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GENERAL INTRODUCTION®@BUECTIVES

Humans have always used plants as an important source of foodtAednatural products

In the last 30 years, biotboology has enabled the introduction of specific genes into plants,
resulting in genetically modified (GM) plant¥he most recent development in plant
biotechnology focuses on the use of transgenic plafuis the production of valuable
recombinant proteiis. 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
recombnant 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 pfaatle protens have
made it to the market. The amount of funding and attention the European Union has given
to Molecular Farming provesoth interestin and support for this new technology. Indeed,
different EU Framework Programs (FP) have funded Molecular Farnujegist In addition,

9! Qa NBIdzZ I G2 NEurogeah MEdicinés 3Agefcandl [EFSAEuUropean Food
Safety Authorityhave been working on the development of specific guidelines for Molecular

Farming.

More than twenty years after the first reports dvlolecular 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 Anthalianaand its relatives was evaluated for
seed and proteinyields. Research questions were: How productive #e thalianaand
related species in a greenhouse? CanAambidopsisseedbased platform compete with
other existing Molecular Farming platforms®.thaliana and related species grown in
greenhouses were chosenorf 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-spedific expression technology
developed at VIRIGent ha proven its strength iA. 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 andratitive 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 isof 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 protein€hapter 3,

we focus on the influence of differemultivation practiceon the seed and protein yield of
Col0, the most commonly used accessionAufthalianafor research purposes. Maximal
production of seed proteins depends on a combination of a high seeld with a high

protein content.

The aim ofChapter 4is to explore the genetic variation &f. thalianato select accessions
with the highest potential as a platform for sesgecific production of recombinant
proteins. Thousand®f different accessins ofA. thalianahave emerged through evolution.
Natural variation of more than 60 characteristics has been described.tbaliana Similar
variation can thus be expected in seed yield and protein content. The natural variation
within the specie\.thalianamay allow selection for seed and protein yield increases, which
would lead to further optimization of aArabidopsiseedbased platform for the production

of recombinant proteins.

In Chapter 5 species related té. thalianaare evaluated for thir potential as a seetlased
production platform. AlthouglA. thalianais 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 wheantinuous protein production and larger product
volumes are desired. We focus oslatives ofA. thalianabecause it can be expected that
the expression cassette yielding high recombinant protein levelé.irthaliana will be

successful in its relatives well.

In the following chapters, preconditions for the production of Molecular Farming crops in
Flanders were evaluate@€hapter 6focuses on the attitudes of Flemish greenhouse growers
on Molecular Farming, as they are the primary crop producersedddhe 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 plamse they are free to decide

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

Chapter 7describes the development @in exploratory framework for economic evaluation

of Molecular Farming, which helps greenhouse growers and the protein industry to consider
a2t S0Odzf  NJ CFNXY¥YAYy3Id wSaSI NOK | dzSvaséd @agfaim | NB
produce a protein in a greenhouse? How does it compare with the costs of conventionally
LINE RdzOSR LINRPGSAYyaKé ¢KS FyagSNaA (2 GKz2asS NB
type of recombinant proteins that may become competitive in gteause production of MF

crops.

Chapter 8focuses on legal preconditions for the production of MF crdpe discovery of

an unauthorized Molecular Farming product on the European madkeing this PhD
dissertation triggered a new way of thinking about meral detection methods for
Genetically Modified Organism&GGMO3. Routine analyses focusn the detection of
authorized GM products on the market, and have to ensure legal requirements concerning
the introduction of GMOs on the market are mét 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 9provides gengeal future perspectives for further research, whi@hapter 10
summarizes the complete dissertation, including a general conclusion (a Dutch translation is

available incChapter 1).






CHAPTER

Literature review






LITERATURE REVIEW

1 METHODS FORPDUCTION OF RECONMNT PROTEINS IN PLANTS

1.1 Three generations of genetically modified plants

Plantsgenerallyare an important source of food, but they also synthesize a wide range of
other specific,valuablenatural 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 betweeerdift 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 ilamts possible. Today, GM plants are

often divided in three generation§YonekuraSakakibara and Sajtd006)

The first generation of GM plants focuses on input traits, altering production aspects but
resulting in a similar end product. These GM plaats designed to benefit growers by
reducing agrichemical inputs and thus costs. Widely adopted GM plants with -resgstant

and herbicidetolerant traits are included in this first generation. For example, the gene for a
bacterial Bacillus thuringiens) 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 péStanahujaet al,, 2011) In 2009, Bt crops were
grown on more than 50 million ha, which is 36% of all GM crops grown worldidataes
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 widgdiversi
of agricultural crops, e.g., soybean, corn, canola, and cofiein and Rodrigue2erezo
2009a)

Later, a second generation of GM plants was developed to improve product quality (output
traits). Improving nutritional contents or decreasing allergéyi is a clear benefit for
consumers, rather than for growers. The most famous example sfsétond generation is

D2t RSy wAOS3> yI YSR -c&deNdpradiicing endbdparid.(Goldes fick 2 &
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O2y il Aya Kiadend hidISi§ a pre2ufsor ifor the fsluble vitamin A. Since
vitamin A deficiency causes significant health protdemdeveloping countries, Golden Rice
can severely increase nutritional quality in these count(isyeret al, 2002) Golden Rice is

expected to reach the market by 20{Rotrykus2010)

The third generation, the most recent development in plant batnology, 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 Moledar 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
(Bartaet al, 1986) A few years later, the first antibody expredsin tobacco proved the
ability of plants to assemble complex functional glycoprotéhgtt et al., 1989) In 1992, a
hepatitis B virus surface antigen was reported as the first experimental va@diason et

al.,, 1992) The first proofof-principle foredible plantproduced vaccines was. coliheat-
labile enterotoxin (L'B) produced in potatoes. These transgenic potatoes were fed fresh to
mice and proven to be orally immunogeiiidaget al., 1995)

It was after more than 10 years of preof-concept reorts, that the first plantderived
protein was commercialized in 1997. Not surprisingly, this was aphanmaceutical
protein, which had to overcome fewer regulatory hurdles than biopharmaceuticals. Chicken
avidin, a diagnostic reagent, was produced iaize by ProdiGene and is still marketed by
SigmaAldrich €atalogue number #A870GHood et al, 1997) One yearlater, the first

clinical trial of a planproduced biopharmaceutical was reported for CarBfan antibody

to prevent dental decay (see Section 1.2.4{Maet al,, 1998)

az2fSOdz I NJ CFNXY¥AY3 g1 & NBOSAGAY3A Y2NBateyR Y2N
seeds containing transmissible gastroenteritis virus (TGEV) capsid proteins were found in
subsequent soybean and maize harvests. The maize seeds were grown previously for
SELINAYSyYy(ltf LA3IT I OOAySazr odzi 3I2itrasadE SR dzL

12


http://www.sigmaaldrich.com/catalog/ProductDetail.do?D7=0&N5=SEARCH_CONCAT_PNO%7CBRAND_KEY&N4=A8706%7CSIGMA&N25=0&QS=ON&F=SPEC

LITERATURE REVIEW

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 Neldearming
purposes to prevent a recurrengBIN, 2002)

In 2003, the first producfor a broad market was commercialized. TrypZé&his a maize
derived bovine trypsin, intended for commercial applications such as the processing of
biopharmaceuticals, and is marketed by SigAldrich as wel(Woodardet al., 2003) A big
milestone in Moécular Farming was 2006, when the first plaletived 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 wa sold, as it was only meant as a proof of concept for ghantiuced
vaccines. In the same year, the first plalgrived 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 mdasged monoclonal

antibodies(Pujolet al., 2005) Theg milestones are summarized ilg&re 1.

1995 2003
Oral vaccine Commercialization Trypzean

2006
First commercialized
Plant-made antibody

1989
First plant-made
antibody

1998
First clinical trial

Molecular Farming milestones

1986 1997

Human growth hormone Commercialization avidin 2006

Plant-made vaccine
approved by USDA

2002
Prodigene incident

1992
Hepatitis B vaccine

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

At this manent, a range of noipharmaceutical planrtnade recombinant proteins are on the
YIN]ySGd ¢KSAS AyOfdzRS hwCQa L{hlAySt ftAyS
purposes (see Section 1.2.4.4) and the DERMOKkine® 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.

13
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CaroR¥", mentioned above, is approved for use on the European market, though not
commeNDAFf AT SR &S tNRGFfAEQ 3Jfdz0O20SNBEONRAAR
1.2.4.1) most likely will soon receive approval for commercialization for clinicPustalix

2011) The process for approval was accelerated by a contamination of thetingx
mammalian celberived recombinant protein (Cerezyme®, Genzyife@nzyme 2009)

{ SY. A 2{ & a-basedl nsulih is2xp&ted to be one of the next products to reach the

market, and currently is in clinical phasg@bembeet 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 proteibased 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 the 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 tissu@da et al, 2003. Recombinant DNA
techmology, 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 Grarmmegative bactaa Escherichia colE. colj is most widely used in bacterial cultures.
The most important advantage of this system is the @if#ctiveness due to simple
fermentation requirements, high titers (305 g/l Tripathi et al, 2009 and a short
generation tme. 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. Pdsinslational 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 glycoprotéi@s. T
biological activity of a glycoprotein largely depends on its glycosylation status. Glycosylation
is necessary for correct assembly and activibe deposit of many protein species as protein
aggregates, known as inclusion bodies a second disadvarda regarding bacteria
Extensive downstream processing is required to refold these inclusion bodies to soluble
entities FerrerMiralles et al, 2009 and references therein)ln addition, E. coli
endogenously produces endotoxins and pyrogens, which afeuwif 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 posttranslational modifications for phienaceutical activity, are also successfully
produced in bacterigFerrerMiralles et al., 2009 Mahmoud 2007, Rai and Padh2001;
Schmidt 2004) Indeed, in 200@&bout 30% of all approved recombinant biopharmaceuticals
were produced inE. coli(FerrerMiralleset al, 2009) For example, the gene for human
insulin was successfully expressedEn coliin 1979 and is produced on a large scale
nowadays, for the treatment of diabetd&oeddelet al, 1979) Insulin is an interesting case
since the patent pratction of a range of insulin analogues will expire in 2013 and beyond,
opening the gates for biosimilak&Kuhlmann and Marre2010) Biosimilars aresubsequent
versions of innovator biopharmaceutical products, made by a different sponsor following

patent and exclusivity expiry on the innovator product.

1.2.2.2 Yeasts

LikeE. colj 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 SaccharomycesPichia and Hansenula These lower
eukaryotes do have the cellular machinery for ptraislational modifications, but produce
yeastspecific glycosylation with a high mannose content, which differs significantly from
human glycodgtion patterns(FerrerMiralles et al, 2009) In addition, technical problems

include loss of plasmid and a significant decrease in protein yield at$aeje production
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(0.5 ¢ 1.5 g/l, Knollet al, 2007). When different glycosylation is not an issyeast can be
used as a protein production platforngaccharomyces cerevisjder example, is used for
the commercial production of a hepatitis B vacciri€eset al,, 2006 FerrerMiralleset al,

2009; Gerngross, 2004chmidt 2004) In 2009, about 20%f all approved recombinant

proteins in the USA and EU were produce®ircerevisiag-errerMiralleset al., 2009)

1.2.2.3 Insect cells

Insect cells, transformed by baculovirus vectors, have a-fpasslational modification
machinery suitable for the prodtion 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 patterare serious downsides of this syste(ferrerMiralles et

al., 2009 Ikonomouet al,, 2003 Rai and Pad2001; Schmidf 2004)

1.2.2.4 Mammalian cells

Nowadays, mammalian cells are the preferred choice for the production of pharmaceuticals.
Their similarity tohuman cells with respect to postanslational 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 goproved recombinant biopharmaceuticals in the US and EU are produced in mammalian
cell cultures(FerrerMiralleset al,, 2009) However, average production titers (5,ddrowne

and AfRubeaj 2009, high costs of the complex nutrient media, handling, fentation
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 cost¢Butler, 2005;FerrerMiralleset al., 2009 Sdimidt, 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 bloodsidifficult due to its chemical complexity, and high levels

of some recombinant proteins (i,ehormones) in blood can cause serious health problems
for the animals. In contrast, secretion in milk has been proven successful. In 2006,
recombinant human anii KN2 Y6 Ay LLL &aSONBGSR Ay 321 GQa
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,ime and cost intensive, there is little flexibility in scafgand the use of
transgenic animals poses ethical questions. In addition, diseases can be transmitted from

animals to humangrFerrerMiralleset al., 2009 Houdebing 2009 Mahmoud 2007)

1.2.2.6 Trarsgenic plants

Twenty years ago, plants emerged as protein factories promising significant advantages.
First, plants produce podtanslational modifications similar to other higher eukaryotes. In
addition, they are not susceptible to human or zoonotichagens, 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 umiéd 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 chaliges remain to be solved, including increasing protein
yields, improving glycoprotein authenticity, removing processing bottlenecks and addressing
biosafety and public acceptability issu@g&arg and Kalli®2009 Ma et al, 2003 Mett et al.,

2008 Streatield and Howard2003) 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 methodost 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 tumefaciensr with particle bombardmentlf a species with a
long generation cyclas used, it ca take a long time to generate transgenic plants, but
afterwards practices similar to current agriculture can be ud&mehm 2007 Obembeet al.,
2011, Tremblayet al.,, 2010)

1.2.3.2 Chloroplast transformation

By targeting the chloroplast instead of the nudeuor stable DNA integration,

GONF yaLIX aG2YA0¢ NFrOGKSN) GKFyYy GNrya3asSyao LIk
generateddue to maternal inheritance of the chloroplast genome. This is a big advantage
regarding biosafety. In addition, very high expreedievels 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 rep@tscket

al., 2009) However, the prokaryotic naturef the chloroplast does not allow for post
translational modifications, and is thus similar to bacterial production sysi{@uosk 2007,

Boehm 2007 Twymanet al., 2003 Walmsley and Arntzer2003)

1.2.3.3 Transient expression

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

the whole plant withAgrobacterium 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 geneto-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 Komaroveet al., 2010 Pogueet al, 2010) For exampleFHgure 2 shows

G/ hbQa Y20AfS (NI yaBaNiInfithtor ¢f tolblyta kavemBatig f | NH S
Ransohoff2011){ Ay OS GKS F¥2NXA3Iy 5b! Aa y24d adagrofe |
are some specific remarks considering legislation, as explained funtlsection 2.1.4.

The company ICOBenetics (Germany) uses leaves of 4t@msgenic Nicotiana
benthamiana for the transient expression of patiespecific antibodies to treat noen

| 2RITAYQa [ @YLK2YIl ® -hadedwakcine fackig aaryloerstkuctéd ink LI |y

about 18 months, which is twice as fast as @¥Ged facilities, and at only 10% of the
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capital required for a CH€cility. The speed of this production platform is proven by the
production of patientspecific vaccines within 12 weeks aftegceiving tumor samples

(ButlerRansohoff2011;, McCormicket al., 2008)

Fig. 2.A largescale mobile transformation unit for transient expressi@utlerRansohoff2011)

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

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 promgt€aMV 35 S), or the expressican 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 ardjuatic 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 sucrgB®ehm 2007) Cell cultures are more expensive
than whole plants systems, but purification from single cells is a loeeasell cultures are
suggested as a preferred system when strictly defined and sterile production conditions are
necessary(Ma et al, 2003 Obembeet al, 2011, Twymanet al, 2003) Conventional

microbial fermenters with minor adjustments can be usedgwen disposable polyethylene
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bags as a very cheap alternative. The latter are being used on a commercial scale by the
Israetbased company Protalix. They use carrot cell cultures for the production of
glucocerebrosidase. This enzyme is used as a repkdetinerapy for the treatment of the
I3SySGAO RA &2 NRSwwwbrbtalzOokng NDa RAaSEHFaAS ¢

The German company Greenovation provides a platform based on rivgsdomitrella

pateng in glass bioreactors. The only soes these higher multicellular eukaryotes require

are light, carbon dioxide, water and mineralgrfw.greenovation.com

Aquatc plants are interesting production platforms because of their rapid vegetative growth
and their costeffective cultivation on water. Both higher, free floating plants and algae are
used. Biolex, an American company uses duckwéegnfaceag to produce inérferon

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

treatment of hepatitis C in humang/vw.biolex.con).

1.2.4.2 Leafy crops

Tobacco is one of the leafy crops most often usedNMwlecular Farming due to its high
biomass yields and the existence of laggale processing infrastructure. A prolific seed
production allows for rapid scal@p. An important additional advantage is the fact that it is

no food or feed crop, which minizes the risk for contamination of the food or feed chain
(Tremblayet al,, 2010) A specific disadvantage for tobacco is the presence of toxic alkaloids,
though lowalkaloid varieties are available as well. Leaves in general are an aqueous
environment andthus 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 prote{@bembeet al, 2011 Twymanet al.,

2003)

Planet Biotechnology, for example, uses transgenic tobacco leaves to synthesize secretory
IgA antibodies (CaroRY) targeted againsStreptococcus mutansvhich causes tooth decay.

CaroRX" prevents thebacteria from adhering to teettwww.planetbiotechnology.coi
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1.2.4.3 Fruits and vegetables

The main advantage of fruits and vegetables is the fact that they are editleanimal or

even without processing. Therefore, this production system is especially interesting for oral
G OOAYlIFGA2y® LG KFra o6SSy LINRP@GSYy GKFG GKS&S
response when eaten. Even though #@0d higher doses areecessary, compared to
vaccination by injection, this method is thought to be more esfé¢ctive (Streatfield and
Howard 2003) Bananas, potatoes and tomatoes are the most popular species in this
category. The tubers of potatoes are stable storage osgarhile tomatoes produce higher
biomass yields. Bananas are interesting because they can easily be grown in developing
countries wherecheapvaccines are most needgdla et al., 2003) However, variation in
protein accumulation levels between different aots is inevitable. It is known that
environmental conditions can have a huge impact on plant growth, accumulation levels and
stability of the recombinant proteiColgaret al,, 2010 Jamalet al,, 2009) Especially when
plants are grown outside, the emenment 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 y@&arsibo\et al,, 2002)

1.2.4.4 Seed crops

Seeds are gopact 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, thats tr
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 a#lasisr purification of
recombinant proteins from seed protein extrag8ootheet al, 2010 Lau and Surn2009
Stogeret al, 2005) However, plants have to go through a flowering cycle to produce seeds,
and thus transgenic pollen as well, which can sgreathe environment. This is a significant
drawback compared to vegetative organs, which can be harvested before flowering

(Twymanet al, 2003) Corn is the main commerciaéed crop used in Molecular Farming
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because of similar reasons as tobacco: Higimbass yields are achieved and lasgpale

processing infrastructure already ex(®amessaet al.,, 2008b)

One of the most successful sebdsed companies at the moment is ORF Genetics. This
Icelandic company grows transgenic barley in greenhouses tidatenaturally present hot

springs. More than 30 growth factors and cytokines for research purposes (1IShkire

I NB SELINBaaSR Ay oFNXISe asSSRa IyR O2YYSNDA

(www.orfgenetis.con). In addition, SIF cosmetics, fully owned by ORF genetics, was

founded in 2009 to develop and market skin care products (DERM3kine) based on

recombinant proteins from transgenic barley.

1.2.4.5 Environmental impact on recombinant proteinuaeglation 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 recombinantgteins in highyielding elite inbred lines.
Next, hybrid lines were produced, which indeed accumulated high levels of recombinant
proteins(Barros and Nelson, 2010)he effect of environmental factors has been studied for
transgenic tobacco expressinglflength 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 bdh protein content of the leaves and total biomass producti@@olganet al,
2010) Tomato has been the object of studies on both environmental effects and the
influence of genetic background. Kenhal. (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 aifsgly designed
closed cultivation system. The latter showed recombinant protein accumulation was much

more stable(Hiraiet al., 2010)
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1.2.5 Different cateqgories of proteins

1.2.5.1 Monoclonal antibodies

Monoclonal antibodies (mAbs) recognize their targets withery high specificity and can be
used for purification ofor therapeutic purposesWhile mAbs used for purification of target
molecules are relatively cheaphdrapeutic mAbsare the most expensive recombinant
proteins of all biopharmaceuticals. Out 851 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 mark@&orroet al,, 2010) They are currently used in the
treatment of inflammatory disases, cancer and aiiommune 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 comekity, 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. Fo
example, an artHIV mAb which showed similar antigbimding activity as its CHO

counterpart, has been produced in maifamessaet al., 2008g Ramessaet al.,, 2008b)

1.2.5.2 Vaccines for human and animal diseases

Vaccines provide active immunization btinailating the immune system to produce
antibodies against a particular diseasgaditional vaccines consist of live attenuated or
killed pathogens. Recombinant technology introduced the production of subunit vaccines in
different host organisms. Subuniticcines are structural proteins of a pathogen available as
soluble immunogenic antigens or virlike particles (VLPs). Vaccines can be delivered
through injections (parenteral vaccines) or through oral delivery (mucosal vaccine). A

parenteral vaccine nets 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 beenduroed to treat viral and bacterial diseases

for both human and veterinary applicationd vaccine for treatment of nch 2 R3 {1 Ay Qa
lymphoma was the first injectable plamade vaccine for human use to enter phase 1
clinical trial (McCormickt al., 2008). Mee information on this specific vaccine can be found

in Section 1.2.3.3Since then, several other vaccines bwth mucosal and parenteralse

have enterechumanclinical trials as well (Yusibet al,, 2011).As described in Section 1.2.1,

a parenteral wccine against Newcastle disease in poultry was approved as the first plant
made vaccine by the USDA, but was never commercialiZeitken feeding experiments

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

protecion against the disease by oral administration as well (Guerferdradeet al., 2006).

1.2.5.3 Pharmaceuticals and nutraceuticals

Pharmaceuticals cover a wide range of protdmgs, including enzymes for the treatment
and diagnosis of diseases, hormones anagh factors, antiinfection factors, blood anti
coagulant factors, and other@asaran and Rodrigu€zerezo 2008) Just like vaccines and
antibodies, pharmaceuticals and nutraceuticals are subjected to very stringent cGMP
(current good manufacturing pcéices) requirements. In addition, they need to be very
pure, especially when used intravenously.

As mentioned earlier, the Canadian company SemBidBysxample, uses a safflower
seedbased platform for the production of recombinant human insulin. ge /11 clinical

trial successfully demonstrated the quality, safety and pharmacological equivalence of
recombinant  human insulin  obtained from transgenic safflower seeds

(www.sembiosys.com

Human lactoferrin isa 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 plarimade products is in an advanced stage of clinical trials. In addition, &entri
Biosciences has already commercialized -picduced human lactoferrin for research

purposes, commercialized by Sigillrich atalogue number #L4030www.ventria.con).
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1.2.5.4 Industrial and technical proteins

Industrial proteins, mainly consisg 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 prodution requirements. For example, laccase, a fungal enzyme, is an-@ddotase
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 elgaof
industrial product streamgHerman and Schmid2010) As mentionedn 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. thalianaas a production platform

No single system is idet produce all recombinant proteins of intereStherefore, caséy-
case evidence is necessary until deepederstanding of the critical success factors is
available. In thiglissertation we focus orA. thalianaseedsas a production platform for a

variety of reasons listed below.

A. thaliana is mainly used as a model organism in plgehetics(Koornneef ad Meinke,
2010, but it does have some interesting traits to be used as a production platform. It is a
non-food/feed crop forwhich a very efficient and easy vivotransformation method has
been developed, floral difClough and Bentl998) A. thaliand short generation cycle in
combination withprolific seed production turns it into a very flexible production platform.
Therefore, it can be used for quick production of stable homozygous (@lesut nine
months)and very fast production of different rembinant proteinsSeed yields of individual
Arabidopsigplants might not be very high (between 125 mg and 700 mg for accessidh Col
depending on the source of informatiofe.g., Boyest al, 2001, Ruebeltet al,2006)).
However, extrapolating theseelds to larger surfaced.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 accession0Caee ChapteB). The use ofA.

thaliana leaves forcommercialscale production of recombinant human intrinsic factor
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the Danish company Cobenias illustrated that its biomass production can be adequate for
specific applications (Chapt&) (Fedosowet al., 2003) Adding a high natural seed protein
content of about 25% to these factdkuebeltet al., 2006) A. thaliana could beable to
compete with other platforms for the production of specific classes of recombinant proteins.
Indeed, valuable proteins needed melatively small quantities (41000 kg,e.g., vaccines)
justify smaliscale cultivation ira contained environmentin addition, a small plant with a
short generation cycle, lik&. thaliang is wellsuited to examine the characteristics of a new
recombinant protein. However, when proteins areeded on a large scale (>1000 kg),
cultivation should be moved to the open field and to larger seed crops.

A. thalianafurther benefits from the availability of an extensive range of genomic resources,
including a completely sequenced genome (The Arabido@&nome Initiative2000), an
almost saturated knockout collection (Malgd003) and commercially available chips for
transcriptome analysis (Zhu and Warg900). In the following sections we will list some
specific advances made iA.thaliana, which ae interesting for the purpose of a

recombinant protein production platform.

1.3.1 Prevention of ppd shattering

A. thalianais a member ofthe Brassicaceadamily, which also includes oilseed rape
(B.napug. Just like this agriculturally important crofy, thalianaQa y I G dzN>F £ &SSR
achieved by pod shatterindod shatteringin B. napuscauses annual seed losses of 20%,

and even up to 50% under bad weather conditightacLeod 1981) However A. thaliand a
shatterproof double mutant can be used tolge the problem of excessive loss of seeds at
harvest. In this mutant, two MADBISOx genes (SHATTERPROOF, SHP1, and SHATTERPROOF2,
SHP2) are knocked out. Since these genes are required for fruit dehiscehcthaliang a

mutant with a double knoclout of SHP1 and SHP2 prevents seed dispersal and thus
unwanted loss of seedLiljegrenet al, 2000) The double knockut mutant is protected

through a patent since 20QWith a patent duration of 20 yead2 hH nn MK N 1T ppmMT 4/
of fruit dehiscence iMrabidosisd @ L Y RS K S & O SYield Sharac@iBHesS & ¢his @

mutant were determined in this thesis, agscribed in Chapted (Section 3.5)
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1.3.2 A seedspecific expression cassette for high accumulation levels

Very high accumulation levels of recombinant @ios have been obtained iA. thaliana

seeds, using a seexpecific expression cassette developed at-M{Bent (Fig. 3). The
expression cassette uses regulatory sequences of common behas€olus vulgans

Phaseolin is the most abundant seed storage @irotin common bean (60% of total seed

protein), while arcelirc makes up 3@0% of total seed protein. Phaseolin is a trimer
LINPGSAY S O2¥YalhaRaAdgdHzyAT oF LG Aa GKS LINRPY2GSN
phaseolin which is used in the expressaassette. Thércelin5 gene family consists of two
members:arc5l andarc5lld ¢ KS pQ dzy NI yatlr SR NBIA2Y 6 dzi
arc5l are included in the expression cassette. In addition, a signal peptide éfrdi®dopsis

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

recombinant protein in the endoplasmic reticulum (ER).

5 utr KDE

\

GOl

Pphas SS 3’ arc

Fig. 3{ OKSYIFGAO RAFINIY 2F G(KEBKBEBEBRBAYAAGY O BINBricd § & NF LI k
3 Sy S N Hlanking regulatory sequences of tiaec5| gene; ss, signal peptide of thgabidopsi®2S2 seed
storage protein gene; GOI, gene of interest; KDEL, ER retention signal

This expression cassette has proven its power, resulting in the accumulatosirajle chain
variable fragment (scFv) up ®6% total soluble protein (TSRprrespondingto 73 pg of
recombinant protein per mg seee Jaegeet al, 2002). Amore complex antibody format
such as a bivalent scRe fusion could still reach accumudat levels of 9.4 pg of
recombinant protein per mg see@.ooset al, 2011b) and even 26g/mg seed(Van
Droogenbroeclet al, 2007) Very recently, the usability of transgemeabidopsiseeds for
the generation of intact monoclonal antibodies has alsei demonstrated by Loost al.
(2011a) with maximum expression levels of 20 ug per mg seed@ ooset al, 2011a)
These accumulation levels are significantly higher than the accumulation of a full length
antibody of 0.1 pg per mg seeds in cgRamesar et al,, 2008a)and the accumulation o&
mAb toabout 2.5 pgung dry seed in tobaccg@Petrucelliet al, 2006) These resultslearly

show the value of the results obtained & thaliana Recently, the expression cassette has
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been adapted for direct sutboning by Gateway® recombination for hitjnoughput

screening of different coding sequences (Morandinal., 2011).

1.3.3 Human glycosylation patterns

Correct Nglycosylation is important for correct folding, stability and activity of antibodies in

order to obtain the intended therapeutic efficagkoet al., 2005) Highmannose type N

glycans (with 5 to 9 Man residues) are similar in mammalian and plant glycoproteins, but
complextype N-glycans are structurally different. Plagpecific glycosylation indiSa - 6 MX H 0
Eef2aS | yRFAERNES 3h WMCAGUS  KdzY |l y  3fticds® andNiRid S A y &
acid In addition, plants lack further branching ofdntennary Nglycans, which can be found

in humangFig. 4YBosch and Schqt2010)

B N-acetylgucosamine

Humans @ Mannose
Plants
¥r p1.2-xylose
. X f1,4-galactose
- @ a2 6-sialic acid
e ) :
</' . A a13tucose
: * at,6-fucose

Fig. 4 N-glycosylation differs between plants (1) and humans{2) (Adapted fromBosch and Schqt2010.

Elimination of these plarspecific Nglycan epitopes has been successfully achieved in
A.thaliana, thus producing humatdike N-glycan structures at great hargeneity(Schahst

al., 2007) Recently, Loost al. (2011a) demonstrated the usability of transgeAidhaliana
seeds for the generation of monoclonal antibodies with controlledly¢osylation pattern.
This is another significant step towards the uséothalianaseeds 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 reombinant proteins: Medicago truncatula(Abrancheset al,
2005) corn(Nagviet al., 2010 Ramessaet al., 2008b)and tobaccq Tremblayet 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 advantaiegascale
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 Miedicagoand tobacco are andvantage in this view.

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

contamination of the food/feed chain.

Two important properties mentioned above are fulfilled fév. thaliana 1) extensive
knowledge on genetics due tA. thaliand2 atatus as a model plant, and an available easy
transformation method, and 2. thalianais a selfing nofiood/feed crop. In contrast to the
species mentioned abovd,. thalianais not an agricultural crop. Thus, the maximal potential
for biomass production is not yet known, and largeale cultivation methods are still

lacking.

2 MOLECULARARMING IN LEGAL AMGRICULTURAL STRURHS

2.1 Molecular Farming legislation in the EU and in Belgium

In this section, we provide an overview of the Eurapeand Belgian legislation relevant for
the application of Molecular Farming technoloffyig. 5) This introduction to legislation is
relevant with a view on Chapter 8, in which legal preconditions for implementations of
Molecular Farming are discussdflropean 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 (GMB & A Y &R | &
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 recombiratin
hNBFYAayY A anyBdogidayebtily cdpable of ceplicatior of transferring genetic
materiak ® ¢ KA & Y Sliviggdrganistrs are @WOE.8n 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 féwod and feed applications in the EBegulation (EC) no
1829/2003).

Deliberaterelease
% Contained use into the environment

Field (trial) |

Greenhouse Commercialization

A 4

Decision of the 2001/18/EC
Flemish government PartC
6 Feb 2004 v :
/ 2001/18/EC ROl
2009/41/EC PartB applications

Micro-organisms

Fig. 5 Overview of the regulatory pathway for a né@MOderivedproduct
Legislation can roughly be divided in two categories: The contained use of GMOs, for
example in laboratorie 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 geneticabidified plant by
transformation in the laboratory. This is followed by experiments with genetically modified
plants in a contained environment (greenhouses and growth chamif®estion 2.1
Afterwards, legislation related to field trials is explainemhd regularization for
commercialization of end products produced by Molecular Farming is summg@aation

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

concerning transient expression (Section 2.1.4) areflyrdiscussed.

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 circumsta&sc Problems can only arise if the

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

Ly €S3AatladAz2zy O05ANBOGAGS Hamyadiinity m which mickdd 2 v G | A
organisms are genetically modified or in whiakcls GMMs[Genetically Modified Micro-
organismsjare 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 fahe general population and the environméntd ¢ Kdza = & K
definition is applicable for GMMs in laboratories, but also in closed greenhouses or growth
chambers.In Europe, only the use of genetically modified miorganisms (GGM) is

regulated by Directive@9/41/EC. Amick@ NB I YA &Y A dmicRhBidogicalSeRtty,r & & |
cellular or norcellular, capable of replication or of transferring genetic material, including

viruses, viroids, and animal amdant cells in culturé For Molecular farming this would

mean only GMMs used for transformation of plants, suchAgsobacterium tumefaciens
should be taken into account, and not the generated transgenic plants. Research institutes
and companies using plant cells in culture for Molecular farming activitieb@red 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 thuanslated 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 1) and the decision of 1 June 1995 (VLAREM
II) applies. VLAREM is the Fisim 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 pathogén micraorganisms. 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 differenkrlevels, 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
caseby-case basis by theechnical expert. In Flanders, this technical expert is $betion
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 environmetal 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), bothtenwri
permission and an environmental permit are required. The complete biosafety file has to be
sent to the SBBOnly when both these permissions are provided, the contained use can start,
for a period of 5 to 10 years. Afterwards, a permit for continumdained 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 &Bpliexs and

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

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

LI Fyda 2NJ 6KS SY@ANRYYSYliod G9YyDPANRYYSYyle Ay
exposed during th@lanned 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 grmetinsof GM plants

(Appendix IV, table 1B)

Level 1 Level 2 Level 3 Level 4

Greenhouse: permanent Not required Required Required Required
structure’

Entry via separate room Not required Optional Optional Optional
with two interlocking
doors

Control of contaminated  Optional Minimize run | Prevent run Prewent run-
run-off water off 2 off off

Measures to control Required Required Required Required
undesired species such
as insects, rodents,
arthropods

Procedures for transfer|  Minimize Minimize Prevent Prevent
of living material dissemination| dissemination| dissemination| dissemination
between the
greenhouse/growth
room, protective
structure and laboratory
shall control
dissemination of GMMs

L The geenhouse shall consist of a permanent structure with a continuous waterproof covering, located on a
site graded to prevent entry of suida-water runoff, and with seHclosing 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 is®agium,

based on Directive 2001/18/EC. This directive is translated into the Royal Decree (RD) of 21
CSONUHzl NB Hnannp® 5Sf Ao S mibylifentiond finSddudcton ifté theR S T A y
environment of a GMO or a combination of GMOs for which no spemhtainment

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

general population and the environméntd | SNBE (G223 Daha NBFTSN 2y
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This legislation consists of two parts: the deliberate redegdo the environment for other

purpose than for placing on the market (Part B of the Directive, Chapter Il of the RD) and the
placing on the market of GMOs (Part C of the Directive, Chapter Il of the RD). Placing on the

Y NJ S A amaRiGglakdb Bo thirdiparties, whether in return for payment or free

of chargg ® al {Ay3I Dahada F@FAtlIofS FT2NJ I OGAGAGASAE

purposes is not subjected to Part C.

2.1.2.1 The deliberate release of GMOs into the environment for other perguwan 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 2é&bFuary 2005. Prior to submitting a request, the
applicant has to conductan environmental risk analysis, which is checked by the
government.lt is important to take into account both the nature of the introduced organism
and the environment in which it imtroduced, and the interaction between the GMO and
the environment.

The application is sent to the Belgian competent authority, which is#ueralGovernment
Service of Public Health, Food Safety and the Environment. After the scienskc
evaluation, the Biosafety Advisory Councilakes 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 exméon 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 nneber 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 willtake 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 peats, 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 commerciadizon of GMOs is Directive 2001/18/EC Part C, translated into the
RDof 21 February 2005, Chapter Il 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 FeddggalernmentService 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 tiBgosafety Advisory Councif 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 furtherttneat of the

file. If the commission and the competent authorities do not object, permission é fiv
commercialization of this product. However, when objections arise, the law states that the
commission will ask th&uropean Food Safety Agen®&FSA)o 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 CommissioRirectorate Generalfor Health and Consumer Policy,
SANCOwill 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, thevall be a vote on the possible permission in the
Councilof 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 anywayOn 6 July 2011 thdsuropean Parliament approved legislative

proposalthat allowsMember States tampede, restrict or ban the cultivatioaf transgenic
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cropslegallywithin their borders, a move which has been proposed with diséensibleaim

of preventing tactical votingy committee members resulting in BAdde 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 extensivenaronmental 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 GM&#xilas 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 predluecombinant

proteins or parts of the transgenic plant (e.g., seeds) in food for human consumption. In
wS3dzf F A2y 09/ 0 y2 wMT yaryHsabstance o grétiuctA ihetherS T A y' S
processed, partially processed or unprocessed, intended to be,somadaly expected to be

ingested by humaris® t K NI OSdziAOFta | NB SEOf dzZRSR TN
ISySiAOltte Y2ZRAFASR T22R fdoy condhimglztohsistingof 09/
or produced from GM@s® ! y A Y LJ2 NI Ifattithatyfoixt pfodused Avigh thé &dS

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 pragttion 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 handlegiig 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 gifinded 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 theDirectorateGeneralAnimals, Plants and Foad the federal government service
Public Health, Food Safety and the Environm@ifite 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 pe&sion 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 monitog data from the past 10 years.

Regulations (EC) no 1829/2003 and (EC) no 1830/2003 also provide regulations for
SGAdzSGdSa FyYyR GNI OSFoAfAdGed ¢KS SGAdzSGGS
Y2RATASR wylYS 2F (GKS 2NHIYA&aYBED

Concerning Mkecular 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
OKSSaS® /SNIIAY LINRBRdzOGa O2dZ R 06S O0O2yaAiRSN.
supplenSy i1é¢ AYUNRYAaAO FLOU2NE F2NJ I Y2NB STTAOA
additive, the application for this purified recombinant protein was done according to
Regulation (EC) no 1829/2003owever, the application has been withdrawn in thean

time.

Feed

The legislation concerning genetically modified feed is comparable to the legislation on GM
F22R o6wS3dzA A2y 09/ 0 y2 MYHMKHANOO ® atyy wS3d
substance or product, including additives, whether pssed, partially processed or

~

unprocessed, intended to be used for oral feeding to anéméls ¢ KS RSFAYAUAZ2Y
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GFSSR O2y Gl AyAy3as 02y aA a ifrdr golmezcilizaidtlof GNHeBRHKjzO S R
a permit is required. This can be obtainextarding 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
pharmaceuicals 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 pli¢aseet 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 & 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
KdzYly FyR @S ANEugstahtE or doinBinatiod 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 product @ ! £ £ YSRAOAYIf LINRPRdzOG& O06A0GK 2N ¢4

be tested thoroughly prior to commercialization.

a. Clinical trials for human use

After obligatory preclinical research and animal trials, there are three clinicasgshfor
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 agtivit the medicinal product is
tested. All tests from the preclinical research untii 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, thestar 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 Directive@0914/EC and/or 2001/18/EC,
respectively for contained use and/or deliberatelease 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 GO

There is no separate legislation for clinical trials for veterinary use, but they have to comply
with chapter Il of the RD of 21 February 2005 concerning the deliberate release of GMOs
into the environment. The only difference is that the competent haarity 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 requiredpto 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 espsion 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 humamd 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 fové 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, somespecific 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 transgdants. The

jdz- t AGe 2F GKSasS LINRPGSAya F2N) Soe3adr RSGSO
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 plagethenl

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

GMOs should be taken into account.

2.1.3 The quidance document by EFSA

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

feed purposegEFSA2009) 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 forfood and norfeed 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 armadgahicity are
included in the risk assessments. The legal background for GM plants used fimodoend
non-feed purposes was summarized in this Opinion, as discussed in the sections above, and

shown inFgure 6.
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GENETICALLY MODIFIED PLANTS
as in Article 2 of Directive 2001/18/EC and to be released in the
environment far placing on the market

1
For cultivation and/or import and processing

PLANTS FOR NON-FOOD / NONFEED PURPOSES % 9| PLANTS FOR FOOD/FEED PURPOSES

s Used to produce industrial
enzymes, raw material for the

production of biopelymers. biofuels. - i e ot féo.dﬁeed o -
paper and starch Medicinal purposes » foodfeed consisting of or containing
(eg vaccines and antibodies) GM plants

s Used for energy production,
phytoremediation. landscape + foodffeed produced from GM plants
improvement and ornamentals.

The medicinal The medicinal
product contains a product consists of|
substance purified or contains GM

from GM plants plant tissve

Biomass

RISK NATIONAL COMPETENT
ASSESSORS AUTHORITY

RISK EUROPEAN COMMISSION

MANAGERS

bowolsn ol

MEMBER STATES

EFSA

{o assess outstanding Member State comments:

Fig. 6.Regulatory flowchart for diffemt GM applications in Eurog&FSA2009)

2.1.4 Leqislative 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 samee 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-@&O is aucial 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 applicationsr 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 nonGMO, commercialization can be expected 18 Zeas (Lusseet al,, 2011)

2.2 Molecular Farning 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. Tdmntainment 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 inuEbpe, 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 tempeature and physical damage can lead to yield variability of
recombinant proteins. Growing crops in greenhouses will thus improve Hatbiatch
consistency, which is a core principle of cGMP (current Good Manufacturing Practices, a set
of standards desigreto guarantee a good quality of therapeuti¢€olgaret al., 2010; Paul

and Ma, 2011)

2.2.1 Current state of the Flemish greenhouse sector

The expertisein the horticultural sectar and the moderate climate make Flandersery
suitable forgrowing crops in grenhousegGeorge<t al., 2003 Van Huylenbroeck010) 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 v&is afeé (Federal
Government Serveec of EconomyDirectorateGeneral Statistics and Economidformation).
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
greenhougs to minimize fixed investment coswich as the construction and maintenance

of the greenhouse itself and water stora@@ecadtet al,, 2007) Currently, 1025 ha of the

total greenhouse surface is used to grow vegetables, of which tomatoes (43%) aruk let

42



LITERATURE REVIEW

(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 Easlanders. The most important crop azalea, taking up 29%

of ornamental greenhouse surface (Fig. 7). In 2008, 400.000 ton of vegetables were
LINE RdzZOSR Ay 3INBSYyK2dzaSasxs NBaLRy aRlatéaSetar,2 NJ L
2009) Data on production volumes of the ornamental sector are not availableluetion

gl tdzSa 2F GKS 2N¥yIYSyidlFfa LINRRdIdzOSR Ay 3INBSy

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

a

cucumbers
4%

lamb's lettuce
5%

sweet pepper
9%

Fig. 7 Distribution of greenhouse surface in different ceofora vegetables andb the ornamental sectar

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 Bor level2 GM plaits, only a permanent greenhouse
structure andmeasures to control undesired species such as insects, rodents, arthropods are
strictly required(Table 1) In practice the following adjustments for a GM greenhoisse
suggested

1) A finemesh netting for all wdows 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 lockabledoor for bidirectional isolation of the genhouse
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3 ASWOTANALYSIS AWOLECULARARMING INLANDERS

3.1 Strengths

Flanders offers several relevaamnd important advantages as region tevelopcommercial
Molecular Farmingactivities 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 adahesh
Institute for Biotechnology (VIB). Finally, fsn@ubators and science parks aim at bringing

the academic and commercial world togeth&landersBio, 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
aSO02N) Aa NBalLkRyaAirofS T2N 0 Bduicet AghtBitgrs sindzSa 2 7
Fisheries policy area, Department of Agriculture and Fisheridse sector is working om
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 producfiander Meulenet

al., 2010; Verspechet 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 rapidcgess to markets and supgis.

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 cruciahenaommercial 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 rgstother, 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, arnleos 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 Europ@Basaan and RodrigueZerezo, 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/ooffer 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 foretastcommercial
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 Farmpr@duction 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 thedzLJLJI2 NI 2F (GKS Cf SYA&aK LRt AOe
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, byVIB - UGent. In 2010, the cultivation of authorized GM corn was granted
permission for research on existence of GM and conventional corn. At this moment, a
field trial with GM potatoes having enhanc@thytophbra resistance is ongoing in Wetteren,
Belgum. 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 eexistence of potatoes and sugar be€®ALV en Minaeal, 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 inclutie PharmaPlanta consortium for the development

of a plantproduced HIWaccine intobacco (FP6)and the CoMoFarm consortium on
contained Molecular Farming-P7. In addition, EMEA and EFSA have both issued guidelines
for the specific risk assessment of Maléar Farming crops and products. The support at the
European and regional level for Molecular Farming (and Knowledge BaseddBiomy 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 premffconcept studies arg@ublished, only products
intended for nontherapeutic 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 ofhiouse dereloped 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 prodisc Deals between major |#science companies and
Molecular Farming companies are still scarce, e.g. deals between Bayer an@dduefics,

and Pfizer and Protalix. Indeed, most Molecular Farming companies at the time are
dedicated starup companies, oén created as a spioff from academic research institutes.

As of now, the big industry has shown little interest in plaased platforms, possibly
because of the uncertainties still associated with plarv@de recombinant proteins.
Unfortunately, small ocmpanies often lack funding for further developments till
commercializationTherefore, funding should be sufficient to reach an advanced stadium in
product development (e.g., clinical phase | or Il for medical products). Only when the

product effectivenes&nd production feasibility of these plamtade 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 n the final stages of development till commercialization. However, industry observers
have suggested that one plantade biopharmaceutical brought to commercialization is
likely to trigger increased interest in Molecular Farming.

Second, regulatory hurdlesoncerning Molecular Farming still exist. In the past, unclear
regulation has led to increased time to market, causing investor fatigue with potential
bankruptcy of the companyDavies, 2010)Even though significant efforts have recently
been made in Ewpe 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 (8#e Section 2.1.4The classifation

has an enormous impact on the development costs of products made with this technique. If
the crops used for transient expression are classified as@MIOs, applications with a lower
value can be developed, small and medisired companies will alsprofit from the
technique and commercialization of products can be expected-3nyRars(Lusseret al.,
2011)

Third, stakeholder perception is of uttermost importance for the development of any new
technology. Especially for GM crops of the first genergtthis 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 lattés thought to be an important source of the negative

public opinion on first generation GM crofs$N, 2008)

47






CHAPTER

Optimizing cultivation practices for
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Abstract

Optimal cultivation practices are a prerequisitar foptimal growth with maximal seed and
protein yield. The object of this research is -Gpkthe most commonly used accession of
A.thaliana for research purposes. Even though research has shown expression of
recombinant proteins is very effective A thalianaseeds, the lack of knowledge on optimal
cultivation conditions, and thus the lack of knowledge on yields which can potentially be
achieved inA. thaliang has hampered its development as a production platform in
Molecular Farming so far.

First, inceasing 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, spegificall
focusing on higher nitrogen lels. 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 greenhdimate to an
optimal growth environment forA. thalianacan 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 spacthe 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 inA.thaliana. Automation ofcultivation practices is very important for largeale
production of A.thalianato exclude costly manual work as much as possible. We showed
that automatic sowing of coatedh.thaliana seeds was very efficient. Automating the
harvest procedure, howevestill needs further research, with a special focus on efficient

collection of the plant material and entry into the harvesting machine.

1. INTRODUCTION

A. thalianais generally acknowledged as a model plant in genetic and molecular studies
(Koornneef and Minke 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 rangecof 16
25°C is suggested, with an optimal 23 °C for rapid development. A photoperiofimore

than 12 hours is required for accelerated reproduction, with an optimum light intensity of
120 ¢ 150 pmol/m2 sec. Range of humidity should be kept between 25 and sibée
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
(Chapterd4) and an optimal ernivonment, 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 vyield, protein content anthe influence of environmental factors dhese
characterisicscan be foundn this contextof A. thalianaas a model plant for agronomically

important crogs andtraits

In literature, seed yields between 125 r{f§oyeset al., 2001)and 700 mg per plantRuebelt

et al, 2006) are reported for accession G0l Litie information is available on protein
contents of seed. Ruebedt al. (2006) reported a protein content of 25.7% in ©OolFor
accession W§, a protein content of 41%as beenobserved(Baudet al., 2002) Growth
conditions affecting seed yield iPA. thaliana have also been studied. First, nitrogen
fertilization has been proven tbhave an effect orseed yieldln accession WSs, low nitrogen
conditions cause more than a twofold reduction in seed yield due to a reduced seed number
(Lemaitreet 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 6Qfhol/m2 sec(Liet al., 2006)

Here, we focus on thénfluence of differentcultivation practiceson the seed and protein

yield of Col0, the most commonly used accession for research purposésximal
production of seed proteins depends on a combination of a high seed yield with a high
protein content. Theexperiments are conducted in greenhouses rather than growth
OKIF YOSNB G2 &AYdz I (i SeffegtiMBand ldargesal ¥uRiatioR\Rifiia 2 F
the experimental limitations of a greenhouse, the influence of fertilization, growth season
and sowingdensity 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 harvestingAfthalianaseeds on a large scale were

tested.

2. GENERAMETHODOLOGY

2.1 Plant material, general cultivation practices and pest control

For all experiments, seeds of accession ColumbiaQ)Colere used. Plantsvere 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-pighsure 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 (pottingixnSaniflor; NV Van Israél, 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), holes with a diameter of 5.5 cm. In every experiment,
Wuxal Super (NP-K 88-6) 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 2.8S 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 nemides Steinenema 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 administereahce directly on the soil at a concentration of 1miilhen

plants were 3 weeks old
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2.2 Growth stages and traits measured

Two growth stages wenreegistered: 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, respedBafgset al., 2001)
Rosette dameter 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 ofhtlre e
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 redistéte an
accuracy of £ 0.1 mddarvest 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 eachcondition, 100 mg of a bulked sample (n = 30) was added to 7 g.8Q, 1 ml
CuSQ@5H0 (05 g/ml) and 12 ml p8Q (1.84g/ml). Samples were destructed at 420°C during
90 minutes. After cooling, analyses were performed on a Kjeltec 2300 machine (Foss,
Denmark). Theonversion factor used to calculate the percentage of crude protein content

was 6.25Association of Official Analytical Chemists, 1984)

2.3 Statistical analysis

Only data of plants with an optimal growth were included in the comparative analJ$es,
statistical outliers were removed from the data set if aberrant yields could be related to
suboptimal growth, e.g., due to droughAnalysis of variance (ANOVA) wasfpened on
untransformed data or, if necessary, on squanet transformed data to estimate levels of
significance among conditions. For one experiment, a-parametric test (Kruskaivallis)
was done because conditions for ANOVA were not fulfilled aftersformation of the data.
Contrasts between traits in the shatterproof experiment were tested with a-tavled t-test.

Simple correlation analysis was used to investigate correlations between different traits
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measured and correlation coefficients (r) wecomputed. All statistical analyses were

performed with Statistica 9.1 (StatSoft inc.).

3. SPECIFIC METHODOLQRESULTS AND DISCUSSIO

3.1 Evaluation of the effect of fertilization orseed yieldand protein content

3.1.1 Methodology

Different fertilization regime were applied téA. thalianaplants at a concentration of 2 ml/l
WuxalSuper(dilution of 58 mg/l N@ 92 mg/l NH, 50 mg/l (NH),CO, 200 mg/l £ and 150

mg/l KO) to determine an optimal fertilization frequency for maximal seed protein
production.

In total, four different experiments were conducted. The firsal 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, fertilizatewvery week, every

two weeks and every three weeks. The following traits were meaktoe 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 prinfeplts.

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 weeknd twice every week. Seed yielthd harvestndex were
registered.

The third experiment had the same experimental-sptas 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 fertilizeeivery week and every 2 weeks.
Extraction of water soluble elements (RN, NH-N) was executed according to EN 13652,
and NQ-N was measured with a Dionex 880 IC ion chromatography (Dionex, Sunnyvale,
CA). K and P were extracted in ammonium acetatermpdsured by chargeoupled device
(CCD) simultaneousductivelycoupled plasma optical emission spectromettiZHOES)

(VISTAPRO, Varian, Palo Alto, CA).
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The fourth experiment was conducted at greenhouse P21 and sown on 23/7/2009. Five
fertilization regmes 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 #. thalianaplants in order to determine the
effect of fertilization frequency on d#éfent 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 everek, fertilization

once every two weeks, fertilization once every three weeks. In this experiment several
parameters were registered: growth of the rosette is shown in FigaeAt 17 days after
sowing all rosettes were about 2 cm in diameter. Fertilatstarted 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 atopped 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 threertes bigger than those of unfertilized planisig.

1b).

The seond trait measured is the heiglf the entire plant (Fig2). Here too, the ranking of

the heightof 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 one tlman 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

cycleat 99 days

10
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Fig. 1. a Evolution ofaveragerosette diameter (cm) during time after sowing (days) for five fertilization
regimes.p : fertilization once every week : fertilization once every two weeks, : fertilization once every
three weeks,b : fertilization once after three weeks; : no fertilizaion. n = 40 for every conditiob Left:
rosettes of plants that were never fertilized, Right: rosettes of plants fertilized every week.
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Fig.2. Evolution ofaverageplant height (cm) in time (days). : fertilization once every week : fertilization
once every two weeks; : fertilization once every three weeks,: fertilization once after three weeks; : no
fertilization. n = 40 for every conditian

From day 52 on, the number of inflorescences originating from the rosette (primary bolts)
was registeredFig.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.

X
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3 )/ / /./ i X[ 20
5 A 13w
- / -5 1x
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52 62 72 82 92

Days after sowing

Average number of primary bolts

n=40

Fig. 3. Evolution ofaverage number of primary bolts in time (days). : fertilization once every week :
fertilization once every two weeks, : fertilization once every three week®,: fertilization once after three
weeks,E : no fertilization.n = 40 for every conditian
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Seed yills were compared for the five fertilization regimes in this experiment @igAs
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 pevered.
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.
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1] % . n =40

none 1x 13w 12w Txhwy

Individual seed yield (mg)
|
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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 ®%nd 75" percentiles. Whiskers above and below the box
represent the 18 and od’ percentiles. Outliersare shown as dots. Different letters indicate significant
differences (p < 0.05) between conditions testad: 40 for every condition.

Afterwards, protein content of the seeds was determined for three independent pools (n =1
¢ 5 plants for every pool)foseeds 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 thanTHdlg ).
Therefore, only one pool of each condition was analyzed in the next experiments where

protein content was determined.
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Table 1.0Overview of average individual seed yield (mgdtgin content (%) of seedndividual protein yield
(mg) and protein yielgper m2for five fertilization conditiong standard deviation

Individual seed (mg) Protein % Individual protein (mg) Protein/mz (g)*

None 19+9 14.6 2.64+1.3 0.89+0.44

1x 92+ 28 13.8+0.4 13.51+4.1 459+1.39
1x/3w 113+34 19.4+0.6 2251+6.8 7.65+2.31
1x/2w 197+70 18.0+0.5 35.60+12.6 1210+ 4.28
Ix/w 426+ 95 18.8+0.5 80.10+18 27.23+6.12

& Calculated for 80 plants per m?2

Finally, we analyzed correlations between the different traits measured (T3bla clear
postive 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), heigtitthe entire plant (r = 0.76and seed yield (r = 0.72),
respectively. Protein content was only weakly correlated with all other traits meddure
0.60). As shown in Figuke the correlation between seed yield and length of the entire plant
was best described with an exponentialredation (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 expomi@hcorrelation. Asterix sybols 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 (mgQ) 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 betweeandividual plant height and seed yield

Since the previous experiment indicated the best results were obtained with plants fertilized
everytwo weeks and every week, we designed a new experimentaligetn the next two
fertilization experiments, the following fertilization regimes were applied: fertilization every
two weeks, fertilization every week, fertilization twice per wegk= 20 perfertilization

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).flrsthe
experiment, plants which were fertilized twice weekly produced 364 + 12Cseaglsper

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 mgRantl 73 mgper

plant on average for fertilization applied once every two weeks, once every week and twice

every week, respectively (Fig).
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Fig.6. Seed yield (mg) per plant for three fertilization conditions, in twals. Solid line within te box shows

the median, while the boundaries of the box mark the"2fhd 75" percentiles. Whiskers above and below the
box represent the 18 and 90" percentiles. Outliers are shown as dots. Different letters indicate significant
differences within thesame experiment (p < 0.05)

In these two experiments, harvest index (HI) was calculated for every fertilization regime. As
shown in Figuréd, there is a downward trend for HI when fertilization is increased in both

experiments. For fertilization appliednoe every two weeks, Hl is 0.40 on average in the
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second experiment. The lowest HI registered is 0.32 for the fertilization regime of twice

every week, in both experiments.
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Fig. 7. Harvest index (HI) per plant for three fertilization conditioAssolid line within the box shows the
median, while the boundaries of the box mark thé"2fnd 75" percentiles. Whiskers above and below the box

represent the 18 and 9@ percentiles. Outliers are shown as dots, extreme outliers are shown as asterix
symbals. Different letters indicate significant differences within the same experiment (p < 0.05).
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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 correlati@iween 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 (Q) 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 valuB9ismg/l, for plants
fertilized once every two week the P value of soil is 29 nkgilalues are 254 mg/l and 188

mg/I for plants fertilized once every week and once every two weeks, respictiv

Table 4 Soil analysis for macronutrients for two fertilization regimes
NGs-N (mg/l soil) NH-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 2009a fourth experimentwas started withfive fertilizaton 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 tle@ed once per week are
consistent with those of Julsown plants in the annual production experimemthich were

also fertilized once per wegkeeSection 3.3) (Fig.8). Remarkably, no significant differences

in seed yield were found between plants tibzed 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 ®%nd 75" percentikes. Whiskers above and below the box
represent the 18 and 9o’ percentiles. Different letters indicate significant differences (p < 0,05).20 for
every condition.

Protein content of seedsvas 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 individuséed yield (mg), tein content (%) of seedéndividual protein yield

(mg) and protein yield per nfdr five fertilization conditions standard deviation

Individual seed (mg) Protein % Individual protein (mg) Protein/m?2 (g)®

None 22+12 204 454+2.4 154+08
2xIw 129+ 44 28.4 36.73+125 12.48+42
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
Ix/3w 111+ 67 23.5 25.80+15.7 8.77+5.3

& Calculated for 80 plants per m2
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Furthermore, we examied 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 oflinear correlations between all traits measured for three fertilization regimes. Asterix
symbols indicate significant differences (p < 0.05).

Seed (mg) biomass (g) HI Protein %
Seed (mQ) 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 showscreasing values for total N, P and K with increasing fertilization
Nutrient levels in soil are very low when no fertitiba 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 fiéiggation regimes

NGs-N (mg/l soil) NH-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 2211 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 Discussin

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 higherageeseed yield per
plant. At the Flemish Institute for Biotechnology (VIB), wh&ré¢halianais 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 pernipléSylvie De Buckpersonal
communication). Here, we show an increase in seed yield of 100% by simply increasing
fertilization frequencyfrom once every two weeki® once every weekfiom 197 + 70 mg to

426 + 95 mg irxperiment 1) or to twice every wedkom 183 £ 67 mg to 364 £ 120 mg in
experiment 2 androm 223 = 43 mg to 422 + 73 mg in experim8pt Our first experiment

not only revealed a higher seed yield, but also a larger rosette diameter, longer flower stems
and an increased number of primarplts at higher fertilization frequencies. These traits
show high positive correlation coefficients with seed yield in the first experiment (xable
bigger rosette does not only ensure more photosynthesis capacity but also provides an
additional sourceof nitrogen during seed filling. It is known that grain yield depends on both
nitrogen uptake before flowering and remobilization of nitrogen during seed maturation

A. thaliana (MasclauxDaubresseet al., 2008) In addition, the green floral stems of
Brassicaceage including A. thaliana, also contribute to photosynthesis during the
reproductive phas€Roodet al., 1984) Therefore, an increased plant length and number of
flower stems can lead to increased grain yield. Regimes with a lower fertilizagiqueincy
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) aaekha bigger rosette.

Protein content in seeds was determined for the first dadrth 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% respealy, compared to protein contents
between 18% and 19.5% for plants which were fertilized more frequeritlis) not surprising

that plants that are not fertilized sufficiently show both a low seed yield and a poor grain
filing due to insufficient resouss (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 MasclatRaubresse and Chardon (2011), plants grown under
lower nitrogen conditions paferentially 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
combhnation of these two factors can explain the similar protein contents observed under

different fertilization regimes (Fi@).
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Low nitrate (LOW N) High nitrate (HIGH N)

Fig.9. Schematic overview of N allocation (dark arrow) and N remobilization from the rosette (light grey arrow)
under low and Igh N conditions (adapted frofasclauxDaubresse and Chardp?011).

In the fourth experiment, the lack of differences in seed yields is remarkable, but can be
explained by several peaks of high diurnal temperatire26°Cpbserved in the summer of
2009, when this experiment was conducted. It is known thiagh temperatures cause male
sterility in A. thalianaby abortion of pollen developmer({Kimet al,, 2001) Thus, reduced
fertilization causesa decrease in flower and fruitumbers, as has been showar three
accessions of. 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 expemt. 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 effectroten content, e.g., in soy
bean with protein contents varying between 32 and 41% for the same cultivar in different
climates (Kumaret al, 2006) In addition, numerous studies have observed a negative
correlation between seed protein content and seecklgli under nonlimiting nitrogen
conditions Beninati and Busch1992 and references therein). As stated below, this
experiment was indeed grown under rdimiting nitrogen conditions. The negative
correlation between protein content and seed yield can axplthe combination of a low

seed yield, but high protein contents in this experiment.
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Soil was analyzed for-RK composition in the third and the last fertilization experiment. For
total N (thus adding N&N and NEN) optimal values range between 6Ada140 mg/l soilP
values ideally are situated between 30 and 70 mg/l soil. For K, values should bedsituate
between 150 and 360 mg/l so{Gabrielset al, 1985) The third experiment showed
extremely low values for N in both conditiofs 12 mg/l soil)while those for R29 and 59

mg/l soil)and K(188 and 254 mg/l soilyere acceptable. In the last experiment, an excess in
all macronutrients was observed in all conditions where fertilization was applied once every
two weeks or moréN > 345 mg/l soiR > 212 mg/l soil and K > 485 mg/| sd@diven the very

low seed yields in this experiment, these observations are not surprissitice resources
were not converted into high seed vyields, they accumulated in the soil. Since these latter
results of soilanalysis 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 hasRaKNbahnce of 88-6 and a

full complement of micronutrients as well (Bo, Zn, Cu, Fe, Mn, Mo), thereby improving
growth, flowering and fruit performance (Aglukon, 201The N-P-K numbersrefer to the
relative weight percentage of the three macronutrients niteog phosphor (as #s) and
potassium (as X), 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 AD& 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 praigatschtman

and Shin, 2007)Analyzing tle soil after experiments, it is clear thAt thalianalacked 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
approprige fertilization with higher N contents will improve yields further. It is well known
for a wide variety of agricultural crops, that appropriate fertilizatisna crucial factor for

high grainyieldsand quality(Wanget al., 2008and references thereln 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 photosyntheBisther experiments to optimize N

P-K balancecould however not be carried out duringhis dissertation due to time

limitations.
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Not only soil is used to cultivat&. 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 robdevelopment 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(Singhet 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 recomipnaiatins. As Colgan

et al. (2010) stated, a uniform production leads adbetter batchto-batch consistency after
downstream processing. In addition, no soil is used, which otherwise has to be steamed to
eliminate all traces of genetically modified organg posing extra costs. Different devices

for hydroponic growth ofA. thalianahave been developed in laboratories and reported on in
literature (Arteca and Artec&2000, Gibeautet al., 1997 Huttner and BaiZvi 2003 Norenet

al., 2004 Robisonet al, 2006 Smeetset al, 2008 Tocquinet al, 20030 ¢ 2 Olj dzA Yy Q
hydroponic system was commercialized and is being sold online as Araponics®

(www.araponics.com

3.2 Comparison of yields between two greenhouses (R9821)

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, experimentsren 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 (i1 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 ategk
concentration of 2 ml/l WuxalSeed yilel and protein content were compared betwedine

conditions tested.
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Fig. D. Variation in diurnal average temperatures in greenhouse P21 in 2009 (blue) and 2010 (black) .

3.2.2 Results

In acomparative experimentwo conditions were tested:he effect of the greenhouseand

of the fertilization regime. As shown in Figur#&, keed yield is affected the most by the
greenhouse used: in greenhouse P@&tween 119 and 128 mg per plant, depending on
condition used)yields are significantly lower than in greenhel21(between 53 and 20
mg per plant, depending on condition usedjo significanteffect of fertilizationon seed
yield was observed for either of the greenhouses testBdotein content of the seeds was
also determined for all conditiongTable 8) Shce protein levels only slightly differed
between different conditiongdbetween 26.9% and&7%) this effect is only marginal on

total protein yields per plant, compared to the effect differences in seed yield have.

Table8. Overview of average individuaeed yield (mg),mptein content (%) of seedindividual protein yield

(mg) and protein yield per nfdr five fertilization conditions standard deviation.

Individual seed (mg’ Protein % Individual protein (mg) Protein/m2 (g)?

P96 1x/w 119+ 36 27.7 33.03+10.1 11.23+34
P96 2x/w 128+ 69 26.7 3414+ 184 11.61+6.2
P21 1x/w 290+44 269 78.05+119 26.54+40
P21 2x/w 253+118 28.7 72.86+34.1 2477+116

& Calculated for 80 plants per m2
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Fig. 1. Seed yield (mg) for plants gso under different conditions. A solid line within the box shows the
median, while the boundaries of the box mark thé"2fnd 75" percentiles. Whiskers above and below the box
represent the 18 and 9o’ percentiles. Different letters indicate signifidadifferences (p < 0.05n = 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 vaiable 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 obseR&4l in

As mentioned in section 33,. high temperatures have a detrimental effect on fertility and
thus seed yieldKimet al, 2001) In addition, relative humidity in greenhouse P96 was a lot
lower than in P21: 30% and 50% on average, respectively. nbisrkthat a low humidity
causes stomatal closure in order to reduce an excessive loss of (aget al, 2006) In
addition, stomatal closure has a negative effect on photosynthesis by reducing gas
exchanges. These two major differences in climate betwE21 and P96 support a twofold

decrease in seed yield.
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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 P2iihvestigate the influence of different seasons on seed
and protein yield ofA. 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 influee plant growth, and thus alsseed vyield,
which was also proven in the previous experiment. Since theatd within a greenhouse is

not completely independent from the outside world, thalianayields can be expected to

vary throughout the year. Therefore, a tray with thalianaplants (n = 51) was sown every
month consecutivelyduring one year, to identf the most suitable period of the year to
grow A. thalianaunder our greenhouse conditions. The timing of appearance of floral bud
shows a bimodal distribution, with peaks in Septemige©ctober and January (Fig2)1
Figure 2 also shows a variation inrgth 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 pdr pldarge 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) alsoiedbetween different sowing months: plants
sown in Apriland harvested in Julyad 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 motein content. Thus, seed yield seems to be the most

significant yield contributor varying through the year.

73



CHAPTER

jun/i0
may,/10
apr/10
mar/10
feb/10
jan,/10
dec/09
nov,/09
oct/09
sep,/09
aug,/09
julfos

n =51

I I | sep/10
l | sep/10
| | |jul/10
| ] julf10
| | ] junf10
| | ] may/10
| | | apr/10
| | | apr/10
| l 1 mar/10
| | | ] mar/10
l l | feb/10
! ! | r\mv,-’ﬂ‘:‘l
1; SI'D li;HJ léﬂ 200

W vegetative

O reproductive

days

Fig. 2. Average lengthn daysof vegetative (5.10, dark bars) and reproductive (5900, white bars) phase
for plants (n = 51) sown iwelve consecutive months. Months in which plants were harvested are indicated on
the right side of the bars

Altogether,together with October and Februarijarch was identified as the sowing month

with the highest combined seed and protein yield, takinto 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/m?2) (Fig).JAn overview for all results of twelve

months is presented in Table 9.
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Fig. 13. Average protein yield (mg/day/m?) for twelve consecutive months. Bars indicate standard deviation.
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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 (mQ) Protein content  Protein/day/m2 (mg)

Jul 20 140 147.5 + 48 26.5 % 83.84 + 25.50°
Aug 30 182 153.5 + 5P 28.1 % 70.99 + 23.39

Sep 50 193 256.1 + 130 27.3% 108.74 + 55.46°
Oct 43 164 373.8 + 120 25.7 % 175.62 + 5619
Nov 32 148 270.0 + 113¢ 26.0 % 142.17 + 59.31¢
Dec 35 129 197.8 + 6 27.2% 109.20 + 38.38
Jan 41 131 270.5 + 110" 27.1 % 168.07 + 68.679
Feb 32 130 319.1 +112¢ 24.2 % 178.48 + 62.64°
Mar 27 114 294.7 + 934 26.7 % 207.28 + 65.45
Apr 34 104 141.9 + 37¢ 29.3 % 120.08 + 30.98'
May 21 124 162.8 + 53 28.9 % 113.82 + 36.72°¢
Jun 21 108 85.1 + 4 24.4 % 57.64 + 33.13

Finally, correlations were analyzed between all traits measured (Table 10). Wealkeposit

correlationswas 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 correlatits between all traits measured for seeds sown in twelve consecutive
months. Asterix aybols 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

75



CHAPTER

3.3.3 Discussion

We evaluated the yield of 12 consecutive sowing months to determine the optimal period of
the year to growA. thalianaCol0 for maximal production. Further research can determine
whether other accessions (evalied in Chaptert) can be used in those months where -Ool

is less productive. Despite the use of a climetatrolled greenhouse system, differences in
plant growth and seed yield were noticed throughout the year. The number of days till
appearance of theloral 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 pathwBjazquez and Weigel999 Koornneef

et al, 1998 Levy and Degrl1998 Mockleret al, 2003) The longest time till flowering was
registered for sowing month September. In autumn, day light hours shortéestthan 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 Novembar o

Our data show the highest yields (mg protein/m3/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 Auguet harvested beteen 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 IR@d&nown that heat
stress can severely reduce fertility An thaliana(Kimet al,, 2001) In addition, seed yields
were also reduced in winter. For exampfer plants sownin Decemberand harvested in
April, an average seed yield of 200 mg per plags 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 vyields obserwalring these months. Indeed, a shorter
photoperiod leads to a decreased photosynthesis activity which causes a reduced source of
carbon and thus energy fdhe plant (Gibonet al, 2004) Since plants sown in December
only senesced in miépril, they weregrown 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, climaaed photoperiod conditiongan be adjustd
accordingly to provide an optimal environment to grédwthalianaall 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.diti@ad, 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 maximaéed yield and protein

content

3.4.1 Methodology

Two experimental setips were used to identify the optimal use of greenhouse space. In the
first setup, seeds were sown on 3/11/09 in greenhouse P21 in rectangular trays52@m)

at distances of 4 cm (n = 36), 6 cm (n = 32), 8 cm (n = 28) or 12 cm (n(fig.154)
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 cotidtyc of 2.0 mS,
using the automatd ebbflood benches. Seed yieldnd protein content of seeds were
registered.

The second setip was repeated twice, on 24/7/2009 and 6/7/2010, both in greenhouse
P21. Here, seeds were sown in pots of different diametgis,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 dnaed flood

benches. Seed yiekhd protein content were regtered.
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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 (Fig5a). Figure Bb shows tle 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 extraordiy high yield for one singl. thalianaplant, and the
highest we have observed in #ie experimentscarried out in this studyThis high individual

yield proveghat A. thalianahasan enormous potentiafor further increasingseedyields.

8cm 12cm

Fig. 4. Experimental seups 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 grekouse. Therefore, seed yields per m?2 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 betwedsx ¥g/m2 for 12

cm till 57.2 £ 16 g/m2 for 4 cm.
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Fig. B. a Seeds of the tray sown lulk could not be harvested efficiently and were lost on thels@ked 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 and 78" percentiles. Whiskers above andlbw the box represent the fHand 9¢"
percentiles. Outliers are shown as dots. Different letters indicate significant differences within the same
experiment (p < 0.05).
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Table 11 Overview of harvest index, seed and protein yield per m? for plamtsisat different distances.
Different letters indicate significant differences (p < 0.05)

g seed/mz Protein % g protein/mz
12 cm 56.2 + 15 25.9 14.5 + £
8 cm 126 + 27 25.8 326+7
6 cm 187 + 5T 25.6 479+ 1%
4 cm 216 + 60 26.5 57.2 +16°
Bulk / 24.0 /

The second setp, 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 seeddn bothtrials individwal seed yields were highest for
plants grown in pots with a diameter of 13 cm (436 + 109 and 585 + 8vespuectively) and
lowest for plants grown in 5.5 cm (133 £ 50 and 253 + 64 mg respectively)gdand.b).
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Fig. B. Seed yield (mg)er plant for three pot sizes, in two trial Solid line within the box shows the median,
while the boundaries of the box mark the ®%nd 75" percentiles. Whiskers above and below the box
represent the 18 and o’ percentiles. Outliers are shown as doBifferent letters indicate significant
differences within the same experiment (p < 0.05)

When calculating seed yield/mz2, plants grown in the smallest pots (diameter of 5.5 cm) are
most interesting for optimal greenhouse space, producing more seeds pesan? 21 g/m?

and 106 + 27 g/m2 for eaclrial, 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 wereiaantly 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/m? respectively (Table 12).

Table 12 Overview of average seed and protein yield per m2 for plants sownfgrelift pot sizes, for two trials
of the experiment (1 and 2).

g seed/m? Protein % g protein/m?
Triall Trial 2 Triall Trial 2 Triall Trial 2
5.5cm 56 +21 107 + 27 29.2 25.3 16.4+6 2707
8.0cm 39.4+6 73.0+ 16 28.0 25.3 11.0x2 18.5+4
13.0 cm 329+8 441+ 6 26.4 24.5 8.70£2 108+ 1
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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 sowvirtyalianaseeds atdifferent
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 neagh produce significantly
more seeds than those grown close to each othHarthe 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 e pots are rather due tohe availability of more substrate and
fertilization. Higher individual seed yieldse interesting when a goal of maximal progeny
should be achieved, for example in-gpaling. However, from the viewpoint of maximal use

of space in the greenhouse for manal 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 (Ey.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 (Figa)ll

Even though the two independent experiments both showed the smallest pot size is most
suitable for optimal use of surface area, tlfference 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 straffgrward to find the cause (or causes) for this yield
difference. However, temperature data shddvpeaks with a 2dhour average of 24 °C or
morein the summer of 2009, budnly one diurnal peak of 249€ the summer of 20105ince

high temperatures are knen to reduce fertility, this might explain the effect on final seed
yield in both experimentéKimet al,, 2001)

In the pot size experiment, significant differences in protein yields were observed that are
negatively correlated to seed yield. In the fiexperiment, 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 higheihis negative correlation between seed yield and protein content
has been noted in many agricultural crogBeninati and Buschl1992 and references

therein).

Fig.17. Seeds sown in bulk results in very small plants (two weeks old)

3.5 The $atterproof mutant

3.5.1 Methodology

A double shatterprooimutant was ordered in a GOl background at NASC (Nottingham
Arabidopsisstock center) (Stock ID N3844) to measure whether these mutations have an
influence on seed and protein yield. Seeds (n = 25) were sown o2@&J8/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 contene 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. Théore, these parameters we compared
between the doubleshp mutant 6 = 25,also in CeD background) and a set of wildtype

A thaliana Col0 plants (n =51). Variation in individual seed yield was high for both sets, and
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no significant difference as olserved between them (Fidl8). There was also ntarge
difference observed between protein contents of the shp mutd86%)and wildtype
A.thaliana(28%) Thus, the shatterproof mutant produces the same amount of seeds with a

similar protein content as \dtype A. thalianaColO.
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shp 1&2: n=25

WT shp1&2

Fig. 18. Seed yield (mgper 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 ther2s 75" percentiles.
Whiskes above and below the box represent the"and 94" 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 MADBISOx genes (SHATTERPROOF, SHP1, and SHATTERPROOF2,
SHP2) are knocked out. Since these genes are required for fruit dehiscehcthaliang a

mutant with a double knoclkut of SHP1 and SHP2 prevents seed dispersal and thus
unwanted loss of seedlhe double knockut mutant is protected through a patenirse

HAnmME GAGK | LI GSYyd RdzNFGA2y 2F wn &SIFNR 02
Arabidopsisdo @ L Y RS K S a O Slyjeyenet al @908) aapartdthere are no other
phenotypic differences in plant characteristics, but seed yield and praeirient are not
mentioned Our experiment showed that seed yield and protein content of the seeds of this

double mutant are comparable to wildtypA.thaliana Thus, this double mutant can be
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used to prevent loss of seed at harvesting without a decreasseed and protein yield.
However, the harvesting machine presented in the section below should be changed
accordingly since more force will be needed to asle the seeds from the siliquesnother
option is to build a machine focusing on removal of tiigses 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 sowingof Arabidopsis thalianaseeds

In the previous sections, we have focused on a variety mfirenmental conditions
influencing the biological yields &f thaliana In the following section, we examine ways to
optimize cultivation techniques, i.e., sowigg§ection 3.6and harvestingSection 3.7pf A.
thaliana. SinceA. thalianais predominanly used on a sma#icale for research purposes,
sowing and harvesting of seeds is usually manual work in labs workingAwithaliana
However, this would be too timeonsuming and thus too costly on a larger scale. Leaves of
A. thalianahave been used oa commercial scale, however. The Danish company Cobento
used transgeni@. thalianaleaves for the production of recombinant human intrinsic factor
(rhlF, see ChapteB). Here, plants were grown hydroponically on tables, with leaves
emerging through the bles of a solid metal layer. Leaves were easily harvested manually by
scraping off all biomass above this metal layer (E%y. A similarly efficient method does not
exist for seeds yet. Here, we present possible solutions for automated sowing and hagvest

of A. thalianaseeds on a large scale.

Fig.19. An easy harvest method fa. thalianaleaves, grown hydroponically through holes in a metal layer
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3.6.1 Methodology

Mechanical sowing was evaluated using a cylindrical sowing machine (Flier Systerns BV, T
Netherlands) at Rudy Raes NV (Destelbergen, Belg&eells were sown in trays containing

80 cells eachrlhe size of one tray was 30 cm x 50 cm, thus a sowing density of 530 plants per
m2 was achievedTrays are automatically filled with soil and mori&ted. Then, a vacuum
cylinder, to which seeds are stuck at fixed distances, releases the seeds individuall