of fertilization on seed yield and protein content 

 

3.1.1 Methodology 

 

Different fertilization regimes were applied to A. thaliana plants at a concentration of 2 ml/l 

Wuxal Super (dilution of 58 mg/l NO3, 92 mg/l NH4, 50 mg/l (NH2)2CO, 200 mg/l P2O5 and 150 

mg/l K2O) to determine an optimal fertilization frequency for maximal seed protein 

production. 

In total, four different experiments were conducted. The first trial was sown on 19/11/2007 

in greenhouse P96. Five fertilization regimes were tested (n = 40 for every condition): no 

fertilization, fertilization once at three weeks after sowing, fertilization every week, every 

two weeks and every three weeks. The following traits were measured for all conditions: 

seed yield, protein content of the seeds, growth stages 5.10 and 9.70, evolution of rosette 

size and primary inflorescence length, and number of primary bolts. 

The second experiment was sown at 20/1/2009 in greenhouse P96. This time, three 

fertilization regimes were tested (n = 20 for every condition): Wuxal fertilization applied 

every two weeks, every week and twice every week. Seed yield and harvest index were 

registered.  

The third experiment had the same experimental set-up as the second one (n = 51 for every 

condition), but was sown on 4/3/2009. For this experiment, soil composition was analyzed 

after the experiment for plants which were fertilized every week and every 2 weeks. 

Extraction of water soluble elements (NO3-N, NH4-N) was executed according to EN 13652, 

and NO3-N was measured with a Dionex DX-600 IC ion chromatography (Dionex, Sunnyvale, 

CA). K and P were extracted in ammonium acetate and measured by charge-coupled device 

(CCD) simultaneous inductively-coupled plasma optical emission spectrometry (ICP-OES) 

(VISTA-PRO, Varian, Palo Alto, CA). 
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The fourth experiment was conducted at greenhouse P21 and sown on 23/7/2009. Five 

fertilization regimes were compared (n = 20 for every condition): no fertilization, fertilization 

twice per week, fertilization every week, every two weeks and every three weeks. The 

following traits were measured: seed yield, protein content of the seeds, harvest index and 

soil composition after the experiment. Soil composition was analyzed as described for the 

previous experiment. 

 

3.1.2 Results 

 

Different fertilization regimes were applied to A. thaliana plants in order to determine the 

effect of fertilization frequency on different traits, with special attention for seed yield and 

protein content of the seeds.  

 

In the first fertilization experiment, the following fertilization regimes were applied: no 

fertilization, fertilization once 3 weeks after sowing, fertilization every week, fertilization 

once every two weeks, fertilization once every three weeks. In this experiment several 

parameters were registered: growth of the rosette is shown in Figure 1a. At 17 days after 

sowing all rosettes were about 2 cm in diameter. Fertilization started after 21 days, thus 

until then no difference in rosette diameter could be observed between different 

treatments. Rosettes all continued growing steadily till 3 cm on day 24. From this day on, 

rosettes of plants which were not fertilized at all stopped growing. Plants which were 

fertilized only once or once every three weeks grew until 5 cm on day 35, and then stopped 

growing. Plants which were fertilized every week resulted in the largest rosettes with a 

diameter of about 9 cm, which is three times bigger than those of unfertilized plants (Fig. 

1b).  

 

The second trait measured is the height of the entire plant (Fig. 2). Here too, the ranking of 

the height of the plant is directly related to the fertilization regime; the height is 21.6 cm for 

unfertilized plants and up to 72.4 cm on average for plants which were fertilized every week. 

The longest individual primary inflorescence registered was 85 cm. The effect of fertilization 

applied only once is remarkable: inflorescences are on average 24 cm (more than 100%) 
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longer than those of unfertilized plants. All plants show rapid growth of inflorescences 

between 46 and 66 days after sowing, levelling out from then on until the end of their life 

cycle at 99 days. 

 

 

 

 

 

 

Fig. 1. a Evolution of average rosette diameter (cm) during time after sowing (days) for five fertilization 
regimes. p: fertilization once every week ð: fertilization once every two weeks, ü: fertilization once every 
three weeks, Þ: fertilization once after three weeks, É: no fertilization. n = 40 for every condition b Left: 
rosettes of plants that were never fertilized, Right: rosettes of plants fertilized every week. 

 

 

a 

b 

n = 40 
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Fig. 2. Evolution of average plant height (cm) in time (days). p: fertilization once every week ð: fertilization 
once every two weeks, ü: fertilization once every three weeks, Þ: fertilization once after three weeks, É: no 
fertilization. n = 40 for every condition. 

 

From day 52 on, the number of inflorescences originating from the rosette (primary bolts) 

was registered (Fig. 3). The effect of fertilization is comparable to the former two traits: 

unfertilized plants have the lowest amount of primary bolts (2.3 on average), while plants 

fertilized every week have 5.2 primary bolts on average. 

 

 

Fig. 3. Evolution of average number of primary bolts in time (days). p: fertilization once every week ð: 
fertilization once every two weeks, ü: fertilization once every three weeks, Þ: fertilization once after three 
weeks, É: no fertilization. n = 40 for every condition. 

 

n = 40 

n = 40 
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Seed yields were compared for the five fertilization regimes in this experiment (Fig. 4). As 

expected, plants which were fertilized every week show the highest average seed yield per 

plant: 426 ± 95 mg compared to 19 ± 9 mg on average for plants which were never fertilized. 

Statistical analysis showed that differences in seed yield between all five fertilization regimes 

are significant (p < 0.05). The highest individual seed yield in this experiment was 617 mg for 

a plant which was fertilized every week. 

 

Fig. 4. Seed yield (mg) per plant for five fertilization regimes. A solid line within the box shows the median, 
while the boundaries of the box mark the 25

th
 and 75

th
 percentiles. Whiskers above and below the box 

represent the 10
th

 and 90
th

 percentiles. Outliers are shown as dots. Different letters indicate significant 
differences (p < 0.05) between conditions tested. n = 40 for every condition. 

 

Afterwards, protein content of the seeds was determined for three independent pools (n = 1 

ς 5 plants for every pool) of seeds for every fertilization regime. Seeds of plants that were 

never fertilized were pooled into one bulk sample to reach a sufficient amount of seed for a 

reliable result of the Kjeldahl analysis. The regimes in which no fertilization was applied, or 

only once, showed the lowest protein contents: 14.6 and 13.8%, respectively. The other 

three regimes resulted in protein contents between 18 and 19.5%. Variation between 

different plants of the same fertilization regime was shown to be less than 1% (Table 1). 

Therefore, only one pool of each condition was analyzed in the next experiments where 

protein content was determined. 

n = 40 
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Table 1. Overview of average individual seed yield (mg), protein content (%) of seeds, individual protein yield 
(mg) and protein yield per m² for five fertilization conditions ± standard deviation. 

 

 Individual seed (mg) Protein % Individual protein (mg) Protein/m² (g) a 

None 19 ± 9 14.6 2.64 ± 1.3 0.89 ± 0.44 

1x 92 ± 28 13.8 ± 0.4 13.51 ± 4.1 4.59 ± 1. 39 

1x/3w 113 ± 34 19.4 ± 0.6 22.51 ± 6.8 7.65 ± 2.31 

1x/2w 197 ± 70 18.0 ± 0.5 35.60 ± 12.6 12.10 ± 4.28 

1x/w 426 ± 95 18.8 ± 0.5 80.10 ± 18 27.23 ± 6.12 

a
 Calculated for 340 plants per m² 

 

 

Finally, we analyzed correlations between the different traits measured (Table 2). A clear 

positive linear correlation (r = 0.91) was found between the rosette size and the final length 

of the entire plant. Weaker positive correlations were found between the number of primary 

bolts and rosette size (r = 0.77), height of the entire plant (r = 0.76) and seed yield (r = 0.72), 

respectively. Protein content was only weakly correlated with all other traits measured (r < 

0.60). As shown in Figure 5, the correlation between seed yield and length of the entire plant 

was best described with an exponential correlation (r = 0.92). This was also the case for the 

correlation between seed yield and rosette size (r = 0.90). 

 

 

Table 2. Overview of linear and exponential correlations between all traits measured for five fertilization 
regimes. Exp indicates an exponential correlation. Asterix symbols indicate significant differences (p < 0.05).  

 Rosette (cm) Height (cm) # bolts Seed (mg) Protein % 

Rosette (cm) x     

Height (cm) 0.91 * x    

# bolts 0.77 * 0.76 * x   

Seed (mg) 0.90 * (exp) 0.92 * (exp) 0.72 * x  

Protein % 0.42 * 0.59 * 0.52 * 0.49* x 
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Fig. 5. An exponential correlation between individual plant height and seed yield. 

 

Since the previous experiment indicated the best results were obtained with plants fertilized 

every two weeks and every week, we designed a new experimental set-up. In the next two 

fertilization experiments, the following fertilization regimes were applied: fertilization every 

two weeks, fertilization every week, fertilization twice per week (n = 20 per fertilization 

regime in the first experiment, n = 51 in the second experiment).  

 

Both experiments, grown at different times (sown on 4/1/2009 and 4/3/2009), showed 

significant differences in seed yield between all three regimes applied (p < 0.05). In the first 

experiment, plants which were fertilized twice weekly produced 364 ± 120 mg seeds per 

plant on average, which is twice as much as plants fertilized every two weeks (183 ± 67 mg). 

In the second experiment seed yields were 223 ± 43 mg, 345 ± 68 mg and 422 ± 73 mg  per 

plant on average for fertilization applied once every two weeks, once every week and twice 

every week, respectively (Fig. 6). 
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Fig. 6. Seed yield (mg) per plant for three fertilization conditions, in two trials. Solid line within the box shows 
the median, while the boundaries of the box mark the 25

th
 and 75

th
 percentiles. Whiskers above and below the 

box represent the 10
th
 and 90

th
 percentiles. Outliers are shown as dots. Different letters indicate significant 

differences within the same experiment (p < 0.05). 

 

In these two experiments, harvest index (HI) was calculated for every fertilization regime. As 

shown in Figure 7, there is a downward trend for HI when fertilization is increased in both 

experiments. For fertilization applied once every two weeks, HI is 0.40 on average in the 

n = 20 

a 

b 

1x/2w: n = 51 

1x/w: n = 50 

2x/w: n = 46 
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second experiment. The lowest HI registered is 0.32 for the fertilization regime of twice 

every week, in both experiments. 

 

 

 

 

Fig. 7. Harvest index (HI) per plant for three fertilization conditions. A solid line within the box shows the 
median, while the boundaries of the box mark the 25

th
 and 75

th
 percentiles. Whiskers above and below the box 

represent the 10
th

 and 90
th

 percentiles. Outliers are shown as dots, extreme outliers are shown as asterix 
symbols. Different letters indicate significant differences within the same experiment (p < 0.05). 
 

n = 20 

a 

b 

1x/2w: n = 51 

1x/w: n = 50 

2x/w: n = 46 
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In addition, we examined correlations between the different traits measured (Table 3). The 

only strong linear correlation found, was the positive correlation between dry aboveground 

biomass of the entire plant and seed yield (r = 0.93).  

 

Table 3. Overview of linear correlations between all traits measured for three fertilization regimes. Asterix 
symbols indicate significant differences (p < 0.05). 

 Seed (mg) biomass (g) HI 

Seed (mg) x   

biomass (g) 0.93 * x  

HI 0.05 -0.30 * x 

 

Finally, soil composition was analyzed after the third experiment for plants which were 

fertilized every week and every two weeks. Table 4 shows N values are extremely low for 

both fertilization regimes. For plants fertilized every week P value is 59 mg/l, for plants 

fertilized once every two week the P value of soil is 29 mg/l. K values are 254 mg/l and 188 

mg/l for plants fertilized once every week and once every two weeks, respectively. 

 

Table 4. Soil analysis for macronutrients for two fertilization regimes. 

 NO3-N (mg/l soil) NH4-N (mg/l soil) P (mg/l soil) K (mg/l soil) 

1x/w 12 < 1 59 254 

1x/2w < 1 < 1 29 188 

 

 

In July 2009, a fourth experiment was started with five fertilization regimes in a different 

greenhouse (P21); no fertilization, twice every week, once every week, once every two 

weeks and once every three weeks. Seed yields were not as high as those obtained in 

previous fertilization experiments, but yields of plants fertilized once per week are 

consistent with those of July-sown plants in the annual production experiment, which were 

also fertilized once per week (see Section 3.3) (Fig. 8). Remarkably, no significant differences 

in seed yield were found between plants fertilized every three weeks, every two weeks, 

every week or twice per week. 
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Fig. 8. Seed yield (mg) per plant for five fertilization conditions. A solid line within the box shows the median, 
while the boundaries of the box mark the 25

th
 and 75

th
 percentiles. Whiskers above and below the box 

represent the 10
th

 and 90
th

 percentiles. Different letters indicate significant differences (p < 0.05). n = 20 for 
every condition. 

 

Protein content of seeds was measured of pooled samples (n = 10) of 100 mg. Results 

showed a positive correlation with the fertilization regime: plants fertilized twice per week 

have the highest protein content (28.4%) while those that were never fertilized have the 

lowest content (20.4%) (Table 5). 

 

Table 5. Overview of average individual seed yield (mg), protein content (%) of seeds, individual protein yield 

(mg) and protein yield per m² for five fertilization conditions ± standard deviation. 

 Individual seed (mg) Protein % Individual protein (mg) Protein/m² (g) a 

None 22 ± 12 20.4  4.54 ± 2.4 1.54 ± 0.8 

2x/w 129 ± 44 28.4 36.73 ± 12.5 12.48 ± 4.2 

1x/w 153 ± 57 26.0 40.38 ± 14.8 13.72 ± 5.0 

1x/2w 160 ± 87 24.3 38.94 ± 21.2 13.23 ± 7.2 

1x/3w 111 ± 67 23.5 25.80 ± 15.7 8.77 ± 5.3 

a
 Calculated for 340 plants per m² 

 

n = 20 
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Furthermore, we examined correlations between the different traits measured (Table 6). As 

in the previous experiment, the only strong linear correlation found was the positive 

correlation between dry biomass of the entire plant and seed yield (r = 0.93). 

 

Table 6. Overview of linear correlations between all traits measured for three fertilization regimes. Asterix 
symbols indicate significant differences (p < 0.05). 

 

 Seed (mg) biomass (g) HI Protein % 

Seed (mg) x    

biomass (g) 0.93 * x   

HI 0.62 * 0.37 * x  

Protein % 0.48 *  0.61 * 0.24 * x 

 

Finally, the N, P, K composition of the soil was tested for five conditions after the 

experiment. Table 7 shows increasing values for total N, P and K with increasing fertilization. 

Nutrient levels in soil are very low when no fertilization is applied (< 5.0 mg/ml total N, 13.0 

mg/ml P and 164.0 mg/ml K). When plants are fertilized twice every week, values are 

extremely high: 871.10 mg/ml total N, 221.10 mg/ml P and 712.30 mg/ml K. 

 

Table 7. Soil analysis for macronutrients for five fertilization regimes. 

 NO3-N (mg/l soil) NH4-N (mg/l soil) P (mg/l soil) K (mg/l soil) 

No fertilization < 5.0 < 5.0 13.0 164.0 

2x/w 789.9 81.2 221.1 712.3 

1x/w 451.7 11.9 212.4 623.1 

1x/2w 345.6 < 5.0 284.1 485.4 

1x/3w 131.7 < 5.0 103.1 294.2 

 

3.1.3 Discussion 

 

We evaluated the influence of fertilization frequency on different traits, with a special 

interest for seed yield and protein content of the seeds. In all experiments but one 

(experiment 4), increased fertilization resulted in a significantly higher average seed yield per 

plant. At the Flemish Institute for Biotechnology (VIB), where A. thaliana is used as a model 

plant for fundamental plant research, Wuxal fertilization is applied once every two weeks 
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resulting in an average seed yield of 100 mg per plant (Sylvie De Buck, personal 

communication). Here, we show an increase in seed yield of 100% by simply increasing 

fertilization frequency from once every two weeks to once every week (from 197 ± 70 mg to 

426 ± 95 mg in experiment 1) or to twice every week (from 183 ± 67 mg to 364 ± 120 mg in 

experiment 2 and from 223 ± 43 mg to 422 ± 73 mg in experiment 3). Our first experiment 

not only revealed a higher seed yield, but also a larger rosette diameter, longer flower stems 

and an increased number of primary bolts at higher fertilization frequencies. These traits 

show high positive correlation coefficients with seed yield in the first experiment (Table 2). A 

bigger rosette does not only ensure more photosynthesis capacity but also provides an 

additional source of nitrogen during seed filling. It is known that grain yield depends on both 

nitrogen uptake before flowering and remobilization of nitrogen during seed maturation in 

A. thaliana (Masclaux-Daubresse et al., 2008). In addition, the green floral stems of 

Brassicaceae, including A. thaliana, also contribute to photosynthesis during the 

reproductive phase (Rood et al., 1984). Therefore, an increased plant length and number of 

flower stems can lead to increased grain yield. Regimes with a lower fertilization frequency 

resulted in a higher harvest index, and thus a more efficient use of resources for seed 

production. The lower harvest index for frequently fertilized plants can be explained by the 

fact that the plants are also bigger (length of floral stems) and have a bigger rosette.  

Protein content in seeds was determined for the first and fourth fertilization experiment. In 

the first experiment, protein content was significantly lower in plants which were never 

fertilized or only once (14.6% and 13.8% respectively, compared to protein contents 

between 18% and 19.5% for plants which were fertilized more frequently). It is not surprising 

that plants that are not fertilized sufficiently show both a low seed yield and a poor grain 

filling due to insufficient resources (Lemaitre et al., 2008). No significant differences in 

protein content were observed between plants fertilized once every week, two weeks or 

three weeks. As stated by Masclaux-Daubresse and Chardon (2011), plants grown under 

lower nitrogen conditions preferentially allocate N (an essential element of proteins) to the 

seeds, while plants under high nitrogen conditions allocate N to the vegetative tissues. In 

addition, remobilization from rosette to seeds is a lot higher in plants grown at low N. The 

combination of these two factors can explain the similar protein contents observed under 

different fertilization regimes (Fig. 9). 
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Fig. 9. Schematic overview of N allocation (dark arrow) and N remobilization from the rosette (light grey arrow) 
under low and high N conditions (adapted from Masclaux-Daubresse and Chardon, 2011). 

 

In the fourth experiment, the lack of differences in seed yields is remarkable, but can be 

explained by several peaks of high diurnal temperatures (> 26°C) observed in the summer of 

2009, when this experiment was conducted. It is known that high temperatures cause male 

sterility in A. thaliana by abortion of pollen development (Kim et al., 2001). Thus, reduced 

fertilization causes a decrease in flower and fruit numbers, as has been shown for three 

accessions of A. thaliana (Kipp, 2008). Indeed, other experiments grown in this period (pot 

size experiment, 12 consecutive months, see below) all show low seed yields as well. Protein 

concentrations were generally higher than in the first experiment. The higher protein 

content can be attributed to different environmental conditions since these two 

experiments were grown in different greenhouses and different seasons (winter versus 

summer). Indeed, it is known that climate can have an effect on protein content, e.g., in soy 

bean with protein contents varying between 32 and 41% for the same cultivar in different 

climates (Kumar et al., 2006). In addition, numerous studies have observed a negative 

correlation between seed protein content and seed yield under non-limiting nitrogen 

conditions (Beninati and Busch, 1992 and references therein). As stated below, this 

experiment was indeed grown under non-limiting nitrogen conditions. The negative 

correlation between protein content and seed yield can explain the combination of a low 

seed yield, but high protein contents in this experiment.  
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Soil was analyzed for N-P-K composition in the third and the last fertilization experiment. For 

total N (thus adding NO3-N and NH4-N) optimal values range between 60 and 140 mg/l soil. P 

values ideally are situated between 30 and 70 mg/l soil. For K, values should be situated 

between 150 and 360 mg/l soil (Gabriels et al., 1985). The third experiment showed 

extremely low values for N in both conditions (< 12 mg/l soil), while those for P (29 and 59 

mg/l soil) and K (188 and 254 mg/l soil) were acceptable. In the last experiment, an excess in 

all macronutrients was observed in all conditions where fertilization was applied once every 

two weeks or more (N > 345 mg/l soil, P > 212 mg/l soil and K > 485 mg/l soil). Given the very 

low seed yields in this experiment, these observations are not surprising - since resources 

were not converted into high seed yields, they accumulated in the soil. Since these latter 

results of soil analysis are not representative, they are not taken into account for further 

discussion.  

The Wuxal fertilization we used in our experiments is used as a general fertilizer for high 

value crops in horticulture, agriculture and research.  It has a N-P-K balance of 8-8-6 and a 

full complement of micronutrients as well (Bo, Zn, Cu, Fe, Mn, Mo), thereby  improving 

growth, flowering and fruit performance (Aglukon, 2011). The N-P-K numbers refer to the 

relative weight percentage of the three macronutrients nitrogen, phosphor (as P2O5) and 

potassium (as K2O5), respectively. Nitrogen is a component of amino acids, nucleic acids, 

chlorophyll and coenzymes. It is especially required in large amounts during the vegetative 

phase of plants. Phosphor is a component of ADP and ATP, nucleic acids and phospholipids, 

and stimulates flowering and seed production. Potassium is involved in osmosis, ion balance 

and functioning of stomata, and is required in synthesis of starch and proteins (Schachtman 

and Shin, 2007). Analyzing the soil after experiments, it is clear that A. thaliana lacked only 

N, while P and K values were acceptable. Thus, this should be correctable by using a 

fertilization with higher N values, but similar P and K values. It can be expected that a more 

appropriate fertilization with higher N contents will improve yields further. It is well known 

for a wide variety of agricultural crops, that appropriate fertilization is a crucial factor for 

high grain yields and quality (Wang et al., 2008 and references therein). The importance of N 

is not surprising since it is an essential element of amino acids (and thus proteins) and of 

chlorophyll, which is essential for good photosynthesis. Further experiments to optimize N-

P-K balance could however not be carried out during this dissertation due to time 

limitations. 
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Not only soil is used to cultivate A. thaliana. In literature, several reports can be found on 

the use of hydroponic systems as well. In research, this method of cultivation is preferred for 

studies involving root development and to obtain a better control of plant nutrition. In 

addition, reproducibility of experimental strategies in genetic and molecular plant studies is 

increased. It is known that small external variation can cause high variability in gene 

expression (Singh et al., 2002). Regarding molecular farming, a hydroponic system can offer 

several advantages. Firstly, a uniform production process causes a low variability in the plant 

material produced, e.g., seed yield and expression levels of recombinant proteins. As Colgan 

et al. (2010) stated, a uniform production leads to a better batch-to-batch consistency after 

downstream processing. In addition, no soil is used, which otherwise has to be steamed to 

eliminate all traces of genetically modified organisms, posing extra costs. Different devices 

for hydroponic growth of A. thaliana have been developed in laboratories and reported on in 

literature (Arteca and Arteca, 2000; Gibeaut et al., 1997; Huttner and Bar-Zvi, 2003; Noren et 

al., 2004; Robison et al., 2006; Smeets et al., 2008; Tocquin et al., 2003)Φ ¢ƻŎǉǳƛƴΩǎ 

hydroponic system was commercialized and is being sold online as Araponics® 

(www.araponics.com).  

 

3.2 Comparison of yields between two greenhouses (P96 ς P21) 

 

3.2.1 Methodology 

 

During the project, experiments were conducted in two different greenhouses. In the first 

period of the study, experiments were organized in greenhouse P96. However, due to 

different problems, e.g., continuing aphid infections, experiments were organized in 

greenhouse P21 .The biggest difference between the two greenhouses is the higher degree 

of climate control (Fig. 10). Therefore, an experiment was set up to investigate the influence 

of the greenhouse used on different parameters. Seeds (n = 11 for every condition tested) 

were sown on 4/5/2010 in both greenhouses without additional assimilation light. In both 

greenhouses two fertilization regimes were tested: fertilization once and twice per week at a 

concentration of 2 ml/l Wuxal. Seed yield and protein content were compared between the 

conditions tested. 

 

http://www.araponics.com/
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Fig. 10. Variation in diurnal average temperatures in greenhouse P21 in 2009 (blue) and 2010 (black) . 

 

3.2.2 Results 

 

In a comparative experiment two conditions were tested: the effect of the greenhouse and 

of the fertilization regime. As shown in Figure 11, seed yield is affected the most by the 

greenhouse used: in greenhouse P96 (between 119 and 128 mg per plant, depending on 

condition used), yields are significantly lower than in greenhouse P21 (between 253 and 290 

mg per plant, depending on condition used). No significant effect of fertilization on seed 

yield was observed for either of the greenhouses tested. Protein content of the seeds was 

also determined for all conditions (Table 8). Since protein levels only slightly differed 

between different conditions (between 26.9% and 28.7%), this effect is only marginal on 

total protein yields per plant, compared to the effect differences in seed yield have. 

 

Table 8. Overview of average individual seed yield (mg), protein content (%) of seeds, individual protein yield  

(mg) and protein yield per m² for five fertilization conditions ± standard deviation. 

 Individual seed (mg) Protein % Individual protein (mg) Protein/m² (g) a 

P96 1x/w 119 ± 36 27.7  33.03 ± 10.1 11.23 ± 3.4 

P96 2x/w 128 ± 69 26.7 34.14 ± 18.4 11.61 ± 6.2 

P21 1x/w 290 ± 44 26.9 78.05 ± 11.9 26.54 ± 4.0 

P21 2x/w 253 ± 118 28.7 72.86 ± 34.1 24.77 ± 11.6 

a
 Calculated for 340 plants per m² 
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Fig. 11. Seed yield (mg) for plants grown under different conditions. A solid line within the box shows the 
median, while the boundaries of the box mark the 25

th
 and 75

th
 percentiles. Whiskers above and below the box 

represent the 10
th

 and 90
th

 percentiles. Different letters indicate significant differences (p < 0.05). n = 11 for 
every condition. 
 
 
 

3.2.3 Discussion 

 

A twofold decrease in seed yield was observed for plants grown in greenhouse P96 (123 mg 

on average) compared to P21 (260 mg on average) for both fertilization regimes. Since the 

only variable parameter is the greenhouse used, explanations should principally come from 

differences in climate characteristics. Temperatures were high in both greenhouses, with 

diurnal peaks above 28°C in P21, but record temperatures up to 39°C were observed in P96. 

As mentioned in section 3.1.3, high temperatures have a detrimental effect on fertility and 

thus seed yield (Kim et al., 2001). In addition, relative humidity in greenhouse P96 was a lot 

lower than in P21: 30% and 50% on average, respectively. It is known that a low humidity 

causes stomatal closure in order to reduce an excessive loss of water (Xie et al., 2006). In 

addition, stomatal closure has a negative effect on photosynthesis by reducing gas 

exchanges. These two major differences in climate between P21 and P96 support a twofold 

decrease in seed yield. 

n = 11 
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3.3 The effect of sowing month on seed yield and protein content 

 

3.3.1 Methodology 

 

Seeds (n = 51) were sown in the second week of twelve consecutive months, from July 2009 

until June 2010 in greenhouse P21 to investigate the influence of different seasons on seed 

and protein yield of A. thaliana. Plants were automatically fertilized once every week using 

ebb-flood benches with Wuxal at an electrical conductivity of 2.0 mS. The following traits 

were registered: growth stages 5.10 and 9.70, seed yield, harvest index and protein content 

of the seeds. 

 

3.3.2 Results 

 

It is well known that climate can greatly influence plant growth, and thus also seed yield, 

which was also proven in the previous experiment. Since the climate within a greenhouse is 

not completely independent from the outside world, A. thaliana yields can be expected to 

vary throughout the year. Therefore, a tray with A. thaliana plants (n = 51) was sown every 

month consecutively during one year, to identify the most suitable period of the year to 

grow A. thaliana under our greenhouse conditions. The timing of appearance of floral bud 

shows a bimodal distribution, with peaks in September ς October and January (Fig. 12). 

Figure 12 also shows a variation in length of life cycle throughout the year: plants sown in 

September have the longest life cycle (almost 200 days), while those sown in April have the 

shortest life cycle (less than 100 days).  

The overall average of twelve months was 222 ± 120 mg seed per plant. A large variation in 

average seed yield was observed throughout the year. Plants sown in June only yielded 85 ± 

48 mg per plant, while those sown in October resulted in a yield of 373 ± 120 mg per plant. 

Protein content (pooled sample, n = 10) also varied between different sowing months: plants 

sown in April and harvested in July had a protein content of 29.3% while those sown in June 

contained 24.3% protein. However, the differences in seed yield are some orders of 

magnitude bigger than differences in protein content. Thus, seed yield seems to be the most 

significant yield contributor varying through the year.  
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Fig. 12. Average length in days of vegetative (5.10, dark bars) and reproductive (5.10- 9.70, white bars) phase 
for plants (n = 51) sown in twelve consecutive months. Months in which plants were harvested are indicated on 
the right side of the bars.  

 

Altogether, together with October and February, March was identified as the sowing month 

with the highest combined seed and protein yield, taking into account the length of life cycle 

(207.28 mg protein/day/m²), which is almost four times higher than the lowest scoring 

sowing month June (57.64 mg protein/day/m²) (Fig. 13). An overview for all results of twelve 

months is presented in Table 9. 

 

 

Fig. 13. Average protein yield (mg/day/m²) for twelve consecutive months. Bars indicate standard deviation. 

 

n = 51 

 



OPTIMIZING CULTIVATION PRACTICES FOR A. THALIANA (COL-0) 

75 

Table 9. Overview of all traits measured for plants sown in 12 consecutive months. Different letters indicate 
significant differences (p < 0.05). 

 5.10 (d) 9.70 (d) Seed (mg) Protein content Protein/day/m² (mg) 

Jul 20 140 147.5 ± 45 a 26.5 % 83.84 ± 25.50 a,b 

Aug 30 182 153.5 ± 51 a 28.1 % 70.99 ± 23.39 b 

Sep 50 193 256.1 ± 130 b 27.3 % 108.74 ± 55.40 a,c 

Oct 43 164 373.8 ± 120 c 25.7 % 175.62 ± 56.49 d,e 

Nov 32 148 270.0 ± 113 b,d 26.0 % 142.17 ± 59.31 f,g 

Dec 35 129 197.8 ± 69 a 27.2 % 109.20 ± 38.34 c,f 

Jan 41 131 270.5 ± 110 b,d 27.1 % 168.07 ± 68.67 d,g 

Feb 32 130 319.1 ± 112 c,d 24.2 % 178.48 ± 62.64 d,e 

Mar 27 114 294.7 ± 93 b,d 26.7 % 207.28 ± 65.45 e 

Apr 34 104 141.9 ± 37 a,e 29.3 % 120.08 ± 30.98 c,f 

May 21 124 162.8 ± 53 a 28.9 % 113.82 ± 36.72 a,c 

Jun 21 108 85.1 ± 49 e 24.4 % 57.64 ± 33.13 b 

 

 

Finally, correlations were analyzed between all traits measured (Table 10). Weak positive 

correlations was found between time till flowering (5.10) and the length of the entire life 

cycle (9.70) (r = 0.55). We only found a weak negative correlation between protein content 

and seed yield (r = -0.24). 

 

 

Table 10. Overview of linear correlations between all traits measured for seeds sown in twelve consecutive 
months. Asterix symbols indicate significant differences (p < 0.05). 

 

 5.10 (days) 9.70 (days) Seed (mg) Protein % 

5.10 (days) X    

9.70 (days) 0.55 * X   

Seed (mg) -0.41 * 0.20 * X  

Protein % 0.06 0.06 -0.24 * X 

 

 

 



CHAPTER 3 

76 

3.3.3 Discussion 

 

We evaluated the yield of 12 consecutive sowing months to determine the optimal period of 

the year to grow A. thaliana Col-0 for maximal production. Further research can determine 

whether other accessions (evaluated in Chapter 4) can be used in those months where Col-0 

is less productive. Despite the use of a climate-controlled greenhouse system, differences in 

plant growth and seed yield were noticed throughout the year. The number of days till 

appearance of the floral bud varied between 20 days and 50 days. Not surprisingly, the 

shortest time till flowering was registered in summer months (May, June, July) in which 

natural day light is approximately 16 hours. It is well known that flowering is accelerated by 

long days, as mediated by the photoperiod pathway (Blazquez and Weigel, 1999; Koornneef 

et al., 1998; Levy and Dean, 1998; Mockler et al., 2003). The longest time till flowering was 

registered for sowing month September. In autumn, day light hours shorten to less than 12 

hours. In addition, assimilation light was only turned on in the beginning of November in our 

greenhouse. This is clearly reflected in our 5.10 data, in which the number of days until 

transition to reproduction is reduced again from November on. 

Our data show the highest yields (mg protein/m²/year) for those plants which were sown in 

March, with yields almost four times higher than those sown in June. The lowest seed yields 

were observed in plants sown between April and August and harvested between August and 

February. An explanation for these low yields can be found in temperature data registered 

by the climate computer in the greenhouse. Peaks of diurnal average temperatures above 

26°C can be found in August 2009 and in May, June and July 2010. It is known that heat 

stress can severely reduce fertility in A. thaliana (Kim et al., 2001). In addition, seed yields 

were also reduced in winter. For example, for plants sown in December and harvested in 

April, an average seed yield of 200 mg per plant was obtained. This reduction cannot be 

attributed to high temperatures since climate figures from the greenhouse show a very 

stable temperature in the greenhouse in winter months. However, a reduced photoperiod 

can also explain lower seed yields observed during these months. Indeed, a shorter 

photoperiod leads to a decreased photosynthesis activity which causes a reduced source of 

carbon and thus energy for the plant (Gibon et al., 2004). Since plants sown in December 

only senesced in mid-April, they were grown for 6 weeks without assimilation light under 

short natural day light hours. 
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Further experiments should be conducted to clarify the exact underlying causes of these 

reduced yields. With this knowledge, climate and photoperiod conditions can be adjusted 

accordingly to provide an optimal environment to grow A. thaliana all year long. Our results 

pointed out some factors to take into account: since high temperatures probably severely 

decreased yields, ventilation should be improved in summer months. In addition, increasing 

the use of assimilation light from September till April will most likely increase yields as well. 

However, the high energy costs of assimilation light should be taken into account and 

balanced against the potential yield gains. 

 

 

3.4 Optimal use of greenhouse space for maximal seed yield and protein 

content 

 

3.4.1 Methodology 

 

Two experimental set-ups were used to identify the optimal use of greenhouse space. In the 

first set-up, seeds were sown on 3/11/09 in greenhouse P21 in rectangular trays (29 x 51 cm) 

at distances of 4 cm (n = 36), 6 cm (n = 32), 8 cm (n = 28) or 12 cm (n = 15) (fig. 14). 

Additionally, 1 gram of seed was sown in one tray as a bulk experiment. Plants were 

fertilized automatically once per week with Wuxal at an electrical conductivity of 2.0 mS, 

using the automated ebb-flood benches. Seed yield and protein content of seeds were 

registered. 

The second set-up was repeated twice, on 24/7/2009 and 6/7/2010, both in greenhouse 

P21. Here, seeds were sown in pots of different diameters, 5.5 cm, 8 cm and 13 cm (n = 10 

for every condition tested). Plants were fertilized with Wuxal at a concentration of 2 ml/l 

once every week on tables because individual pots were not stable on ebb and flood 

benches. Seed yield and protein content were registered.  
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3.4.2 Results 

 

In the first experiment seeds of the tray sown in bulk could not be harvested efficiently 

without the Aracon® system. Since many seeds were lost on the soil, these yields are not 

included in the results (Fig. 15a). Figure 15b shows the average seed yields per plant for the 

four remaining conditions. The highest individual seed yields were obtained when seeds 

were sown at wider spaces in between plants. Seed yields up to 1380 mg were obtained for 

one single plant, which is an extraordinary high yield for one single A. thaliana plant, and the 

highest we have observed in all the experiments carried out in this study. This high individual 

yield proves that A. thaliana has an enormous potential for further increasing seed yields. 

 

 

 

Fig. 14. Experimental set-ups to determine optimal use of greenhouse space. Seeds were sown at different 
distances in trays filled with soil. 

 

 

Of course, the individual seed yield is not as important as the yield per m² when optimizing 

the use of space in a greenhouse. Therefore, seed yields per m² were calculated (Table 11). 

Plants sown at 4 cm show the highest yield with 216 ± 27 g/m². Protein content was 

determined for all five conditions, but little variation was detected. Therefore, this factor did 

not influence the outcome of protein yields per m². In conclusion, plants grown closer to 

each other, result in higher yields per m². Protein yields ranged between 14.5± 4 g/m² for 12 

cm till 57.2 ± 16 g/m² for 4 cm. 
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Fig. 15. a Seeds of the tray sown in bulk could not be harvested efficiently and were lost on the soil.b Seed yield 
(mg) per plant for four sowing distances. A solid line within the box shows the median, while the boundaries of 
the box mark the 25

th
 and 75

th
 percentiles. Whiskers above and below the box represent the 10

th
 and 90

th
 

percentiles. Outliers are shown as dots. Different letters indicate significant differences within the same 
experiment (p < 0.05). 
 

 

 

 

 

 

12 cm: n = 15 

8 cm: n = 28 

6 cm: n = 32 

4 cm: n = 36 

a 

b 
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Table 11. Overview of harvest index, seed and protein yield per m² for plants sown at different distances. 
Different letters indicate significant differences (p < 0.05). 

 

 g seed/m² Protein % g protein/m² 

12 cm 56.2 ± 15 a 25.9 14.5 ± 4 a 

8 cm 126 ± 27 b 25.8 32.6 ± 7 b 

6 cm 187 ± 51 c 25.6 47.9 ± 13 c 

4 cm 216 ± 60 d 26.5 57.2 ± 16 d 

Bulk /  24.0 /  

 

 

The second set-up, using pots with three different diameters, was repeated in two 

consequent years. The same parameters were registered as in the first experiment: seed 

yield and protein content of the seeds. In both trials individual seed yields were highest for 

plants grown in pots with a diameter of 13 cm (436 ± 109 and 585 ± 87 mg, respectively) and 

lowest for plants grown in 5.5 cm (133 ± 50 and 253 ± 64 mg respectively) (Fig. 16a and b). 

 

 

 

 

n = 10 

 

a 
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Fig. 16. Seed yield (mg) per plant for three pot sizes, in two trials. Solid line within the box shows the median, 
while the boundaries of the box mark the 25

th
 and 75

th
 percentiles. Whiskers above and below the box 

represent the 10
th

 and 90
th

 percentiles. Outliers are shown as dots. Different letters indicate significant 
differences within the same experiment (p < 0.05). 

 

When calculating seed yield/m², plants grown in the smallest pots (diameter of 5.5 cm) are 

most interesting for optimal greenhouse space, producing more seeds per m²: 56 ± 21 g/m² 

and 106 ± 27 g/m² for each trial, respectively. Protein contents within the experiment 

showed some variation between pot sizes in the first experiment, but little variation was 

noted in the second experiment. However, protein levels were significantly higher in the first 

trial, where seed yields were lower. Overall, plants grown in 5.5 cm pots yielded 16.4 ± 6 and 

27.0 ± 7 g protein/m² respectively (Table 12). 

 

Table 12. Overview of average seed and protein yield per m² for plants sown in different pot sizes, for two trials 
of the experiment (1 and 2).  

 g seed/m² Protein % g protein/m² 

 Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 

5.5 cm 56 ± 21 107 ± 27 29.2 25.3 16.4 ±  6 27.0 ± 7 

8.0 cm 39.4 ± 6 73.0 ± 16 28.0 25.3 11.0 ± 2 18.5 ± 4 

13.0 cm 32.9 ± 8 44.1 ±  6 26.4 24.5 8.70 ± 2 10.8 ±  1 

 

n = 10 

 

b 
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Finally, a strong negative correlation is found between seed yield and protein content of the 

seeds (-0.72). 

 

3.4.3 Discussion 

 

Optimal use of greenhouse space was analyzed by sowing A. thaliana seeds at different 

distances and in different pot sizes. It is well known that plants growing close to each other 

experience competition for resources such as nutrients and light. Indeed, our findings 

suggest that plants grown at a larger distance from their neighbors produce significantly 

more seeds than those grown close to each other. In the pot size experiment, there is no 

competition effect since only one plant was grown per pot. The higher seed yields obtained 

from plants grown in large pots are rather due to the availability of more substrate and 

fertilization. Higher individual seed yields are interesting when a goal of maximal progeny 

should be achieved, for example in up-scaling. However, from the viewpoint of maximal use 

of space in the greenhouse for maximal yields, we showed that (1) plants in small plots, and 

(2) plants grown close to their neighbors, produce significantly more seeds per m². We also 

sowed one tray in bulk, which resulted in small plants (Fig. 17) with plentiful seeds, but 

without the use of an appropriate harvesting system, such as the Aracon® system, too many 

seeds are lost due to pod shattering (Fig. 15a). 

Even though the two independent experiments both showed the smallest pot size is most 

suitable for optimal use of surface area, the difference in seed yield between both 

experiments is remarkable: the experiment sown in July 2010 yielded twice as much seed as 

the one sowed in July 2009. Since many environmental factors can influence seed yields, 

even in a greenhouse, it is not straightforward to find the cause (or causes) for this yield 

difference. However, temperature data show 6 peaks with a 24-hour average of 24 °C or 

more in the summer of 2009, but only one diurnal peak of 24°C in the summer of 2010. Since 

high temperatures are known to reduce fertility, this might explain the effect on final seed 

yield in both experiments (Kim et al., 2001).  

In the pot size experiment, significant differences in protein yields were observed that are 

negatively correlated to seed yield. In the first experiment, seeds sown in smaller pots show 

lower individual seed yields but higher protein contents. In the second experiment, protein 
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contents were similar between pot sizes, but generally lower than the first experiment, while 

seed yields were higher. This negative correlation between seed yield and protein content 

has been noted in many agricultural crops (Beninati and Busch, 1992 and references 

therein). 

 

Fig. 17. Seeds sown in bulk results in very small plants (two weeks old). 

 

3.5 The shatterproof mutant 

 

3.5.1 Methodology 

 

A double shatterproof mutant was ordered in a Col-0 background at NASC (Nottingham 

Arabidopsis stock center) (Stock ID N3844) to measure whether these mutations have an 

influence on seed and protein yield. Seeds (n = 25) were sown on 8/8/2009 in greenhouse 

P21. The monthly production batch of August was used as a negative control. Plants were 

fertilized automatically once weekly on the ebb and flood benches with Wuxal at an 

electrical conductivity of 2.0 mS. Seed yield and protein content were registered. 

 

3.5.2 Results 

 

The double shatterproof mutant is of interest because of its incapacity for pod shattering, 

thus eliminating the risk of seed loss. However, no data are available whether seed and 

protein yields are affected by this mutation. Therefore, these parameters were compared 

between the double shp mutant (n = 25, also in Col-0 background) and a set of wildtype 

A. thaliana Col-0 plants (n = 51). Variation in individual seed yield was high for both sets, and 
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no significant difference was observed between them (Fig. 18). There was also no large 

difference observed between protein contents of the shp mutant (26%) and wildtype 

A. thaliana (28%). Thus, the shatterproof mutant produces the same amount of seeds with a 

similar protein content as wildtype A. thaliana Col-0. 

 

 

Fig. 18. Seed yield (mg) per plant for wildtype (WT) plants and the double shatterproof mutant (shp1&2). A 
solid line within the box shows the median, while the boundaries of the box mark the 25

th
 and 75

th
 percentiles. 

Whiskers above and below the box represent the 10
th

 and 90
th
 percentiles. 

 

3.5.3 Discussion 

 

A shatterproof double mutant can be used to solve the problem of excessive loss of seeds at 

harvest. In this mutant, two MADS-box genes (SHATTERPROOF, SHP1, and SHATTERPROOF2, 

SHP2) are knocked out. Since these genes are required for fruit dehiscence in A. thaliana, a 

mutant with a double knock-out of SHP1 and SHP2 prevents seed dispersal and thus 

unwanted loss of seed. The double knock-out mutant is protected through a patent since 

нллмΣ ǿƛǘƘ ŀ ǇŀǘŜƴǘ ŘǳǊŀǘƛƻƴ ƻŦ нл ȅŜŀǊǎ ό²hнллмκлтфрмт ά/ƻƴǘǊƻƭ ƻŦ ŦǊǳƛǘ ŘŜƘƛǎŎŜƴŎŜ ƛƴ 

Arabidopsis ōȅ LƴŘŜƘŜǎŎŜƴŎŜм ƎŜƴŜǎέύΦ Liljegren et al. (2000) report there are no other 

phenotypic differences in plant characteristics, but seed yield and protein content are not 

mentioned. Our experiment showed that seed yield and protein content of the seeds of this 

double mutant are comparable to wildtype A. thaliana. Thus, this double mutant can be 

WT: n = 51 

shp 1&2: n = 25 
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used to prevent loss of seed at harvesting without a decrease in seed and protein yield. 

However, the harvesting machine presented in the section below should be changed 

accordingly since more force will be needed to release the seeds from the siliques. Another 

option is to build a machine focusing on removal of the siliques from the rest of the plant 

without releasing the seeds, since recombinant proteins can be extracted from seeds within 

the siliques as well. 

 

3.6 Automatic sowing of Arabidopsis thaliana seeds 

 

In the previous sections, we have focused on a variety of environmental conditions 

influencing the biological yields of A. thaliana. In the following section, we examine ways to 

optimize cultivation techniques, i.e., sowing (Section 3.6) and harvesting (Section 3.7) of A. 

thaliana. Since A. thaliana is predominantly used on a small-scale for research purposes, 

sowing and harvesting of seeds is usually manual work in labs working with A. thaliana. 

However, this would be too time-consuming and thus too costly on a larger scale. Leaves of 

A. thaliana have been used on a commercial scale, however. The Danish company Cobento 

used transgenic A. thaliana leaves for the production of recombinant human intrinsic factor 

(rhIF, see Chapter 8). Here, plants were grown hydroponically on tables, with leaves 

emerging through the holes of a solid metal layer. Leaves were easily harvested manually by 

scraping off all biomass above this metal layer (Fig. 19). A similarly efficient method does not 

exist for seeds yet. Here, we present possible solutions for automated sowing and harvesting 

of A. thaliana seeds on a large scale. 

 

 

Fig. 19. An easy harvest method for A. thaliana leaves, grown hydroponically through holes in a metal layer. 
 



CHAPTER 3 

86 

3.6.1 Methodology 

 

Mechanical sowing was evaluated using a cylindrical sowing machine (Flier Systems BV, The 

Netherlands) at Rudy Raes NV (Destelbergen, Belgium). Seeds were sown in trays containing 

80 cells each. The size of one tray was 30 cm x 50 cm, thus a sowing density of 530 plants per 

m² was achieved. Trays are automatically filled with soil and moisturized. Then, a vacuum 

cylinder, to which seeds are stuck at fixed distances, releases the seeds individually per row 

in the tray, which moves along on a conveyor belt. Doing so, this machine can automatically 

sow 150 trays per hour. 

An initial experiment was carried out with uncoated seeds. Sowing efficiency was evaluated 

by counting the number of seedlings per cell one week and one month after sowing. A 

second experiment used coated A. thaliana Col-0 seeds. Coating of the A. thaliana seed was 

performed by SeedTuning NV (Venhuizen, the Netherlands), resulting in coated seeds with a 

uniform diameter of 0.8 - 1.10 mm, instead of the natural, non-uniform diameter of 0.4 mm 

of uncoated seeds. Here, sowing efficiency was evaluated by counting both the white coated 

seeds directly after sowing, and the emerged seedlings one month after sowing. 

 

3.6.2 Results 

 

First, uncoated seeds with a diameter of 0.4 mm and non-uniform shape (Fig. 20) were sown 

automatically. Because the brown seeds are not easily detected on soil, we counted 

emerging seedlings one week and one month after sowing to assess the effectiveness of the 

sowing machine.  

 

Fig. 20. Non-uniform, oval shape of A. thaliana seeds, accession Col-0 (Passardi et al., 2007). 
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One week after sowing, 30% of the cells did not contain a seedling, 47% contained one 

seedling, and 23% contained 2 or more seedlings. One month later, seedlings were counted 

again, resulting in a decrease in empty cells to 23%. This can be explained by the unequal 

germination of the seed since seeds were not stratified by a cold treatment prior to sowing. 

After a month, 48% contained one plant, 29% contained two or more plants (Fig. 21). Cells 

containing two or more plants are not a problem, as from our observations it was clear that 

they produce an equal amount of seeds per cell compared to cells harboring a single plant 

(results not shown). 

 

 

Fig. 21. Number of plants/cell using uncoated seeds for automated sowing. The white columns indicate the 
number of plants/cell a week after sowing, the dark columns indicate the number of plants a month after 
sowing. Standard deviations are shown on the columns. n=10 trays of 80 cells each. 

 

 

Second, coated seeds were sown using the same sowing machine (Fig. 22a). Seeds were now 

counted in each cell visually right after sowing, resulting in 99.5% of the cells containing one 

coated seed. Visual counting was possible due to the bright white color of the coating. One 

month later seedlings were counted, resulting in 92% of the cells with one plant and 3% with 

no plants (Fig. 22b). Some cells contained two plants, most likely due to packaging of two 

seeds together in one coating during the coating process. 
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Fig. 22. a Uncoated brown seeds (upper part) and coated white seeds (lower part) of A. thaliana   b Number of 
plants/cell using coated seeds for automated sowing. The white columns indicate the number of seeds counted 
immediately after sowing, the dark columns indicate the number of seedlings counted one month after sowing. 
Standard deviations are shown on the columns. n = 10 trays of 80 cells each. 

 

 

3.6.3 Discussion 

 

To produce A. thaliana on a large scale, manual labor should be minimized as much as 

possible since this poses high costs (see Chapter 7). Therefore, we have explored the 

possibilities to automate sowing of the small A. thaliana seeds. Using coated seeds for 

automated sowing resulted in almost 100% efficiency, in contrast with the automated 

sowing carried out using the natural, non-uniform and smaller seeds. Taking into account 

that the sowing machine used can process 150 trays of 80 cells per hour, this work 

demonstrates that sowing large amounts of seeds is possible. Indeed, 1 are of greenhouse 

surface (600 trays, 48000 plants) can be sown automatically in 4 hours. Thus, automated 

sowing of A. thaliana seeds poses no problems.  

 

 

 

 

 

 

 

a b 
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3.7 Automatic harvesting of Arabidopsis thaliana seeds 

 

3.7.1 Methodology and results 

 

Seed harvesting is an important problem in using A. thaliana as a seed-based platform for 

recombinant proteins since a lot of valuable seeds can be lost due to shattering of the seeds 

from the siliques. The Aracon® system is very effective on a small scale, but the manual 

handling and individual harvesting of plants is too time-consuming and thus too expensive 

on a large scale. Therefore, an effort was undertaken in collaboration with KaHo Sint Lieven 

University College to design a harvesting machine specifically for the small seeds of 

A.  thaliana (Fret and Van Overbeke, 2009). 

Harvesting of A. thaliana (or any plant) seeds can be divided into three phases: 1) cutting off 

and collection of plants with maximal recovery of seeds, 2) threshing, which is releasing 

seeds from siliques, 3) separation of seeds from other plant parts. For the first part, the 

following procedure is suggested: the tray can be turned upside down and moved along 

shears to cut plants at the base. However, practical problems of soil falling down could not 

be solved yet within this project. All plant material is collected through a funnel to enter the 

second phase, the threshing phase. A construction has been built with two brushes moving 

inside a threshing cylinder. At the same time, this cylinder is also a sieve (ø 500 µm) for the 

first separation of seeds from the rest of the plant. The third part consists of two steps: first 

seeds are further separated in a sieving cylinder (ø 400 µm) which is constructed in a 

concentric way around the inner threshing cylinder. Then, seeds can be passed on to the 

next module for a final separation. For this final part, several applications already exist for 

other small seeds used in agriculture, e.g., Begonia seeds. Several machines were tested, of 

which air separation was found to be most useful (Fig. 23b-c). The seed air separator uses 

underpressure to separate particles of a different mass into different compartments. In this 

phase of separation, seeds are the heaviest particles remaining. For this project a module 

was built consisting of a threshing unit to release seeds from the siliques, and a sieve unit to 

remove unwanted plant parts (Fig. 23a). 
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Fig. 23. a Threshing and sieving unit of an Arabidopsis harvesting machine b A seed air separator uses 
underpressure to separate the seeds from the rest of the plant c Result after seed separation. Left: Seed 
fraction, Right: Rest fraction. 

 

a 

b 

c 
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3.7.2 Discussion 

Just like the agriculturally important oilseed crop Brassica napus, A. thalianaΩǎ ǎŜŜŘ ŘƛǎǇŜǊǎŀƭ 

is achieved by pod shattering. In B. napus pod shattering causes annual seed losses of 20%, 

and even up to 50% under bad weather conditions (MacLeod, 1981). In research, the 

Aracon® system is often used to prevent seeds from being lost on the soil and to collect 

them. However, this system is expensive, labor intensive and is only designed to harvests 

seeds of individual plants. This is not useful for large scale, bulk seed production. In addition, 

the Aracon® sheets with a length of about 30 cm are not large enough for fertilized plants, 

which can reach a height of more than 70 cm (Fig. 2). One solution to prevent the loss of 

seeds has been described in Section 3.5, using a double knock-out mutant which cannot 

disperse seeds anymore. In addition, an effort was undertaken to design a harvesting 

machine specifically for the small seeds of A. thaliana. A machine consisting of a threshing 

unit to release seeds from the siliques, and a sieving unit to remove unwanted plant parts 

was developed. However, further optimization of this module is necessary since significant 

amounts of seed were still lost inside the machine. The machine was built to harvest entire 

trays in large-scale production of A. thaliana, but the same concept can be used for 

individual harvest of plants at the lab scale. Additionally, a unit to gather plants in the 

greenhouse without losing seeds and to introduce the plant material into the machine 

should still be developed. 

 

4. CONCLUSION 

 

To optimize A. thaliana production as a platform for recombinant proteins, we evaluated 

different cultivation practices for optimal growth with maximal seed and protein yield. Little 

information on optimal cultivation conditions is available in literature since A. thaliana is 

almost exclusively used in research as a model plant. Even though research has shown 

expression of recombinant proteins is very effective in A. thaliana seeds, the lack of 

knowledge on optimal cultivation conditions, and thus the lack of knowledge on yields which 

can potentially be achieved in A. thaliana, has hampered its development as a production 

platform in Molecular Farming so far. However, our results show the potential A. thaliana 

has by using optimal cultivation conditions. 
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First, increasing fertilization till 2 ml Wuxal Super twice per week resulted in seed yields two 

times higher than the standard regime of fertilizing once every two weeks. However, 

optimization to a good balance between macronutrients is still necessary, specifically 

focusing on higher nitrogen levels. Second, October, January, February and March were 

identified as sowing months yielding the highest amount of protein per time unit. Plants 

generated in March yielded four times more seeds than those sown in June. Lower yields in 

other months were most likely due to stress factors such as heat and insufficient light. 

Adapting the greenhouse climate to an optimal growth environment for A. thaliana can 

further increase yields, taking economic considerations into account as well. Finally, it was 

clear that sowing plants closer to each other or using smaller pots results in a better use of 

space in the greenhouse for maximal yields. Plants sown at 4 cm between plants yielded four 

times more seed per m² than those sown at  12 cm. Sowing plants in pots of 5.5 cm instead 

of 13 cm diameter resulted in a 2.5 increase in seed yield. Even though consistent results 

over all experiments could not be obtained due to varying greenhouse conditions, these 

results show there still is potential to further increase seed yields in A. thaliana. We suggest 

further research on fine-tuning and combining the previous cultivation effects for an optimal 

yield.  

In addition, not only the influence of environmental factors on seed yield and protein 

content should be analyzed, but also the influence on expression levels of recombinant 

proteins. The effect of environmental factors on recombinant protein accumulation has 

been studied in tobacco leaves (Colgan et al., 2010). Day length, compost nitrogen content, 

radiation, plant density and temperatures were varied. Results showed only temperature 

had an effect on relative recombinant protein accumulation (expressed in % of total soluble 

protein). However, all other factors did have an effect on total biomass accumulation and 

protein content of the leaves and could thus increase recombinant protein yields in this way. 

 

Automation of cultivation practices is very important for large-scale production of 

A. thaliana to exclude costly manual work as much as possible. We showed that automatic 

sowing of coated A. thaliana seeds was very efficient. Automating the harvest procedure, 

however, still needs further research, with a special focus on efficient collection of the plant 

material and entry into the harvesting machine. 
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Abstract 

The aim of this study was to select accessions of Arabidopsis thaliana with a high potential as 

a platform for seed-specific production of recombinant proteins. Seven characteristics were 

measured for 96 accessions: days to first flower bud, days to complete senescence, rosette 

size, number of main bolts, dry biomass of plant, seed yield and protein content of seeds. 

Three characteristics (length of life cycle, seed yield and protein content) were used to select 

accessions with a maximal yield. A variation of length of life cycle between 87 ± 11 days (Ler-

1) and more than 200 days (several accessions) was registered. Seed yields per accession 

varied between 18 ± 16 mg (Wa-1) and 274 ± 76 mg (Mr-0). Protein content ranged between 

30% (Ws-2) and 38% (Cvi-0). Based on the results of this study, accession Nok-3 is selected as 

a well-suited accession for exploitation as a seed-based platform for the production of 

recombinant proteins. Nok-3 has a high seed yield (194 ± 66 mg) combined with a moderate 

protein content of 34.8 % and short life cycle of 126 ± 17 days, resulting in a calculated 

protein yield per year three times higher than reference accession Col-0. This study 

illustrates the unexploited variability present in the Arabidopsis gene pool that can be used 

directly for further optimization of Arabidopsis seeds as production platform.  In 

combination with A. thalianaΩǎ ǊŀǇƛŘ ƭƛŦŜ ŎȅŎƭŜΣ ŦƭŜȄƛōƛƭƛǘȅΣ ŀƴŘ ƘƛƎƘ ŦŜǊǘƛƭƛǘȅΣ ǘƘƛǎ ƳŀƪŜǎ ƛǘ ŀƴ 

attractive platform for the production of specific groups of recombinant proteins, such as 

high-purity products produced on a relatively small scale.  

 

1. INTRODUCTION 

 

In Chapter 3, we showed that A. thaliana yields can greatly be enhanced by changing 

environmental conditions. However, not only an optimal environment is necessary for 

maximal yields, but also an optimal genotype. Therefore, we explored the existing genetic 

variation in A. thaliana. Thousands of different accessions of A. thaliana have emerged 

through evolution. Two accessions popularly used for research are Colombia (Col) and 

Landsberg erecta (Ler) because of their early flowering and high fertility. Natural variation of 

more than 60 characteristics, such as flowering time, leaf length, fruit number, germination 

percentage and seed weight, has been described for A. thaliana (Fu et al., 2009). Similar 

variation can thus be expected in seed yield and protein content. The natural variation 
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within the species A. thaliana may allow selection for seed and protein yield increases, which 

would lead to further optimization of an Arabidopsis seed-based platform for the production 

of recombinant proteins. The current study is the first large-scale comparative study for this 

purpose. In this study, we have compared a set of 96 accessions (Nordborg et al., 2005) 

under controlled greenhouse growing conditions to identify those with a high combination 

of seed yield and protein content. 

 

2. METHODOLOGY 

 

2.1 Plant material and growth conditions 

 

A seed stock of 96 different accessions of A. thaliana was obtained from NASC (Nottingham 

Arabidopsis stock center, Stock ID N22660, Nordborg collection). These accessions originate 

from a wide range of habitats and geographic origins and were therefore expected to 

represent a broad range of genetic diversity. Ten seeds of each accession were sown 

individually in 5.5 cm-diameter pots filled with potting mix (Saniflor; NV Van Israël, 

Geraardsbergen, Belgium) after two days of imbibition at 4°C. The pots were watered and 

covered with plastic for two days to keep humidity high. From the third week on, all plants 

were equally subirrigated as needed, once or twice per week with tap water containing 

Wuxal Super fertilizer (NPK 8-8-6) at electrical conductivity of 2.0 mS. Irrigation continued  

until plants naturally dried off completely (growth stage 9.70 according to Boyes et al. 

(2001); see below). All plants were grown for 200 days in a greenhouse from May to 

November 2009. Natural light conditions were used until the beginning of November. From 

then on, 16 hours of supplemental assimilation light (400W High-pressure sodium lamps) 

was provided. Typical average day temperatures during this period were 21°C during the day 

and 15°C at night. Diurnal temperature average was 17.5°C ± 2°C, with a humidity of 64.8% ± 

8.6% on average.  
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2.2 Growth stages and traits measured 

 

For all accessions two growth stages were registered: 1) the day on which the first flower 

bud was visible, and 2) the day at which senescence was complete and plants were ready for 

harvest. These stages have been defined as 5.10 and 9.70, respectively, by Boyes et al. 

(2001). Rosette diameter was measured at growth stage 5.10, as the distance between the 

longest leaves of the rosette, with an accuracy of ± 1 mm. At growth stage 9.70 the number 

of bolts originating from the rosette was counted and registered as the number of primary 

bolts. Dry biomass of the entire plant, including seeds, was determined with an accuracy of ± 

0.01 g. Seeds from individual plants were harvested manually using the Arasystem (Betatech 

NV, Ghent, Belgium) and seed mass per plant was registered with an accuracy of ± 1 mg.  

Crude protein content was determined using Kjeldahl analysis, briefly described as follows. 

For each accession, 100 mg of a bulked sample (n = 3-10) was added to 7 g K2SO4, 1 ml 

CuSO4.5H2O (0.5 g/ml) and 12 ml H2SO4 (1.84g/ml). Samples were destructed at 420°C during 

90 minutes. After cooling, analyses were performed on a Kjeltec 2300 machine (Foss, 

Denmark). The conversion factor used to calculate the percentage of crude protein content 

was 6.25  (Association of Official Analytical Chemists, 1984). 

Average protein yield per year was calculated for each accession as follows: 

Average protein yield (mg/year) = Average seed yield (mg) * Protein % *number of 

production cycles/year, with number of production cycles/year calculated as 365 

days/number of days to complete life cycle, i.e. to reach growth stage 9.70 (days).  

 

2.3 Experimental design and statistical analyses 

 

A randomized block design was used to minimize possible environmental effects in the 

greenhouse: Each of ten blocks contained 96 accessions, sown in two trays with 48 plants 

each. All 20 trays were placed side-by-side on one table. Additionally, positional effects were 

minimized by rotating the trays every week, and this during the vegetative phase of the 

plants. 

Only data of plants with an optimal growth that completed their life cycle within the 200 

days experimental period and of accessions with minimal three or more individuals for every 
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parameter were included in the comparative analyses. Analysis of variance (ANOVA) was 

performed on square-root transformed data to estimate levels of significance among 

accessions for seed yield and protein yield per year. Contrasts between pairs from local 

άǇƻǇǳƭŀǘƛƻƴǎέ (Nordborg et al., 2005) were tested with a two-tailed t-test. Simple correlation 

analysis was used to investigate correlations between seed yield (dependent variable) and 

other traits measured (days to first flower bud, days to complete senescence, size of rosette 

at appearance of flower bud, number of primary bolts, dry biomass of entire plant and 

protein content of seeds, as independent variables). Correlation coefficients (r) were 

computed between seed yield and the other traits. All statistical analyses were performed 

with Statistica 9.1 (StatSoft inc.). 

 

3. RESULTS 

 

A seed stock of 96 accessions was grown with the aim of selecting accessions with high 

potential as a seed-based recombinant protein production platform. Out of the 960 seeds 

sown, 874 germinated within 80 days (91%), representing all 96 accessions. These 874 plants 

were followed until the end of the experiment. Appearance of the first flower bud and size 

of the rosette were registered for 768 plants (88% of seedlings) within 200 days, still 

representing 89 accessions. Thus, seven accessions remained vegetative during the 

experiment: Only one of ten seeds of Edi-0 germinated, but the single seedling obtained died 

within a few days. The remaining six accessions that did not develop reproductive organs are 

accessions from northern latitudes (Eden-1, Lov-1, Bil-5, Bil-7, Var2-1, Ull2-5). Of the 768 

flowering plants, 752 (98%) grew to full maturity within the 200 day period, representing 85 

accessions out of the 96 accessions initially sown. The remaining 16 plants were either still 

flowering and thus did not reach complete senescence during the 200 days experimental 

period (6 plants) or died (10 plants) before reaching full maturity. Data of plants with a 

suboptimal growth were not included in data analysis in order to show representative data 

for the different accessions only. In addition, three accessions, finally represented by less 

than three individuals, were not included in analyses (Tamm-2, Lz-0 and Br-0). Data on rates 

of germination, flower bud appearance and completed life cycles for each accession is 

provided in Supplemental Table 1. The following parameters of the remaining 70 accessions 
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that grew to full maturity are presented in the results below: length of life cycle, seed yield 

and protein content. These data are compared with Col-0, the accession most widely used 

for research purposes. 

 

Morphological variation was observed among accessions in all stages of their life cycle. For 

example, the rosette of different accessions at the time of flower bud appearance (the end 

of vegetative growth period) clearly differs in leaf shape, in diameter and number of rosette 

leaves (illustrated for five accessions in Figure 1). From a seed-based production platform 

point of view, an accession with a short life cycle can be desirable as it allows the flexible 

production of several batches of seed per year. Under the given conditions, the shortest life 

cycle took 87 ± 11 days (Ler-1) while some accessions still had not reached senescence after 

200 days (Eden-1, Lov-1, Lov-5, Fab-4,  Bil-5, Bil-7, Var2-1, Ull2-5). A peak of senescence was 

observed between 110 and 130 days (Figure 2a). Reference accession Col-0 had a 135 ± 13-

day cycle. Figure 2b shows the life cycle of ten accessions with the shortest cycle (Ler-1, Ei-2, 

Gu-0, Bay-0, Cvi-0, Lp2-2, Oy-0, Wei-0, Ren-1 and Zdr-1) as compared to Col-0. 

 

 

Fig. 1. Natural variation in morphology of rosette of five accessions at appearance of floral bud. Bar indicates 1 
cm. 

 

High seed yield is the second valuable trait as a target for selection. The square root 

transformed data of individual seed yields of all plants of 70 accessions reveals a bell-shaped 

normal distribution (data not shown), illustrating that the selection of accessions studied 

display a good variability for this character of interest. Average seed yields per accession 

range between 18 ± 16 mg per plant for Wa-1 and 274 ± 76 mg per plant for  Mr-0, with a 

global mean value of 113 ± 38 mg (Figure 3). The highest individual seed yield was 425 mg, 

observed for a single Mr-0 plant. Col-0 scores moderately under the given conditions, with 

an average of 100 mg per plant. Thirty-five accessions show a higher seed yield than Col-0, 

while 34 accessions have a lower yield. The ten accessions with the highest seed yield (Mr-0, 
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Sq-1, Yo-0, Knox-10, Nok-3, Pu2-7, Uod-7, Kin-0, Ag-0, Knox-18) and Col-0 are presented in 

Table 1.  

 

 

 

Fig. 2. Length of life cycle of different accessions a Distribution of average length of life cycle per accession, in 
days, for 73 accessions of A. thaliana. Arrow indicates the group in which reference accession Col-0 is clustered 
b. Length of life cycle for ten accessions with shortest life cycle and Col-0. Average length of life cycle in days ± 
SD (n=8-10). Dotted line indicates the length of life cycle of reference accession Col-0 

 

a 

b 
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Fig. 3. Natural variation in seed yield.Distribution of average seed yield per accession, in mg, for 73 accessions 
of A. thaliana. Arrow indicates the group in which reference accession Col-0 is clustered  

 

 

Finally, protein content of seeds was determined by Kjeldahl analysis. This trait is important 

since it can be expected that more recombinant protein can be produced in seeds with a 

naturally high protein content. Preliminary experiments had revealed minimal variation 

among different replicates of one accession.  For example, standard deviation on Kjeldahl 

analysis determined for 10 replicates of 100 mg of Sq-1 seeds was only 1.4%. In addition, 

these experiments illustrated that one hundred mg of seeds was the minimal amount of 

seeds to result in a reliable protein content determination (data not shown). Therefore, 

seeds of all available replicates were pooled for each accession to reach the 100 mg of seeds 

necessary for accurate results. In conclusion, protein content ranged between 30 and 38%, 

with Ws-2 and Col-0 showing the lowest protein content (Figure  4). Most accessions had 34-

36% protein content. The ten accessions with the highest protein content (Cvi-0, Se-0, RRS-7, 

Ei-2, Sorbo, Tsu-1, Yo-0, Ra-0, Gy-0 and Kas-1) and Col-0 are shown in Table 1. 
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Fig. 4. Natural variation in protein content. Distribution of protein content per accession, in percentage, for 73 
accessions of A. thaliana. Arrow indicates the group in which reference accession Col-0 is clustered. 

 

Table 1. Left: Average seed yield ± standard deviation for ten accessions with highest yield, and Col-0. Seed 

yields significantly higher than Col-0 are indicated (** p < 0.05, * p < 0.10). Right: Protein content of ten 

accessions with the highest protein percentage, and Col-0.  

 

Accession Seed yield (mg) Accession Protein content 

Mr-0 274 ± 76 ** Cvi-0 38.1 % 

Sq-1 226 ± 68 ** Se-0 36.8 % 

Yo-0 214 ± 134 ** RRS-7 36.6 % 

Knox-10 202 ± 46 ** Ei-2 36.6 % 

Nok-3 194 ± 66 Sorbo 36.5 % 

Pu2-7 194 ± 33 * Tsu-1 36.1 % 

Uod-7 188 ± 65 Yo-0 36.0 % 

Kin-0 188 ± 62 Ra-0 35.9 % 

Ag-0 187 ± 69 Gy-0 35.9 % 

Knox-18 156 ± 25 Kas-1 35.9 % 

Col-0 100 ± 38 Col-0 30.5 % 

 

A strong positive relation was found between seed yield and rosette size (r = 0.6200) and dry 

biomass of the entire plant (r = 0.7646). In addition, there were significant positive 

a 



EXPLOITING THE NATURAL VARIATION OF ARABIDOPSIS THALIANA 

 

103 

associations between seed yield and different life traits; days to flowering (5.10, r = 0.4338), 

length of the reproductive phase (9.70 ς 5.10, r = 0.3062) and the length of the entire life 

cycle (9.70, r = 0.4230). A weak but significant positive correlation (p < 0.05) was found 

between seed yield and protein content (r = 0.2617). No significant correlation could be 

found between the number of primary bolts and seed yield (Table 2). 

 

Table 2. Correlation coefficients (r) between seed yield (mg/plant) and other traits measured. 
 

Trait Correlation coefficient (r) 

Days to flowering (5. 10) 0.4338 

Reproductive phase (5.10 ς 9.70) 0.3062 

Days to senescence (9.70) 0.4230 

Rosette at 5.10 0.6200 

Dry biomass of entire plant 0.7646 

Number of flower stems 

Protein content 

0.2773 ns 

0.2617 

ns: not significant (p > 0.05) 

 

Finally, the data gathered on length of life cycle, seed yield and protein content were 

combined to make a list of ten potentially valuable accessions to be used as a production 

platform (Fig. 5 and Table 3). Based on the data collected in this study and the calculation 

described above, the following accessions show a high potential as genetic background to be 

used as production platform: Nok-3, Mr-0, Sq-1, Kin-0, Oy-0, Uod-7, Bur-0, Knox-10, Mrk-0, 

Knox-18. A single Nok-3 plant can produce up to 195.40 mg of protein per year due to a 

combination of a relatively high seed yield (194 mg/plant), a short life cycle (126 days) and 

an average protein content (34.8 %). This is three times more than reference accession Col-0 

(64.79 mg of protein per year) under the conditions used.  
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Fig. 5. Relation between seed yield (ß), length of life cycle (p) and protein production per year (í) for overall 
ten best accessions and reference accession Col-0. Numbers represent seed yield in mg, life cycle in days and 
protein yield in mg per year. 

 

Table 3. Overview of seed yield (mg), protein content (%) and life cycle (days) of overall ten best accessions and 
reference accession Col-0. Protein levels per year significantly different from Col-0 are indicated (** p<0.05, 
*p<0.10). 

 

seed (mg) protein % cycle (d) protein/year (mg) 

Col-0 100 30.53 172 64.79 

Nok-3 194 34.77 126 195.40 **  

Mr-0 274 34.01 175 194.75 **  

Sq-1 227 35.92 155 191.95 **  

Kin-0 188 34.66 129 183.98 **  

Oy-0 155 34.15 107 180.94 **  

Uod-7 189 35.55 139 176.34 

Bur-0 153 34.39 112 171.33 *  

Knox-10 202 35.91 156 170.59 

Mrk-0 177 32.80 125 170.15 

Knox-18 157 34.95 122 164.16 

 

bƻǊŘōƻǊƎΩǎ ǎŜǘ ƻŦ фс ŀŎŎŜǎǎƛƻƴǎ ƛƴŎƭǳŘes 25 pairs of accessions collected from the same local 

άǇƻǇǳƭŀǘƛƻƴǎέ (Nordborg et al., 2005). It can be expected that these pairs yield similar 
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amounts of protein per year since the original individuals were sampled within a few 

hundred meters of each other. Indeed, analysis shows the difference in yield between pairs 

is significantly (p < 0.05) smaller than between random pairs of accessions and thus supports 

consistency of data (except for Sq-1 and Sq-8 - data not shown). 

 

4. DISCUSSION 

 

The aim of this study was to select the accessions of A. thaliana with high potential as a 

platform for the seed-specific production of recombinant proteins. To our knowledge, this is 

the first time a large set of A. thaliana accessions has been specifically analyzed for seed and 

protein yield. The set of 96 accessions used here was originally composed by Nordborg et al. 

(2005) to describe genomic DNA sequence polymorphisms in A. thaliana. Later, the same set 

was used to clarify variation in seed storage proteins, flowering time and pathogen 

resistance (Aranzana et al., 2005; Hou et al., 2005; Shindo et al., 2005). In accordance with 

Aranzana et al. (2005) accessions from northern latitudes have a longer time until flowering 

in this study, or even remain vegetative under conditions without vernalization. As Shindo et 

al. (2005) pointed out, the differences observed in flowering time reflect the genetic 

variation in photoperiod and vernalization pathways present in this group of accessions. This 

variation in timing of the first flower bud appearance also influences the diameter and 

number of rosette leaves between accessions (Li et al., 1998). Indeed, a strong positive 

correlation between days till flowering and rosette size was found in our own data set (data 

not shown). 

 

The comparative study presented here, resulted in a list of 10 accessions with a high protein 

yield per year under the given conditions (Table 3). These accessions originate from areas 

with a moderate climate (Central Europe and US Midwest). Not surprisingly, the spring and 

summer temperatures in these regions are similar to the conditions registered in our 

greenhouse during the growing period from May to November. Further research is necessary 

to evaluate seed yield and protein content of the selected accessions in other growing 

periods. The results presented in Table 3 are likely to represent an upper limit in the 

estimations if May to November is their best yielding growing period. Other accessions could 
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be more productive under other greenhouse conditions or during other seasons. 

Consequently, it could be a strategy to further enhance productivity by selecting accessions 

that give maximal protein yields during a specific growing period of the year. Growing the 

different accessions selected in the best consecutive order throughout the year, will further 

result in productivity gains. In addition, in winter it might be more cost-efficient (energy-

efficient) to grow accessions from northern latitudes with acceptable yields that require 

minimal heating and additional assimilation lighting.  

 

In Chapter 3, we showed the influence of different environmental parameters on yields in 

accession Col-0. For example, seed yield of Col-0 increased with 47% when fertilized twice 

weekly instead of once per week (Chapter 3, Section 3.1.1). In the study presented here, 

plants were fertilized by subirrigation once per week during the vegetative phase and twice 

weekly later on, to prevent drought. Increasing fertilization to a constant regime of 

subirrigation twice per week from the start, can thus potentially increase yield. It is 

important to keep in mind that no universal optimal conditions exist for all accessions. This 

variety in preferential environmental conditions can be exploited by cultivating different 

genotypes according to matching seasons. For example, we observed a lower seed yield for 

Col-0 sown in May (164 mg on average in 2010, see Chapter 3 Section 3.3.2), which was 

confirmed in this chapter, in which seeds were also sown in May (100 mg on average in 

2009). Thus, one can conclude that May is not an optimal month to sow Col-0. In this 

chapter we showed that Nok-3 is more productive under these conditions and is thus 

preferred over Col-0 for sowing in May. Sustainable yields can be guaranteed throughout the 

year by choosing the combination of an optimal genotype under optimal conditions. 

 

Col-0 is the most extensively used accession for research purposes because of its high 

fertility and short generation cycle. However, Nok-3 has shown more potential here as a 

platform for recombinant protein production: Average seed yields are 94% higher (194 mg 

for Nok-3 versus 100 mg for Col-0) and total seed protein production per year is even 200% 

higher than Col-0 (195.4 mg and 64.8 mg per year, respectively) under the given conditions. 

These results are very promising, when compared e.g. to typical yield increases obtained by 

genetic engineering. Transgenic A. thaliana with loss of APETALA2 activity, for example, is 

known to affect flower development, but also influences agronomically relevant traits, such 



EXPLOITING THE NATURAL VARIATION OF ARABIDOPSIS THALIANA 

 

107 

as seed size, seed weight and seed oil and protein content. These mutants show a maximum 

increase of 35% in seed yield (Col-0 background) and 78% increase in seed protein (C24 

background) (Jofuku et al., 2005). A. thaliana has also been the subject of heterosis studies. 

Stokes et al. (2007) evaluated heterosis in hybrids obtained by crossing 13 of the accessions 

used here in a male-sterile mutant Ler background. For vegetative fresh weight, mid-parent 

heterosis was found up to 103%. In another study, mid-parent heterosis for seed yield was 

determined with a maximum of 65,7% for a Col-0 x Wei-0 hybrid (Barth et al., 2003). These 

findings suggest that seed yield and thus protein production could be increased even more 

by crossing the best accessions described in this chapter. 

 

This study also reveals a variation in protein content of 30% to 38% among the 70 A. thaliana 

accessions included. These high levels give A. thaliana a significant advantage as a seed-

based production platform, with protein levels comparable to those of soybeans, i.e. 32-41% 

(Kumar et al., 2006). Production platforms based on seeds of crops important in agriculture 

(i.e., maize, barley, wheat and rice) have a significantly lower protein content, ranging 

between 8% and 13% (Stoger et al., 2005).  

Using proteome composition as the basis for selecting accessions with good seed yield and 

protein content is another path to optimization. As mentioned above, Ruebelt et al. (2006) 

have shown proteome variation in seed extracts of twelve A. thaliana accessions, which 

reflects the genetic diversity of these accessions. Further proteome analysis on seed extracts 

would be useful to identify accessions with a promising endogenous protein balance. 

Recombinant protein accumulation levels can then be further enhanced by the simultaneous 

introduction of a gene encoding for a recombinant protein of interest together with an 

antisense gene, silencing an abundantly synthesized endogenous seed storage protein. In 

doing so, two studies have illustrated that proteome rebalancing in seeds can indeed be 

exploited to enhance recombinant protein accumulation (Goossens et al., 1999; Schmidt and 

Herman, 2008). 

 

Based on the results obtained in our current work, Nok-3 can theoretically produce 

5.86 g/m²/year of recombinant protein. This calculation is based on 300 plants per square 

meter and a theoretical expression level of 26 µg of recombinant protein per mg seed, which 

has previously been achieved in Col-0 expressing a complex antibody format (Van 
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Droogenbroeck et al., 2007). Since the surface of a greenhouse limits the amount of proteins 

produced, focus should be on high-purity products produced on a relatively small scale (1 to 

1000 kg). Several diseases are treated with gram quantities of pharmaceutical proteins 

annually per patient (Sommerfeld and Strube, 2005). An average sized greenhouse of one ha 

can thus produce enough recombinant protein in A. thaliana to treat more than 10.000 

patients.Several recent publications reveal the yields of recombinant proteins in various 

other plant platforms (Table 4). The Canadian company SemBioSys, for example, produces 

0.25 g/m²/year of extracted and purified recombinant insulin in safflower seeds (Sharma and 

Sharma, 2009). Even if 50% of recombinant proteins is lost in downstream processing 

(typical recovery rates of 55-70% can be found in literature; Nandi et al., 2005; Rybicki, 

2009b), this is more than 10 times less than our calculation for A. thaliana accession Nok-3. 

Barley and falseflax are both reported to produce 1.8 g/m²/year of technical proteins in their 

seeds. For barley this yield concerns an extracted protein, for falseflax this is a calculated 

yield for non-extracted proteins (Herman and Schmidt, 2010; Sharma and Sharma, 2009). 

These are the highest yields of recombinant proteins using stable transformation found in 

literature. Taking into account losses of protein in downstream processing these yields are 

comparable to our estimation based on the data produced in this study for A. thaliana 

accession Nok-3. However, a practical assessment of recombinant protein production is still 

needed to prove that these yields can indeed be achieved in accession Nok-3. 

 

Table 4. Yields of recombinant proteins in different plant platforms using stable transformation. 

Platform g rec protein/m²/year Source 

Safflower 0.25 (after DSP) Sharma&Sharma (2009) 

Barley 1.8 (after DSP) Sharma&Sharma (2009) 

Falseflax 1.8 (without DSP) Herman&Schmidt (2010) 

A. thaliana Nok-3 5.86 this study 

A. thaliana Col-0 1.94 this study 

DSP: Downstream Processing 

 

Further experiments are necessary to confirm whether these estimated high expression 

levels obtained in Col-0 can indeed be achieved in Nok-3 and other accessions from this 

study. First, transformation by floral dip should be tested since it is known that not all 
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Arabidopsis accessions are equally susceptible to transformation with Agrobacterium 

tumefaciens (Clough and Bent, 1998). Preliminary data however have shown that 

transformation by floral dip is possible for nine of the best accessions presented here, 

including Nok-3 (data not shown). In the next step, accumulation levels and stability of 

different recombinant proteins will be determined in the Nok-3 and other selected genetic 

backgrounds. As variability in seed proteome has been reported for accessions of A. thaliana 

earlier (Hou et al., 2005; Ruebelt et al., 2006) qualitative and quantitative differences in seed 

proteases can be expected as well, potentially affecting the stability of produced 

recombinant proteins. Therefore a case-by-case evaluation approach remains to be followed 

in order to be able to select the best combination of the genetic A. thaliana background 

selected as bioreactor and the protein of interest one wants to produce. 

 

In conclusion, we have identified a number of promising accessions of Arabidopsis thaliana 

to be used as a production platform that result in protein yields three times higher than 

reference accession Col-0. The data presented above show that a model species, like 

A. thaliana, can be transformed into a crop thanks to basic research conducted in the 

previous decades, including the complete sequencing of its genome, registration of natural 

variation within A. thaliana, the development of the easy transformation method floral dip, 

etc.  A. thalianaΩǎ ǊŀǇƛŘ ƭƛŦŜ ŎȅŎƭŜΣ ŦƭŜȄƛōƛƭƛǘȅ ŀƴŘ ƘƛƎƘ ŦŜǊǘƛƭƛǘȅ ƳŀƪŜ ƛǘ ŀƴ ƛŘŜŀƭ ǇƭŀǘŦƻǊƳ ŦƻǊ ǘƘŜ 

contained production of specific groups of recombinant proteins, e.g., high-purity products 

produced on a relatively small scale (1 to 1000 kg per year).  
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Abstract 

A powerful seed-specific expression technology, developed at UGent, has already proven its 

strength in Arabidopsis thaliana (Brassicaceae). In this work, related Brassicaceae species 

are evaluated to evaluate their potential as a seed-based production platform. Small 

Brassicaceae can be grown in greenhouses for production of proteins with a high added 

value, which have to be very pure, but are only needed in relatively small amounts.  

Arabidopsis kamchatica is a natural allotetraploid, derived from a cross between A. arenosa 

en A. halleri. Compared to A. thaliana, A. kamchatica is bigger, has a longer life cycle, and its 

seeds are also bigger. To be useful as a production platform, susceptibility to genetic 

transformation of the targeted production host is a prerequisite. A. kamchatica plants were 

co-transformed by floral dip with two different Agrobacterium strains: One containing a 

DsRed expression cassette allowing simple visual selection of transformed seeds, the other 

one containing an expression cassette for a complex bivalent antibody format as an example 

of a commercially interesting protein. Both proteins were expressed using a different seed 

specific promoter. 

Transformation efficiency with the DsRed T-DNA was 0.18%. Twenty-two percent of the 

primary transformants carrying the DsRed cassette were cotransformed with the T-DNA 

containing the antibody expression cassette. Antibody accumulation levels in seeds of 

A. kamchatica cotransformants varied between 0.66 and 1.34 µg intact antibody per mg 

seed. However, high degradation levels between 72% and 93% were detected. 

 

1 INTRODUCTION 
 

In the previous chapters (Chapter 3 and 4), we proved A. thaliana is interesting as a fast, 

flexible platform due to its short generation cycle. However, other relatives might be more 

interesting for production of seeds over a longer period of time when continuous protein 

production and larger product volumes are desired. We focus on A. thaliana relatives 

because it can be expected that the expression cassette yielding high recombinant protein 

levels in A. thaliana (See Chapter 1, section 1.3.2 De Jaeger et al., 2002; Morandini et al., 

2011; Van Droogenbroeck et al., 2007) will be successful in closely related species as well. 

Here, we screened six different related selfing species suitable for growth in the contained 

environment of a greenhouse. Thellungiella salsuginea is an anniual plant with high 
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tolerance to salt, drought and cold (Gong et al., 2005). Olimarabidopsis pumilla, a diploid, is 

also known as A. griffithiana. Capsella rubella is a diploid annual, closely related to Capsella 

bursa-pastoris. The synthetic allotetraploid Ler x arenosa is a cross between A. thaliana, 

accession Ler and Arabidopsis arenosa. Arabidopsis suecica is a natural allotetraploid, 

derived from a cross between A. thaliana, accession Col-0 and Arabidopsis arenosa (NASC, 

2011). A. lyrata subsp. kamchatica was retained as the species with the highest yield. 

A. kamchatica is a natural allotetraploid, derived from a cross between diploids A. lyrata and 

A. halleri. Unlike its parental species, A. kamchatica is self-compatible. In the last 10 years it 

has emerged as a model species for evolution of polyploids. Natural populations of 

A. kamchatica are distributed in East Asia and North America. Two taxa have been described 

for A. kamchatica; the annual A. kamchatica subsp. kawasakiana (Makino) K. Shimizu & 

Kudoh, and the perennial A. kamchatica (Fisch. Ex DC.) K. Shimizu & Kudoh (Castric and 

Vekemans, 2004; Mable et al., 2004; Schmickl et al., 2010; Shimizu et al., 2005; Shimizu-

Inatsugi et al., 2009; Wang et al., 2010).  

 

Not only interesting plant characteristics are important, but also the ability to be 

transformed and to allow stable accumulation of recombinant proteins are a prerequisite for 

a protein production platform. However, these factors have never been investigated for 

A. kamchatica before. Since Clough & Bent (1998) described the floral dip method, genetic 

transformation of A. thaliana has been simplified significantly. This in planta method 

eliminates the use of tissue culture, regeneration or vacuum infiltration steps. Since then, 

floral dip has been successfully applied to radish (Raphanus sativus spp. longipinnatus), 

Medicago truncatula, Capsella bursa-pastoris, Brassica napus and other crops (Bartholmes et 

al., 2008; Curtis and Nam, 2001; Trieu et al., 2000; Verma et al., 2008).  

 

Here, we could demonstrate the successful transformation and co-transformation of 

A. kamchatica, a model species for the evolution of polyploids, by floral dip. Additionally, the 

potential of Arabidopsis kamchatica as a seed production platform for important 

recombinant proteins was evaluated. For this, both the optimal growth conditions and the 

total protein content of the A. kamchatica seeds were determined. Finally, recombinant 

protein accumulation was detected and quantified in the seeds of the generated 

A. kamchatica transformants.  
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2  METHODOLOGY 
 

2.1 Plant material and growth conditions 

 

A set of six different species related to A. thaliana, and A. thaliana (accession Col-0) as 

reference species, were selected to evaluate their annual seed production per square meter. 

These species were selected based on their availability at Nottingham Arabidopsis Stock 

Centre (NASC). Only selfing species were included for efficient production in greenhouses. 

The following seeds were obtained from NASC: Thellungiella salsuginea, Arabidopsis suecica, 

Olimarabidopsis pumilla, a cross between A. thaliana, accession Ler and Arabidopsis arenosa 

(Ler x arenosa), Capsella rubella and a cross between A. thaliana, accession Col-0 and 

Arabidopsis arenosa (A. suecica) (Catalogue numbers N22504, N22505, N3700. N3899, 

N22697 and N22665 respectively). Seeds of A. lyrata subsp. kamchatica (Taiwan) were kindly 

provided by Dr. Juliette de Meaux (Max Planck Institute, Germany). The accession from 

Taiwan used in this study is a self-compatible, perennial plant. 

Ten seeds of each relative species were sown individually in pots (diameter of 5.5 cm) filled 

with potting mix (Saniflor; NV Van Israël, Geraardsbergen, Belgium) and were subirrigated 

once per week with Wuxal Super fertilizer (NPK 8-8-6) at a concentration of 2 ml/l water. If 

the pots became too small, plants were transferred to bigger pots (maximum diameter of 

22.5 cm). The Arasystem (Betatech, Zwijnaarde, Belgium) was used to prevent cross 

pollination between relatives, and for efficient seed harvest. Plants were grown with 12 

hours of assimilation light (400W High-pressure sodium lamps) from November 2009 until 

April 2010. The average diurnal temperature measured was 21.8 ± 4°C. 

 

2.2 Pot size experiment 

 

Since A. kamchatica showed the highest potential as an alternative production platform, 

further experiments were only conducted on this species. An experiment was set up using 

four different pot sizes to estimate optimal use of greenhouse space. Ten A. kamchatica 

plants were grown for each pot size, with a diameter of 13, 18 or 22 cm and a height of 9, 12 

or 13 cm, respectively. For pots with a diameter of 28 cm and a height of 18 cm, four plants 

were grown. Pots were filled with potting mix (Saniflor; NV Van Israël, Geraardsbergen, 
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Belgium) and were subirrigated as needed, usually once per week, with tap water containing 

Wuxal Super fertilizer (NPK 8-8-6) at electrical conductivity of 2.0 mS. Plants were grown in a 

greenhouse from November 2009 until November 2010. Natural light conditions were used 

from March until the beginning of November. In winter, 16 hours of supplemental 

assimilation light (400 W High-pressure sodium lamps) was provided. Typical average day 

temperatures were 21°C during the day and 15°C at night. Diurnal temperature average was 

19.0°C ± 2°C, with a humidity of 54.2% ± 10% on average. A. kamchatica is a perennial plant 

with a continuous seed production. To evaluate seed yield, all seeds produced in the period 

of one year after sowing were collected. Seed yield and protein content of the seeds were 

determined. 

 

2.3 Natural protein content of seeds 

 

Crude protein content was determined using Kjeldahl analysis (Kjeldahl, 1883). A sample of 

500 mg seeds per plant was analyzed for at least three biological replicates per relative in 

the first experiment. Since A. thaliana yielded less than 500 mg per plant, three independent 

pools consisting of two individual plants each were measured. Because standard deviations 

between different samples of the same relative species were very small (± 1%), pooled 

samples were used in the subsequent protein analyses. For each pot size experiment, a 

bulked sample (n = 10) of 100 mg of seeds was analyzed. Samples were added to 7 g K2SO4, 1 

ml CuSO4.5H2O (0.5 g/ml) and 12 ml H2SO4 (1.84 g/ml). Samples were destructed at 420°C 

during 90 minutes. After cooling, analyses were performed on a Kjeltec 2300 machine (Foss, 

Denmark). The conversion factor used to calculate the percentage of crude protein content 

is 6.25 (Association of Official Analytical Chemists, 1984). 

 

2.4  Agrobacterium strains and vectors 

 

Agrobacterium tumefaciens strain C58C1RifR (pMP90) containing either the binary vector 

pBAR101 or pPphasVHHFc, was used for transformation. The T-DNA cassette of pBAR101 

contains  a seed-specific napin promoter driving expression of the fluorescent protein DsRed 

(Fig. 1a) (Stuitje et al., 2003). The T-DNA region of the pPphasVHHFc vector, derived from 

pPhasGW (Morandini et al., 2011), contains a variable domain of a camelid heavy chain 
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antibody (VHH) fused to a human IgG1 Fc domain (Fig. 1b) (De Buck et al., 2011). This VHH-

Fc antibody is driven by the seed-specific phaseolin promoter. A KDEL sequence was added 

for retention of the recombinant protein in the endoplasmic reticulum (ER). Both the DsRed 

and VHH-Fc T-DNAs harbor the neomycine phosphotransferase gene, conferring kanamycin 

resistance to transformed plant cells, under the control of the nopaline synthase promoter.  

 

 

Fig. 1. Transformation of A. kamchatica by floral dip with two T-DNA constructs a Schematic diagram of T-DNA 
of binary vector pBar101 (not drawn to scale)  b Schematic diagram T-DNA of binary vector pPphasVHH-Fc (not 
drawn to scale) Abbreviations: LB and RB, T-DNA left border and right border; оΩ ƴƻǎΣ оΩ ŜƴŘ ƻŦ ǘƘŜ ƴƻǇŀƭƛƴŜ 
synthase gene; nptII, coding sequence of the neomycin phosphotransferase II gene; Pnos, nopaline synthase 
gene promoter; оΩ ŎƘǎΣ оΩ ŜƴŘ ƻŦ ǘƘŜ ŎƘŀƭŎƻƴŜ ǎȅƴǘƘŀǎŜ ƎŜƴŜΤ 5ǎwŜŘΣ 5ǎwŜŘ ŎƻŘƛƴƎ ǎŜǉǳŜƴŎŜΤ Pnapin, napin 
gene promoter;  оΩ ƻŎǎΣ оΩ ŜƴŘ ƻŦ ǘƘŜ ƻŎǘƻǇƛƴŜ ǎȅƴǘƘŀǎŜ ƎŜƴŜΤ PphasΣ ʲ-ǇƘŀǎŜƻƭƛƴ ƎŜƴŜ ǇǊƻƳƻǘŜǊΤ ʍ ƭŜŀŘŜǊΣ рΩ 
untranslated region (utr) of tobacco mosaic virus; ss, camel signal peptide; VHH-Fc, VHH-Fc coding sequence; 
KDEL, ER retention signal, оΩ ŀǊŎΣ оΩ-flanking regulatory sequences of the arc5-I genomic clone; attB1 and attB2, 
Gateway® recombination sites. 

 

2.5 Production of transgenic plants 

 

Transgenic plants were produced with the floral dip method (Clough and Bent 1998) at two 

independent occasions, in order to increase the chance to generate more transformants. 

Prior to each infiltration, Agrobacterium cultures were grown separately in 20 ml LB and 

shaken at 28°C for 12 hours. Optical density (OD) was measured the next day and ranged 

between 0.5 and 0.8 (2.5*108 and 4*108 bacteria per ml, respectively) for the first 

transformation and was about 1.4 (6*108 bacteria per ml) for both Agrobacterium cultures 

at the second transformation. Just prior to dipping, 100 ml of the culture containing DsRed 

plasmid was mixed with 100 ml of the second culture harboring the VHH-Fc plasmid. This 

mixture was added to 300 ml infiltration medium to obtain a solution containing 10% 

sucrose and 0.05% Silwet. Prior to dipping, siliques already developed were removed from 

the flowering plants. Doing so, it is possible to estimate transformation efficiency more 

a 

b 
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correctly. Subsequently, all inflorescences of twenty plants were submerged for about 5 

seconds in a beaker with 500 ml of infiltration medium containing both Agrobacterium 

cultures in order to obtain simultaneous transfer of two T-DNAs (co-transformation). 

Afterwards, inflorescences were kept humid in a plastic bag for two days. This procedure 

was repeated two weeks later with the same, fresh Agrobacterium cultures. Plants (T0 

generation) were grown for 3 months under selfing conditions until sufficient mature seeds 

(T1) could be collected. 

 

2.6 Screening of transformants 

 

Since in vitro selection of A. kamchatica has never been described before, we set up an 

experiment with wild type A. kamchatica seeds to determine optimal germination conditions 

in vitro on agar medium without kanamycin. The following variables were tested: a storage 

period of the seeds of 2 months after harvest versus a storage period of the seeds of two 

years after harvest, short storage period at 4° C (two weeks) versus long storage period at 

4°C (two months), treatment at -80°C (two days) versus no treatment at -80 °C and agar 

medium containing 1 MS versus 0.5 MS, both with 3% sucrose. For each condition, 50 seeds 

were sterilized in 5% NaOCl and sown on individual sterile plates and placed in a growth 

chamber at 21 °C and 16 hours of light. Emerging seedlings were counted up to 1 month 

after sowing. 

Expression of DsRed can visually be detected in mature seeds with a pair of red-lens 

ǎǳƴƎƭŀǎǎŜǎ όY5Ωǎ 5ŀǊƪ wŜŘΣ http://www.originalkds.com) upon illumination with a green LED 

flashlight (Streamlight Flashlights, http://www.opticsplanet.net) (Lu and Kang 2008). Doing 

so, fluorescent seeds were manually picked and sown individually in pots. Transformation 

efficiency was determined based on the ratio of fluorescent seeds to total seeds produced 

per plant. The total amount of seeds was estimated by dividing the total seed mass by the 

thousand seed weight (160 mg for A. kamchatica, own data). Leaves of the primary 

transformants (T1 generation) were sampled to check the  integration of one or both of the 

T-DNA(s) containing the DsRed and VHH-Fc expression cassettes via PCR analysis.  

Genomic DNA was extracted from leaves of transformed and, as a negative control, non-

transformed plants using the Nucleospin Plant II kit (Macherey-Nagel) according to the 

instructions provided by the supplier. PCR analysis was performed using the following primer 

http://www.originalkds.com/
http://www.opticsplanet.net/
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pair for DswŜŘ ŘŜǘŜŎǘƛƻƴΥ рΩ-AATGGGCACGAGTTTGAAAT-оΩ ŀƴŘ рΩ-

GGTAGCTGCACAGGCTTCTT-оΩΦ ¢ƘŜ ŜȄǇŜŎǘŜŘ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ŀƳǇƭƛŦƛŜŘ ǇǊƻŘǳŎǘ ǿŀǎ рло ōǇΦ CƻǊ 

VHH-CŎ ŘŜǘŜŎǘƛƻƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǇǊƛƳŜǊǎ ǿŜǊŜ ǳǎŜŘΥ рΩ- ACAGGGAAGGTGGTTTTGGG-оΩ ŀƴŘ 

рΩ- CAGGGGACCCAGGTCACCGT-оΩΦ ¢ƘŜ ŜȄǇŜŎǘed length of the amplified product was 781 bp. 

The PCR program contained 30 cycles of 95°C (20s), 55°C (20s) and 72°C (30s). PCR products 

were separated by electrophoresis on a 1.5% agarose gel and visualized with ethidium 

bromide. 

 

2.7 Segregation in T2 progeny 

 

Segregation of T2 progeny of transformants containing only DsRed was determined by visual 

ǎŎƻǊƛƴƎ ƻŦ ǎŜŜŘ ŦƭǳƻǊŜǎŎŜƴŎŜΦ ¢ƘŜ ǎŜƎǊŜƎŀǘƛƻƴ Ǌŀǘƛƻǎ ǿŜǊŜ ǎǳōƧŜŎǘŜŘ ǘƻ ˔ч DƻƻŘƴŜǎǎ ƻŦ Cƛǘ 

tests (Griffiths et al., 1993). T2 progeny of transformants containing both DsRed and VHH-Fc 

were subjected to PCR to determine segregation of both T-DNA regions. 

 

2.8 Protein extraction and quantification 

 

Seeds were crushed with two metal balls (3 mm) in a Retsch MM200 device for two minutes 

at a mill frequency of 30 s-1. Seed oil was removed with hexane and proteins were extracted 

in extraction buffer containing 50 mM Tris-HCl at pH 8, 200 mM NaCl, 5 mM EDTA, 0.1% 

Tween 20 and Protease Inhibitor mix (Roche Diagnostics). No hexane was used in the 

extractions for DsRed quantification since hexane might affect the hydrophobic interaction 

in the DsRed tetramer, preventing fluorescence (Wall et al., 2000, Yarbrough et al., 2001). 

Concentrations of protein extracts were determined using the Lowry method (Lowry et al., 

1951, Van Droogenbroeck et al., 2008).  

DsRed was quantified using fluorometry in seed extracts of T2 progeny of transformants 

containing only the DsRed expression cassette and of those containing both DsRed and VHH-

Fc expression cassettes. Fluorescence reader Fluostar Optima was used with an emission 

filter of 590 ± 10 nm and an excitation filter of 544 nm. Data were compared with a 

quantified standard, produced in tobacco leaves, and analyzed in Microsoft Excel software. 

Seed protein extracts of co-transformants (containing both the DsRed and VHH-Fc insert) 

were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using a 10% 
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acrylamide separating gel. Proteins were then transferred electrophoretically onto 

nitrocellulose. VHH-Fc was immunodetected by sheep anti-human IgG (Fc-specific) 

conjugated to HRP (1:5000 dilution; Sigma-Aldrich, St. Louis, MO) and a Western Lightning 

Chemiluminescence Reagent kit (Perkin Elmer). Accumulation levels of VHH-Fc were 

estimated via the BioRad ChemiDoc Imaging system (BioRad) by comparing the intensity of 

specific VHH-Fc bands with purified and quantified VHH-Fc standards, produced in 

A. thaliana seeds. 

 

 

3 RESULTS 
 

3.1 Natural seed protein content and seed yield of A. thaliana relatives 

 

Six species related to A. thaliana, and A. thaliana itself, were compared for seed yield per m² 

annually and protein content of the seeds. Protein content was very similar for all relatives 

(about 25%), except for A. thaliana which showed a significantly lower protein content of 

18% under these conditions. Ler x A. arenosa showed the lowest seed yield with 83 g/m² 

whereas O. pumilla produced the highest seed yield (505 g/m²) (Table 1) but only one out of 

ten seeds germinated under our conditions. Two species produced yields slightly higher than 

A. thaliana (331 ± 68 g/m²); T. salsuginea (420 ± 214 g/m²) and A. kamchatica (373 ± 97 

g/m²). T. salsuginea is a small, annual plant, and thus comparable to A. thaliana in growth 

characteristics. The perennial character of A. kamchatica is interesting when looking for an 

alternative production platform for the annual A. thaliana. Therefore, we chose to continue 

our analysis with A. kamchatica. In greenhouse conditions A. kamchatica generally flowers 

two to three months after sowing and the first mature seeds can be harvested about two 

months later. Taking all these factors into account, A. kamchatica is a good candidate for a 

high-yielding platform with continuous protein production. ¢Ƙŀƴƪǎ ǘƻ ǘƘŜ ǎǇŜŎƛŜǎΩ ǇŜǊŜƴƴƛŀƭ 

character and continuous flowering, repeated harvest cycles are possible on the same 

plants. 
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Table 1. Length of life cycle (days), pot diameter (cm), seed yield per plant (g), annual seed yield (g/m²/year) 

and protein content of six relatives of A. thaliana, and A. thaliana. Values are average ± standard deviation. 

Numbers of plants measured is indicated (n). 

 

Species Cycle a Pot b Seed yield c Annual seed 

yield d 

Protein 

content e 

n 

T. salsuginea 236 ± 47 5.5 0.63 ± 0.32 420 ± 214 26.6 ± 1.0 10 

A. suecica 292 ± 28 22.5 6.64 ± 3.58 216 ± 128 24.3 ± 0.7 8 

O. pumilla 156 13 2.87 1.38 25.0 1 

Ler x arenosa 197 ± 21 13 0.54 ± 0.36 83 ± 46 28.9 ± 0.8 9 

C. rubella 236 ± 37 22.5 7.59 ± 0.79 301 ± 54 24.9 ± 0.6 10 

A. kamchatica 382 ± 37 22.5 13.42 ± 5.74 373 ± 97 25.3 ± 0.6 10 

A. thaliana 112 ± 0 5.5 0.24 ± 0.04 331 ± 68 17.9 ± 0.2 10 

a 
(days) 

b 
(cm) 

c 
(g per plant) 

d
 (g/m²/year) 

e 
%, n = 3 for each species 

 

 

Since the surface of a greenhouse is limited, it should be used optimally to guarantee a 

maximal seed production. Therefore, we evaluated four different pot sizes (13-18-22 and 

28 cm) for the production of seeds and their protein content in A. kamchatica. As shown in 

Table 2, a container with a diameter of 22 cm yields the highest amount of seeds, 

426 g/m²/year. This is almost four times more than plants grown in pots with a diameter of 

13 cm, with an average seed yield of 112 g/m²/year. A. kamchatica seeds showed a relatively 

high protein content, varying between 26% and 29% of seed mass for different pot sizes. 

A. kamchatica grown in containers of 22 cm produce 119 g/m² of protein in their seeds 

annually. 
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Table 2. Seed and protein yield of A. kamchatica in four different pot sizes. Values are average ± stdev. 

Pot size Seed yield a Surface b Annual seed 

yield c  

Protein 

content d 

Protein yield e n 

13 cm 1.49 ± 1.04 0.013 112 ± 78 29.2  32.8 ± 22 10 

18 cm 6.88 ± 2.43 0.025 270 ± 95 27.8 75,3 ± 26 10 

22 cm 16.19 ± 3.70 0.038 426 ± 97 27.9 119 ± 27 10 

28 cm 24.40 ± 6.30 0.062 396 ± 102 26.2 104 ± 26 4 

a
 (g per plant) 

b
 (m² per plant) 

c 
(g/m²/year) 

d 
%, pooled samples 

e
 (g/m²/year) 

 

3.2  Transformation of A. kamchatica by floral dip 

 

The demonstrated high seed and protein yield make A. kamchatica a good candidate to 

explore as a production platform for recombinant proteins. A prerequisite is that this plant 

species can be transformed in an easy and efficient way. Because floral dip is a reliable, easy 

and simple transformation method to obtain stable transgenic plants, this in planta 

transformation was applied on A. kamchatica flowers. The pBar101 vector, containing a 

gene for the fluorescent protein DsRed, was chosen for fast and easy visual selection of 

transformants (Fig. 1a), while the pPphasVHHFc vector, with a seed-specific VHH-Fc antibody 

construct, was chosen as an example of a vector expressing a high-value protein (Fig. 1b). 

High accumulation levels of VHH-Fc had already been shown in A. thaliana seeds previously 

(Sylvie De Buck, personal communication). Inflorescences of twenty A. kamchatica plants 

were dipped in a solution containing an equal proportion of two vectors in separate 

Agrobacterium cells (Fig. 2). To increase the number of transformants, this dipping 

procedure was repeated two weeks later, when numerous new flowers had developed.  
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Fig. 2. Transformation of A. kamchatica by floral dip with two T-DNA by dipping of A. kamchatica flowers into 
an Agrobacterium solution. 

 

3.2.1 Selection of transformants 

 

Since in vitro germination of A. kamchatica seeds has never been described before, we 

tested different parameters which might influence germination rates on wildtype seeds. We 

did not notice any effect of the duration of cold treatment at 4°C or at -80°C, neither was an 

effect of MS concentration (0.5 or 1 MS) in the medium observed (Table 3). However, a 

different dry storage period of seeds did show a significant effect: Seeds harvested two years 

ago germinated significantly better  in vitro than those harvested only two months ago. The 

experimental combination of a long storage period of seeds, stored at 4 °C for two months 

and at -80 °C for two days, sown at medium containing 1 MS, showed the highest 

germination rate (26%) %). In contrast, much higher germination rates were obtained for 

seeds sown on soil. The highest germination rate of 90% was observed for seeds harvested 

two months ago and stored at 4°C during these two months (Table 3).  
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Table 3. Germination rates of wildtype A. kamchatica seeds on agar medium and in soil in different conditions. 
 

   Fresh seeds  Old seeds  

  1 MS 0.5 MS Soil 1 MS 0.5 MS Soil 

4°C 2 weeks -80 °C 0 % 0 % /  3 % 7 % /  

no -80 °C 0 % 9 % 60% 11 % 17 % 35% 

4°C 2 months -80 °C 0 % 0 % /  26 % 15 % /  

no -80 °C 0 % 4 % 90% 6 % 21 % 35% 

 

Since in vitro germination rates were too low for efficient selection of transformants, we 

used visual selection by fluorescence to select transformants expressing DsRed (Fig. 3a). The 

number  of fluorescent seeds produced per plant varied enormously: using the same dipping 

solution, transformation efficiency was only 0.01% for some plants, while for another plant 

this rate was up to 0.65% (Fig. 3b and Table 4). Out of approximately 423.000 seeds 

harvested from  the 20 T0 plants that were dipped, 597 seeds expressed the visible DsRed 

marker. Based on these observations an average transformation efficiency of 0.14% was be 

calculated. 

 

 

 

a 
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Fig. 3. Determination of transformation efficiency by visual selection of seeds expressing DsRed a Easy 

screening for transgene seeds containing the fluorescent protein DsRed. Bar indicates 1 mm. b Transformation 

efficiency significantly differs between twenty T0-plants. Solid line indicates the overall average of 0.14 % 
transformation efficiency. 

 

Table 3. Details of transformation efficiency for twenty T0 plants. 

plant Total seed (g) total seed (#) DsRed seeds Transformation 

Efficiency 

1 0.612 3825 1 0.03% 

2 3.678 22987 25 0.11% 

3 3.825 23906 6 0.03% 

4 1.036 6475 5 0.08% 

5 4.646 29037 10 0.03% 

6 1.888 11800 2 0.02% 

7 3.160 19750 7 0.04% 

8 5.447 34043 42 0.12% 

9 2.926 18287 19 0.10% 

10 4.981 31131 27 0.09% 

11 4.700 29375 39 0.13% 

12 3.054 19087 65 0.34% 

13 1.261 7881 2 0.03% 

14 3.540 22125 79 0.36% 

 

 

b 
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Table 3. (continued) Details of transformation efficiency for twenty T0 plants. 

plant Total seed (g) total seed (#) DsRed seeds Transformation 

Efficiency 

 

15 3.810 23812 60 0.25% 

16 5.421 33881 15 0.04% 

17 3.455 21593 3 0.01% 

18 4.282 26762 26 0.10% 

19 2.653 16581 29 0.17% 

20 3.306 20662 135 0.65% 

   Total: 597 Average: 0.14% 

 

3.2.2 Screening for co-transformants 

 

The 597 fluorescent seeds positive for DsRed expression, were sown individually in soil 

immediately after harvesting. A germination rate of 70% was achieved in soil and transgenic 

plants displayed a normal morphology compared to non-transgenic plants grown in the 

same greenhouse. Leaf material was collected when the seedlings were about 3 months old. 

PCR was used to confirm integration of DsRed T-DNA in 80 selected T1 plants and to screen 

for co-transformants harboring both the DsRed and VHH-Fc T-DNAs. Out of these 80 

randomly selected plants, 72 showed a band with the expected size of 503 bp for DsRed, 

confirming DsRed T-DNA integration. Among these 72, 16 were also positive for VHH-Fc T-

DNA integration, showing a band at 781 bp, as expected. Thus, 22% of plants confirmed for 

DsRed T-DNA integration, also contained the VHH-Fc T-DNA (Fig. 4).  

 

 

 

 

 

Fig. 4. Representative PCR analysis on leaf extracts of T1 plants transformed with a mixture of two A. 
tumefaciens. PCRs with primers for DsRed and VHH-Fc were performed separately, PCR products were mixed 
together and separated on a 1,5 % agarose gel. P: mixture of PCR products derived from pBar101 and 
pPphasVHHFc-plasmid. Lines 6-7-8-11-13 are confirmed to be cotransformants. M: molecular weight marker (in 
bp). 

t     a    м     н    о     п     р     с     т    у     ф   мл   мм   мн   мо  мп   мр  мс   мт   му  мф   a 
1000 

500 
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In addition, segregation ratios were determined for T2 progeny of eight lines, confirmed by 

PCR to contain only the DsRed T-DNA. The inheritance of the DsRed T-DNA was examined by 

the proportion of fluorescent and normal brown seeds in progeny. For four out of the eight 

selfed lines, the Chi-square goodness-of-fit tests showed a 3:1 ratio, suggesting one or more 

T-DNA insertions at a single locus in these lines. Three lines displayed a 15:1 ratio, and thus 

contain multiple T-DNA copies in two loci. One line showed an unclear ratio of 170:192 

fluorescent seeds (Table 5). 

In the progeny of eight lines of co-transformants, in which integration of both DsRed and 

VHH-Fc T-DNA were confirmed by PCR, complex segregation ratios were found by PCR 

analysis. In a total of 223 T2-plants, originating from 8 T1-lines, 23 were found to contain only 

the VHH-Fc T-DNA. These 23 T2-plants originate from 7 different T1-lines. None of the eight 

lines displayed progeny containing either both T-DNAs or no T-DNAs. 

 

Table 5. Segregation ratios for DsRed in T2 progeny of single transformants. 

Plant Fluorescent seedsa Segregation ratio ʋч 

6.2 143 3:1 0.03 

8.1 138 3:1 1.00 

8.2 179 15:1 0.09 

9.1 170 /  /  

16.2 140 3:1 0.44 

19.6 181 15:1 0.09 

19.10 154 3:1 2.78 

20.9 177 15:1 0.80 

a
 192 seeds were analyzed for each transformant 

 

3.3 Protein accumulation in seeds 

 

The fluorescent characteristics of DsRed allowed for quantification by fluorometry in seed 

extracts of T2-segregating progeny of both co-transformants (8 samples) and single 

transformants (8 samples). Fluorescence of the seed extracts could be detected visually 

using the green flash light and red sunglasses, and was confirmed by fluorometry for all 16 
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samples. Based on the fluorescence levels detected, expression levels of DsRed were 

estimated to range from 0.07 to 4.54 µg of DsRed per mg dry seed (Table 6). 

In parallel, also VHH-Fc accumulation was quantified in the T2 segregating seed stock of the 

eight co-transformants by Western Blotting, using a monoclonal Fc-specific antibody. VHH-Fc 

expression was confirmed in 6 out of 8 transgenic lines. The highest level of intact VHH-Fc 

(~50 kDa) was found in transgenic line 2.3F, expressing 1.34 µg of recombinant protein per 

mg seed (Table 5). However, extensive degradation ranging from 70% up to 90% is observed 

in all A. kamchatica samples (Fig. 6). The lower band (~30 kDa) corresponds to the molecular 

weight of the Fc-domain and is recognized by the Fc-specific detection antibody.  

 
Table 6. Accumulation levels of DsRed and VHH-Fc, expressed both in µg per mg of dry seed, and in total 

soluble protein (TSP). 
 

 DsRed µg/mg seed DsRed TSP VHH-Fc µg/mg seed VHH-Fc TSP 

Cotransformants     

2.3 F 1.37 0.29% 1.34 0.25% 

3.3 F 1.10 0.24% 1.06 0.22% 

3.4 F 0.07 0.03% 0.66 0.10% 

3.5 F 1.05 0.35% 1.26 0.36% 

8.1 0.29 0.05% - - 

8.6 0.15 0.06% - - 

10.3 F 0.43 0.16% 1.18 0.21% 

18.11 F 1,46 0.44% 0.73 0.15% 

Transformants     

6.2 F 0.07 0.02% - - 

8.2 F 0.97 0.37% - - 

9.1 0.67 0.17% - - 

12.18 F 4.54 0.79% - - 

16.2 F 0.16 0.05% - - 

19.6 F 1.48 0.41% - - 

19.10 0.54 0.11% - - 

20.9 0.77 0.20% - - 
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Fig. 6. Immunodetection of VHH-Fc in T2 seed extracts of 8 co-transformed A. kamchatica plants. WT, non-
transformed A. kamchatica; A.th, A. thaliana seed extract expressing VHH-Fc; VHH-Fc, 200 ς 100 -50 25 ng of 
purified VHH-Fc from A. thaliana seeds. Solid arrow indicates intact VHH-Fc. Open arrow head indicated 
degraded Fc fragment. 

 

 

4 DISCUSSION  

 

Here we report the first successful transformation of A. kamchatica, a perennial relative of 

A. thaliana with prolific seed production. We successfully used DsRed as a visual marker for 

the selection of transformed A. kamchatica seeds. With a view on using these seeds as a 

production platform for recombinant proteins, we analyzed transformation efficiency, 

segregation ratios and accumulation levels of recombinant proteins in the seeds. Since 

A. kamchatica is a model species for the evolution of polyploids, the ability of transforming 

A. kamchatica with a simple and efficient method, can be used for research on polyploids as 

well. 

 

4.1 A. kamchatica is a highly productive relative of A. thaliana 

 

Comparing six A. thaliana relatives with A. thaliana, a wide range in seed yield was observed. 

O. pumilla showed the highest seed yield but also a poor germination rate (only 10%). 

T. salsuginea and O. pumilla both are small plants with a short generation cycle, like 

A. thaliana. A. thaliana can be interesting for fast and flexible production of a wide variety of 

recombinant proteins, e.g. for vaccines or patient-specific recombinant proteins. On the 

other hand, the perennial A. kamchatica can be used for a continuous production of 
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recombinant proteins. Indeed, A. kamchatica plants grown in our greenhouses still 

continued prolific seed production after two years and more. Even when inflorescences 

were cut for harvest, A. kamchatica produced numerous new flowers within two to three 

weeks. An additional advantage of A. kamchatica is its allotetraploidy, compared to the 

diploid A  thaliana. Generally, many food crops are polyploids, (e.g., wheat, cotton and 

sugarcane) showing larger seeds with an increased biomass (Osborn et al., 2003). Indeed, 

A. kamchatica seeds (1000 seed weight is 160 mg) are significantly larger compared to 

A. thaliana seeds (1000 seed weight is 25 mg). In the initial experiment, A. kamchatica 

produced 373 ± 97 g seeds per m² annually, compared to 331 ± 68 g/m²/year in A. thaliana. 

In a follow-up experiment, we determined a pot with a diameter of 22 cm as the optimal size 

for A. kamchatica growth. Greenhouse surface was used optimally and yields increased to 

426 ± 97 g seeds per m² annually, with high amounts of natural seed proteins (119 ± 27 g 

protein perm² annually). 

 

4.2  Transformation efficiency 

 

Since in vitro germination of A. kamchatica has never been described before, different 

conditions were tested in wildtype seeds. A treatment of seeds at -80°C for two days is often 

used to eliminate fungus spores, rather than to stimulate germination. Thus, it was not very 

surprising that no effect on germination rate was found. Secondly, it is known that 

temperature can influence the relieve of seed dormancy in order for the seeds to germinate 

in the correct season. However, a different length of cold treatment at 4°C did not show an 

effect on in vitro germination either. The third variable factor evaluated, was the 

concentration of MS (0.5 or 1 MS). The concentration of MS macro- and micronutrients has 

proven to affect germination rates in different plant species (e.g. cassava (Groll et al., 2002) 

and date palm (Al-Khayri, 2003)), but no effect was apparent in A. kamchatica seeds. The 

only factor tested clearly having an influence on germination rates, was the period of dry 

storage: Seeds which were stored for two years showed a significantly higher germination 

rate than those which were only two months old. Dry storage is also commonly used to 

break dormancy (Bewley, 1997; Kucera et al., 2005; Probert, 2000). However, a long period 

of dry storage is disadvantageous for fast selection of transgenic plants. Altogether 

germination rates were still too low for efficient in vitro selection of transformants. Further 
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research should clarify whether the addition of hormones (e.g., gibberilic acid) can solve this 

problem.  

Germination rates of wildtype seeds in soil were a lot higher, reaching from 35% for seeds 

stored for two years, up to 60% (after cold treatment for two weeks) and 90% (after cold 

treatment for two months). Our freshly harvested T1-seeds fit well in these observations 

with a germination rate of 70%. Thus, alternatively, kanamycin selection can be performed 

directly in soil instead of in in vitro medium (Xiang et al., 1999). Another alternative to avoid 

in vitro selection, is the use of colored markers for visual selection. This strategy has also 

been used in wheat, which has a high natural tolerance against kanamycin. In this study, two 

maize regulators of anthocyanin synthesis were inserted to allow visual screening for red 

pigmentation in transformed seeds (Zale et al., 2009).  

 

In this study, the expression of the fluorescent protein DsRed was used for visual selection of 

transformants. Seed-specific expression of DsRed has previously been used for visual 

selection in A. thaliana and Camelina sativa (Lu and Kang, 2008; Stuitje et al., 2003). The 

average transformation efficiency for twenty plants was 0.14% but considerable inter-plant 

variation was observed. A comparable variation has been found earlier in A. thaliana 

transformation by floral dip (Clough and Bent, 1998; Ghedira, 2009). Both studies speculated 

that this variation is caused by differences in floral development between individual plants. 

Also, the effect of growing plants under greenhouse conditions rather than in a growth 

chamber can increase variability since environmental factors are less controllable. It is 

known that A. thaliana flowers are susceptible for transformation by Agrobacterium 4 to 5 

days prior to anthesis, and 4 to 7 days in wheat (Clough and Bent, 1998; Desfeux et al., 2000; 

Zale et al., 2009). It can be expected that the mechanism of transformation is very similar in 

A. kamchatica. Plants should thus contain numerous immature floral buds in the correct 

physiological condition in order to obtain maximal transformation efficiency. In our 

experiment, all plants were dipped on the same days (163 and 174 days after sowing T0 

plants), but differences in development stage were clearly visible. Thus, by choosing the 

right moment to dip individual plants, higher rates of transformed progeny are likely to be 

obtained. In addition, work can be done towards uniform growth and flowering of plants, for 

example by imbibition of the seeds prior to sowing or by vernalization of the vegetative 

plants. 
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The transformation efficiency shown for A. kamchatica here varying from 0.02% to 0.65%, is 

significantly lower than 0.5-3 % efficiency often obtained in A. thaliana (Clough and Bent, 

1998). However, possible factors influencing this transformation efficiency can still be 

optimized for A. kamchatica. It is known that plant-related (e.g., the accession used), 

bacterial and environmental factors are important for optimization of transformation 

efficiency (Ghedira, 2009). Bacterial factors include the Agrobacterium strain, the vir plasmid 

and the density of the cultures in the transformation medium. Indications for the influence 

of Agrobacterium strains on transformation efficiency have been reported in A. thaliana and 

C. bursa-pastoris (Bartholmes et al., 2008; Ghedira, 2009). Thus, the strain used in our 

experiment (C58C1) is not necessarily the best choice and opens up possibilities for 

optimization. Different concentrations of sucrose and surfactant are known as 

environmental factors affecting transformation efficiency in different species (Bartholmes et 

al., 2008; Clough and Bent, 1998; Curtis and Nam, 2001). Even though the concentrations 

used here (10% sucrose and 0.05% Silwet-L77) are suggested as efficient concentrations for 

floral dip in different species, other concentrations might increase the number of 

transformed progeny derived from A. kamchatica. 

 

4.3 Co-transformation and segregation 

 

A PCR analysis confirmed DsRed T-DNA integration in 72 out of 80 randomly selected T1 

plants. The lack of PCR confirmation in 8 T1 plants is most likely due to a failing PCR since 

seeds were visually selected on their fluorescent characteristics, and thus DsRed T-DNA 

integration. Out of these 72 plants, 16 plants (22%) were confirmed to contain the VHH-Fc T-

DNA as well. This high frequency of co-transformation is in the same order of magnitude as 

previous rates obtained in A. thaliana with floral dip (16-39%), and indicates transfer of T-

DNA by different Agrobacterium strains is not a random event. Thus, transformation of a 

target cell with one T-DNA increases its chance of transformation with a second T-DNA (De 

Buck et al., 1998; De Buck et al., 2009, Poirier et al., 2000; Radchuk et al., 2005; Stuitje et al., 

2003). Indeed, if co-transformation were a random event, only an average of 0.14% would 

be co-transformed, instead of 22% reported here. A high rate of co-transformation with 

different uncoupled T-DNAs increases the efficiency of selecting plants containing both the 

marker and the gene of interest. Thus, by picking out fluorescent seeds, a significant amount 
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of seeds containing the VHH-Fc T-DNA were selected as well. This method is very efficient 

compared to analyzing all seedlings for the presence of the VHH-Fc T-DNA by PCR or in vitro 

selection of transformants, that still need to be transferred to soil afterwards. 

In order to produce marker-free transgenic plants, independent integration of T-DNA into 

the plant genome is desired, allowing segregation of both traits. Different segregation 

patterns were found for progeny from the same T0 plant, suggesting an infection mechanism 

similar to that of A. thaliana. Indeed, several authors have identified the young ovule or 

unfertilized egg as the target of infection in A. thaliana, causing progeny from the same T0 

plant to be independent from each other (Bechtold et al., 2000; Desfeux et al., 2000; Ye et 

al., 1999). Out of 223 T2-seedlings obtained from 8 co-transformed T1 plants, 23 transgenic 

plants containing only VHH-Fc but not DsRed could be identified. These 23 T2 plants, 

originating from 7 different T1-plants, can be used in further research to establish 

homozygous marker-free lines, only expressing the protein of interest, VHH-Fc. Indeed, 

higher accumulation levels have been shown previously in homozygous lines in e.g., 

A. thaliana (Van Droogenbroeck et al., 2007) and corn (Barros and Nelson, 2010). No co-

segregation was found in the A. kamchatica lines analyzed here, unlike A. thaliana, where 

co-segregation levels up to 70% have been reported after floral dip (De Buck et al., 2009). 

The fact that we did not identify co-segregating lines might suggest a different integration 

mechanism in A. kamchatica than in A. thaliana. In A. thaliana, co-integration of different T-

DNAs is attributed to the ligation of separate T-DNAs prior to or during integration in the 

plant genome (De Buck et al., 1999; DeNeve et al., 1997). Further research is needed to 

elucidate the mechanism of T-DNA integration in A. kamchatica. 

 

4.4 Accumulation of recombinant proteins in A. kamchatica seeds  

 

Accumulation levels of DsRed (on average 0.94 ± 1 µg/mg dry seed) were comparable to 

those of VHH-Fc (on average 1.04 ± 0.3 µg/mg dry seed). A VHH-Fc consists of a nanobody 

(synonym: VHH) derived from a Camelid heavy chain-only antibody fused with a Fc-domain. 

Several intrinsic properties of nanobodies offer advantages compared to conventional 

antibodies. First, their high degree of sequence similarity with the homologuous human VH 

framework causes low immunogenicity in immunotherapeutics (Harmsen and De Haard, 

2007). Second, nanobodies are very resistant to high temperatures, denaturants and the pH-
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extreme and protease-rich environment of the gastrointestinal tract (Dolk et al., 2005; 

Harmsen et al., 2006; Perez et al., 2001). The small size of nanobodies provides good 

penetration of tissues (e.g., the blood-brain barrier) (Muruganandam et al., 2002), but also is 

a cause for rapid renal clearance and thus a short half-life in blood. However, increasing its 

size (e.g., by fusion with a Fc-domain) ensures a longer persistence (Harmsen et al., 2005). 

The expression of Camelid antibodies in plants has been reported in several studies (Conrad 

et al., 2011; Ismaili et al., 2007; Jobling et al., 2003; Winichayakul et al., 2009). The highest 

expression of Camelid antibodies in plants has been described in leaves of N. benthamiana, 

with a relative accumulation level up to 30% total soluble protein (TSP) (Teh and Kavanagh, 

2010). However, due to the low natural protein levels of leaves compared to seeds, 

A. kamchatica seeds showed a higher absolute accumulation level in this study; 1.34 µg/mg 

seed compared to 0,45 µg/mg fresh leaf extract in N. benthamiana. A. kamchatica combines 

an expression level of 1.34 µg/mg with a seed yield of 426 g/m²/year, resulting in 570 mg of 

recombinant protein/m²/year. 

Accumulation of VHH-Fc was not detected in two out of eight lines in our study. Silencing or 

a recombinant protein accumulation level below the detection limit (1 ng) might have 

prevented the detection of VHH-Fc in these two lines by Western Blotting, since the 

presence of the VHH-Fc gene had been confirmed by PCR in T2 segregating seed stock of all 

eight lines. In the remaining six lines, expression levels between 0.66 and 1.34 µg per mg dry 

seed were obtained for intact VHH-Fc. These levels are lower than levels recorded for other 

antibody fragments in A. thaliana seeds, with best yields of 73 µg/mg seed and 26 µg/mg 

seed for a single-chain variable fragment (scFv) and a bivalent scFv fused to a Fc-domain 

(scFv-Fc), respectively (De Jaeger et al., 2002; Van Droogenbroeck et al., 2007). However, the 

levels of VHH-Fc obtained here are comparable to the expression of a full length IgG and 

scFv-Fc with a KDEL tag in A. thaliana seeds, both recently published in Loos et al. (2011 a,b). 

The rather low level of intact VHH-Fc in our study is mainly due to the high level of 

degradation, between 72% and 93%, which is slightly higher than 62% degradation observed 

in our A. thaliana sample. Even though the KDEL-tag protects the protein from proteolysis in 

many cases, this result is not consistent (Fiedler et al., 1997; Loos et al., 2011a; Loos et al., 

2011b; Petruccelli et al., 2006; Rademacher et al., 2008; Ramessar et al., 2008a). Removing 

the KDEL-tag could possibly increase protein accumulation in A. kamchatica since results on 

the effect of KDEL in different studies are ambiguous. Degradation patterns are very similar 
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in the A. kamchatica and A. thaliana seed extracts and in purified VHH-Fc, suggesting 

degradation is not specific for A. kamchatica. Both in intact VHH-Fc and the degradation 

product double bands are detected, probably indicating a differential glycosylation of 

proteins (Van Droogenbroeck et al., 2007). Degradation has been observed for many plant-

expressed proteins, but also in other protein production platforms (Benchabane et al., 2008; 

Ikonomou et al., 2003; Macauley-Patrick et al., 2005; Rozkov and Enfors, 2004).  

 

In conclusion, we reported on the first successful transformation of A. kamchatica, a relative 

of A. thaliana. With a view on production of recombinant proteins, the annual A. thaliana is 

preferred for fast and flexible production, but the perennial A. kamchatica offers an 

interesting platform for continuous production of recombinant proteins. Transformation by 

floral dip was used for the production of recombinant proteins here, but also provides 

opportunities for research on polyploidy, where A. kamchatica is a model species. In 

addition, we showed successful visual selection by seed-specific expression of the 

fluorescent protein DsRed, avoiding time-consuming in vitro identification of transformed 

progeny on media containing antibiotics or herbicides. We analyzed transformation 

efficiency, co-transformation rates and segregation patterns of different lines of 

A. kamchatica. Finally, seed-specific accumulation of VHH-Fc was shown to be successful, 

even though high levels of degradation were observed. Degradation patterns depend on 

specific target sites of proteases, which are difficult to predict. Therefore, successful 

expression of recombinant proteins can only be evaluated on a case-by-case basis for any 

production platform. 
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Abstract 

The success of Molecular Farming does not only depend on technological advances, but also 

on the willingness of the primary crop producers to grow these plants. This chapter outlines 

the results of an exploratory qualitative study, conducted to understand what Flemish 

greenhouse growers think about producing Molecular Farming crops, and why. Questions 

posed by the greenhouse growers can be categorized in economics, social, psychological and 

practical aspects, in which concerns on economic benefits were predominant. All the topics 

were accompanied with typical questions to which the farmer needs an answer before 

deciding whether or not to adopt the technology of Molecular Farming. 

 

1. INTRODUCTION 

 

Implementation of a new technology involves many stakeholders, including scientists, 

government, industry, farmers, non-governmental organizations and the general public. 

Several studies concerning public attitudes towards Molecular Farming have been published, 

applying both quantitative (Nevitt et al., 2006; Pardo et al., 2009; Stewart and McLean, 

2004) and qualitative methods. Einsiedel and Medlock (2005) used focus groups to assess 

public attitudes on Molecular Farming in Canada. Participants raised concerns on spreading 

of these crops to the environment and possible contamination of the food chain. In the end 

acceptability was determined on a case-by-case basis, balancing perceived risks and benefits. 

In addition, the importance of a clear legal framework was pointed out. Milne et al. (2008) 

conducted a similar research in the United Kingdom. Unlike public attitudes towards the first 

generation of GM plants (Gaskell et al., 2010), opinions on Molecular Farming were 

predominantly positive, though not unconditionally. Containment was crucial for 

participants, with a strong preference for greenhouses. Additionally, trialing of both 

pharmaceutical crops and products, in a combination of biopharmaceutical and agricultural 

tests, was felt to be required.  

 

The general public is a very important, influential stakeholder and should be involved early in 

technology development. This has been proven previously for the first generation of GM 

plants (Wilsdon and Willis, 2004). Nevertheless, it is equally important to gain insight into 
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ŦŀǊƳŜǊǎΩ ŀǘǘƛǘǳŘŜǎΣ ŀǎ ǘƘŜȅ ŀǊŜ ǘƘŜ ǇǊƛƳŀǊȅ ŎǊƻǇ ǇǊƻŘǳŎŜǊǎΦ ¢ƘŜ ǎǳŎŎŜǎǎ ƻŦ aƻƭŜŎǳƭŀǊ 

CŀǊƳƛƴƎ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ŦŀǊƳŜǊǎΩ ǿƛƭƭƛƴƎƴŜǎǎ ǘƻ ŀŘƻǇǘ ǘƘƛǎ ƴŜǿ ǘŜŎƘƴƻƭƻƎȅΣ ǎƛƴŎŜ ǘƘŜȅ ŀǊŜ 

free to decide what to grow in their farm, within legal and technical limitations. However, no 

ǎŎƛŜƴǘƛŦƛŎ Řŀǘŀ ƘŀǾŜ ȅŜǘ ōŜŜƴ ǇǳōƭƛǎƘŜŘ ŎƻƴŎŜǊƴƛƴƎ ŦŀǊƳŜǊǎΩ ŀǘǘƛǘǳŘŜǎ ǘƻǿŀǊŘǎ aƻƭŜŎǳƭŀǊ 

Farming and their willingness to grow these plants. 

 

Here, we present the results of a qualitative assessment of attitudes of Flemish greenhouse 

growers on Molecular Farming. We focus on greenhouse growers since Molecular Farming 

will most likely be applied in greenhouses in Europe due to legal aspects and the current 

negative opinion of the public towards first generation GM plants. Molecular Farming can 

possibly lead to product diversification and risk spreading in the Flemish greenhouse sector. 

Currently, the greenhouse sector in Flanders can be divided in vegetable growers and 

ornamental growers. The vegetable greenhouse growers are responsible for a surface of  

млнр Ƙŀ ŀƴŘ ŀ ǇǊƻŘǳŎǘƛƻƴ ǾŀƭǳŜ ƻŦ ϵ нтф ƳƛƭƭƛƻƴΣ ǿƘƛƭŜ ǘƘŜ ƻǊƴŀƳŜƴǘŀƭ ƎǊŜŜƴƘƻǳǎŜ ƎǊƻǿŜǊǎ 

take up a surface of 625 ha (Platteau et al., 2009)ŀƴŘ ŀ ǇǊƻŘǳŎǘƛƻƴ ǾŀƭǳŜ ƻŦ ϵ нлл Ƴƛƭƭƛƻƴ  

(Source: Agriculture and Fisheries policy area, Department of Agriculture and Fisheries). 

 

2. METHODOLOGY 

 

Since little is known about the attitude of greenhouse growers towards Molecular Farming, 

ŀƴ ŜȄǇƭƻǊŀǘƻǊȅ ǉǳŀƭƛǘŀǘƛǾŜ ǎǘǳŘȅ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ǎǘŀƪŜƘƻƭŘŜǊǎΩ ƻǇƛƴƛƻƴ 

about this new development in biotechnology. We focused on the question whether they 

would be willing to grow Molecular Farming crops or not, and their motivations. Focus 

groups, a qualitative rather than a quantitative approach were used. Quantitative research 

(e.g., surveys) provides a representative picture of the general population, but it is less 

nuanced since it does not allow for further discussions. Qualitative research (e.g., interviews 

and focus groups) is an excellent method when participants have had little prior exposure to 

the subject. Since opinions are formed during the group process, focus groups provide 

insight into how, why, and what people think about a subject (Evers, 2007; Kitzinger, 1995; 

Morgan, 1997).  
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The focus groups in this research were organized as follows. Names and contact details of 

greenhouse growers were provided by experts closely related to the sector. Participants 

were recruited strategically to represent the diversity of horticulture activities in Flanders 

and to ensure a variety of perceptions. People were distributed in separate focus groups 

based on three criteria: 1) current crop(s) grown (ornamentals or vegetables), 2) the size of 

the company (small, i.e.  < 1 ha, or big, i.e. > 1 ha) and 3) geographic location (only for 

vegetable growers, Mechelen or Roeselare). The first two criteria were chosen to focus 

discussions, the geographic location is a practical consideration. Participants were invited by 

letter and by e-mail. Since the initial response rate was very low, all invited greenhouse 

growers were contacted by phone as well. A few questions considering GM plants in general 

were asked to interested farmers to get an idea of their awareness on the subject. In total, 

96 greenhouse growers were invited, of which 29 voluntarily participated in this research. 

From June until November 2009, these 29 participants were distributed in six different focus 

groups according to the three criteria mentioned above, with an average of 4.5 persons per 

focus group (Fig. 1). Data collection was stopped when no new information appeared from 

the discussions in the last focus group. 

 

Fig. 1. Distribution of participants in six focus groups according to three criteria. 

 

Because this technology is new to the farmers, background information was provided prior 

to discussions. This was done in a short presentation, in which the basic principles of genetic 

modification and Molecular Farming were explained in a neutral way. Only basic information 

necessary to spark discussions was provided to prevent influencing the discussion in a 

certain direction. After this introduction, participants were asked to write down their 
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positive thoughts about Molecular Farming on one flipchart, and their negative thoughts on 

another flipchart (Fig. 2). These comments were used and discussed throughout the focus 

group, which followed an open structured format. The entire process took 2.5 to 3 hours. 

The discussions were recorded and transcribed ad verbatim afterwards. NVivo qualitative 

data analysis software (QSR International, Southport, UK) was used for analysis of the 

transcripts and coding by recurrent themes. 

 

 

Fig. 2. Participants wrote down positive and negative thoughts on Molecular Farming on separate pieces of 
paper. 

 
 








































































































































































