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Plants bind solar energy to organic matter via photosynthesis and assimilation of carbon dioxide from the
atmosphere and comprise the major source of nutrition and bioenergy. Plant biotechnology contributes to
solution of important constraints in food and feed production and creates new technologies and applications
for the sustainable use of plant resources. Genome-wide approaches such as massive parallel sequencing
and microarrays to study gene expression, molecular markers for selection of important traits in breeding,
characterization of genetic diversity with the aforementioned approaches, and somatic hybridization and
genetic transformation are important tools in plant biotechnology. In this paper, studies carried out on en-
hanced resistance to viruses and tolerance of cold stress in potato, genetic modification of flower pigmenta-
tion and morphology in gerbera, production of edible vaccines in transgenic barley seeds, and expression
of heterologous proteins for pharmaceutical purposes from vector viruses were chosen to exemplify the
general utility of biotechnological approaches and also how plant biotechnology research has developed on
cultivated plants at University of Helsinki. The studies reveal cellular and genetic mechanisms and provide
scientific information that can be used for widening the uses of crop plants. They can also be used to detect
any putative risks associated with the use of the biotechnological application in agriculture and horticulture
and to develop practises which reduce any inadvertent negative consequences that plant production may
have to the environment.
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Introduction

The photosynthesizing organisms, notably plants,
are responsible for binding solar energy to organic
matter and hence provide the source of food and
bioenergy on earth. Owing to the growing human
population and the globally increasing demand
for energy and food, improved technologies for
enhanced utilization of nutrients and renewable
energy provided by plants are needed. Develop-
ment of plant tissue culture techniques, discovery of
DNA-modifying enzymes, and the technologies for
genetically transforming cells provided grounds for
development of plant biotechnology. Although gene
technology represents only one of the areas of plant
biotechnology and is not yet utilized in field crop
or horticultural production in Finland, to public it
is the best known field of biotechnology due to the
debates about benefits and putative environmental
and health risks associated with gene technology
(Weaver and Morris 2005, Ramessar et al. 2007).
The Faculty of Agriculture and Forestry (AF)
at the University of Helsinki (UH) is devoted to
promote sustainable use of renewable natural re-
sources, including cultivated plants and forest
trees. Plant biotechnology became an integral part
of teaching and research at AF-UH soon after the
relevant, fundamental key discoveries in plant
molecular biology had been made abroad in the
early 1980’s. The role of biotechnology continues
to increase at AF-UH in collaboration with other
departments and the Institute of Biotechnology that
have recently moved to the Viikki Campus where
the agricultural departments of UH have been lo-
cated since the 1960s. Today, Viikki constitutes
one of the largest life science campuses in Europe.
The scientists in Viikki have extensive interna-
tional collaboration networks, which is necessary
for cutting-edge science, but in interest of space it
will not be possible to refer to all details here.
Looking to the past, the current strengths of the
Viikki Campus in plant biotechnology developed
in various projects at different institutes. While
there is also no space to exclusively review the
historical aspects, some of the main steps should
be mentioned. Plant tissue culture methods paved

the way to other techniques of plant biotechnol-
ogy and were established for many species, includ-
ing agricultural and horticultural crops and forest
trees (Simola & Sopanen 1971, Tapio 1972, Simola
& Honkanen 1983, Huhtinen et al. 1983, Simola
1985). They are an integral part of the breeding
schemes utilizing somatic embryogenesis or hy-
bridization and plant transformation procedures.
Stable transformation of plant genomes using the
natural mechanism encompassed by the Ti-plasmid
of Agrobacterium tumefaciens, a plant-pathogenic
bacterium, was achieved in several laboratories in
the early 1980s (Bevan et al. 1983, Zambryski et
al. 1983). Subsequently, the Finnish Innovation
Fund SITRA funded a project to develop gene
transfer methods and suitable expression vectors
for plant transformation to acquire the technology
for domestic use. The first PhD thesis in Finland
utilizing gene transfer methods in plants came
out from these activities (Teeri 1988). Gradually,
more plant-related projects began to exploit gene
technology and various other plant biotechnology
methods such as somatic hybridization.

The longest traditions in Finland are in bar-
ley and potato biotechnology due to the outmost
importance of these crops for the agriculture of
this country. The first procedures for cell and tis-
sue culture (Foroughi-Wehr et al. 1976, Sorvari
1986, Liihrs and Lorz 1987) and regeneration of
protoplasts (Yan et al. 1991) of barley were de-
veloped in the 1970s and 1980s. Barley, as also
other monocotyledonous plant species, was ini-
tially found to be recalcitrant to Agrobacterium-
mediated transformation. Therefore, alternative
transformation methods such as gene delivery by
electrophoresis (Ahokas 1989), biolistic particle
bombardment, electroporation and micro-injection
were developed. Among the first reports on stable
transformation of barley were those published by
teams of researchers at the Institute of Biotech-
nology, UH, and the VTT Technological Research
Centre Finland (VTT) who used particle bombard-
ment as the method for transformation (Ritala et al.
1993, 1994). Later, successful methods for genetic
transformation of barley were also reported with 4.
tumefaciens (Tingay et al. 1997). Developments in
potato biotechnology are reviewed below. Forest
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biotechnology experienced a break-through when
transgenic birch trees were produced at the Univer-
sity of Joensuu (Keinonen-Mettdld et al. 1998). The
work was continued in Viikki at AF-UH (Pappinen
et al. 2002). The key methods developed on birch
are now among the cornerstones of the forest bio-
technology research in the Viikki Campus which,
however, is not reviewed here.

Research and education on breeding, produc-
tion and utilization of agricultural and horticultural
plants and protection of crops against pests and
diseases are the task of the relatively recently es-
tablished Department of Applied Biology (DAB)
at the AF-UH. The methods of plant biotechnology
are widely used to study these topics and produce
scientific data for development of relevant applica-
tions. The bio-safety and environmental impacts
related to plant biotechnology applications have
also been actively investigated at DAB. For ex-
ample, DAB has coordinated a national research
programme entitled Environmental, Societal and
Health Effects of Genetically Modified Organisms
(ESGEMO) funded by the Academy of Finland and
relevant ministries to provide sound, science-based
information for authorities working on legislation
and regulatory issues.

The aim of this review is to highlight the cur-
rent research in plant biotechnology carried out on
agricultural and horticultural crops at DAB, and
provide some visions for the future. The studies
on potato biotechnology, flower development in
gerbera, production of edible vaccines and heter-
ologous proteins in plants, and the use of molecular
markers will be highlighted as examples to illustrate
how plant biotechnology could contribute to the ef-
ficient and sustainable use of plant resources.

Potato biotechnology

Cultivation of potato (Solanum tuberosum L.) is
based on vegetative propagation of cultivars by
planting tubers. Potato is also the first major crop
species (ranking the fourth in production in the
world, Vreugdenhil et al. 2007) for which vegeta-
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tive propagation of plants in vitro was established
using meristem tip culture (Morel and Martin 1955).
The driving force at that time was the need to ob-
tain virus-free and phytoplasma-free plants from
infected cultivars and hence increase the yields of
the crop. Potato belongs to the family Solanaceae
also including tobacco (Nicotiana tabacum L.) that
was the main model species for development of
tissue culture techniques (Murashige and Skoog
1962) and plant transformation (Zambryski et al.
1983). Potato was also found to be amenable to
these methods. Anther-derived haploid produc-
tion (Wenzel and Uhrig 1981), protoplast fusion
(Skarzhinskaya et al. 1982), somatic hybridization
(Sidorov et al. 1987), genetic transformation (An
etal. 1986) and other in vitro techniques have been
widely used on potato for breeding and research
purposes (reviewed in Bradshaw and Mackay 1994,
Vreugdenhil et al. 2007).

Boreal Plant Breeding Ltd utilizes the current
methods of plant biotechnology in Finland. AF-UH
has been involved in building up some of the tech-
nologies used. The techniques required for potato
protoplast fusion and interspecific somatic hybridi-
zation were introduced to the former Department of
Crop Husbandry (now part of DAB) at AF-UH in
1990. The studies were initially based on somatic
hybrids developed at Rothamsted Experimental
Station, UK, where some of the researchers had
previously worked but where these activities were
not continued (Pehu et al. 1990, Valkonen et al.
1991, 1994, Xu et al. 1993). There were also other
departments with interest to enhance utilization of
biotechnology and, hence, a joint biotechnology
laboratory of AF-UH was established in the C-
building in Viikki by several research groups from
different departments. Studies on potato biotech-
nology at DAB were continued in a joint project
with the plant breeding unit of the MTT Agrifood
Research Finland (MTT) and Boreal Plant Breeding
Ltd. A few years later, UniCrop Ltd was founded
by some of the researchers at AF-UH and the com-
mercially oriented lines of plant biotechnology re-
search moved to the company. The chain of events
leading to establishment of plant biotechnology at
AF-UH, including the challenges and difficulties in
fitting academic studies and commercially oriented
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research into the same laboratory at a university
department, have been reviewed in detail by Tuu-
nainen (2005a, 2005b).

A novel biotechnology-based breeding scheme
was developed by AF-UH, MTT and Boreal Plant
Breeding Ltd to enhance potato breeding. Cultivat-
ed potato is tetraploid (2n = 4x = 48) and cultivars
are highly heterozygous. Reduction of ploidy to the
dihaploid level (2n = 2x = 24) is needed for detec-
tion of phenotypes that are masked in the tetraploid
cultivars and also for crosses with many diploid
(2n = 2x = 24) wild potato species (Watanabe et
al. 1995). Therefore, anther culture-based haploid
production from commercial potato cultivars was
studied and developed (Tiainen 1992, Rokka et
al. 1996a). The dihaploid potato lines were elec-
trofused to obtain putative new cultivars (Rokka
et al. 1996b). Protoplasts of the dihaploid potato
lines were also electrofused with protoplasts of
the diploid, disease-resistant wild species S. brevi-
dens and S. acaule to introduce novel genes to the
breeding material (Rokka et al. 1994, 1998). Sub-
sequently, the interspecific somatic hybrids were
subjected to haploid-induction via anther culture
in order to reduce their ploidy levels (Rokka et
al. 1995, Gavrilenko et al. 2002). The new ‘so-
matohaploid’ plants were used for production of
‘second-generation’ somatic hybrids with dihaploid
potato lines (Rokka et al. 2000, Gavrilenko et al.
2002). Hence, the cultivated potato gene pool and
thereby fertility and chances to make sexual crosses
with potato breeding lines were increased. Besides
representing a novel potato breeding scheme based
on biotechnology methods, the studies produced
a lot of fundamental, new information about the
somatic, cytogenetic and sexual compatibility of
distantly related Solanum species and utility of the
disease resistance traits expressed by them. It was
also found that the somatic hybrids of potato and
S. brevidens synthesize a novel glycoalkaloid that
was not found in the parental genotypes (Laurila
et al. 1996). This finding opened an important new
line of research because glycoalkaloids are consid-
ered as potential biomolecules in pharmaceutical
industry, which is a study area currently pursued
at VIT.

The new possibilities which gene technology
provides for improvement of important traits in
crop plants were demonstrated in Finland already
in the beginning of the 1990s. Institute of Biotech-
nology, UH, and the state-owned company Kemira
used gene technology to construct novel forms of
virus resistance in potato. The innovation was
based on knowledge at the molecular level of a vi-
rus defence mechanism operating in mammalians.
Potato plants were transformed with the 2°-5’ oli-
goadenylate synthase gene that was isolated from
rat. The gene plays a key role in the interferon-
induced antiviral defense pathway in mammalians,
including man. Results showed that transfer of the
single gene from rat was sufficient for activation
of resistance to Potato virus X (PVX) in potato
(Truve et al. 1993). The level of protection was at
least as good as that obtained using the coat protein
gene of PVX for potato transformation. This latter
approach, coined as pathogen-derived resistance,
had been published a few years earlier in the USA
(Powel-Abel et al. 1986). Kemira also collaborated
with Moscow State University to develop broad-
spectrum, pathogen-derived resistance to several
viruses in potato using a modified viral movement
protein gene as the transgene. The resistance was
thought to be protein-mediated (Seppénen et al.
1997). At the same time at the former Department
of Plant Production (now part of DAB) in AF-UH,
potato cv. Pito was transformed with a genomic
region of Potato virus Y (PVY) that encodes the
first viral protein P1. The transgenic plants were
highly and specifically resistant to PVY (Pehu et
al. 1995). Inserting the transgene in an antisense
(non protein-encoding) orientation to the potato ge-
nome also provided resistance to PVY. Therefore,
the resistance was RNA-mediated (Maki-Valkama
et al. 2000). All these innovations were patented.
Currently, RNA-mediated inhibition of virus rep-
lication and plant gene expression (called RNA
silencing or RNA1) are widely studied and utilized
techniques. They induce or mimic the natural cel-
lular mechanism that regulates gene expression at
an RNA level and also protects cells against vi-
ruses (Haasnoot et al. 2007). In fact, it could be
possible to control all viruses damaging potato by
transforming potato cultivars to produce double-
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stranded RNA (no protein) corresponding to a small
region of the viral genome (Smith et al. 2000).

Gene technology enhances the use of natural
disease resistance in crop plants in multiple ways.
RNAIi mentioned above is one of the examples.
Another one is mapping of natural resistance genes
and development of accurate molecular markers for
their selection in potato breeding programs, which
is widely used (Gebhardt and Valkonen 2001, Ge-
bhardt et al. 2006). Genetic mapping can be contin-
ued to gene isolation and, eventually, the resistance
gene can be transferred to susceptible cultivars by
means of genetic engineering. The former Depart-
ment of Plant Production (now part of DAB) and
The Institute of Biotechnology at UH, and Cornell
University in the USA identified the chromosomal
locus of Ry, o the first gene for resistance to PVY
mapped in the potato genome (Héméldinen et al.
1997). The same region of potato chromosome XI
was found to contain also a gene for resistance to
Potato virus A (PVA) (Haméléinen et al. 1998,
2000). A gene (Nx,, ) for resistance to PVX was
mapped in the cultivated potato species S. phureja
(Tommiska et al. 1998). Reliable polymerase chain
reaction (PCR) based markers were developed for
RY 4o (Sorri et al., 1999, Kasai et al. 2000) and are
now used by potato breeders (e.g., Gebhardt et
al. 2006, Rizza et al. 2006). Another gene, Ry,
that also confers extreme resistance to all strains
of PVY was studied in potato materials originat-
ing in the International Potato Center (CIP), Peru,
and PCR-based markers were developed for use
in breeding programmes (Valkonen et al. 2008). A
resistance gene homologue from the chromosomal
region containing Ry, i (Vidal et al. 2002) and two
new potato genes encoding proteins that interact
with the HC-Pro protein of PVA (Guo et al. 2003)
have been isolated and their putative use as novel
virus resistance factors is being elucidated. Many
additional, putative genes involved in inducible re-
sistance to viruses and Rhizoctonia solani in potato
have been detected at DAB using potato cDNA
microarrays (Lehtonen et al. 2008 b, A. Vuorinen,
et al., unpublished).

One of the early begun and still ongoing top-
ics of plant research at UH with specific impor-
tance for Nordic countries has been investigation
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of cold and frost tolerance in plants (Kurkela et
al. 1988), including potato. Genes from a wild,
cold-tolerant potato species, S. commersonii, have
been introgressed to the cultivated potato gene pool
via somatic hybridization and studied at DAB for
their role in frost tolerance (Seppénen et al. 1998,
2000). Studies with a potato population derived
from a self-pollinated somatic hybrid revealed that
antioxidative capacity plays an important role in
frost tolerance. Various genes responding to low
temperatures or associated with accumulation of
active oxygen species at low temperature and in-
tensive light were identified (Seppénen and Fager-
stedt 2000, Seppédnen and Coleman 2003). These
studies were continued to increase understanding
of the genetic and physiological basis of the non-
acclimated freezing tolerance in potato. Sequences
of the genes responsive to low temperature were
found to be nearly identical in the freezing tolerant
and freezing sensitive potatoes, whereas the con-
stitution of the cis-acting factors in the promoter
sequences varied. Possibilities to engineer freezing
tolerance in potato by the means of gene technol-
ogy are currently under study by over-expressing
the low temperature regulated genes and testing
activation of the promoters following various en-
vironmental stimuli in plants and tubers (M. Sep-
pénen, G. Coleman and O. Junttila, unpublished).

Since 2000, a large program has been carried
out jointly by MTT (Ruukki research station, Seed
Potato Biotechnology group), DAB and private
sector stakeholders to utilize biotechnological
methods for diagnostics of pathogens and analysis
of physiology of seed potatoes in order to enhance
quality and increase the export of seed potatoes
from Finland. The main seed potato production
area is located in northern Ostrobothnia with good
soils for potato production in an area free of quar-
antine pathogens and with a low pressure from
potato pests and diseases. This High Grade Seed
Potato Production Zone (approved by European
Union) used to have a security zone of thousands
of hectares in which potatoes from outside were
not allowed to be grown. The first yields of the
highest pathogen-indexed potato seed classes were
harvested in the protected zone in 1976 (Pietar-
inen and Seppédnen 1981). Furthermore, DAB has
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recently applied cryotherapy as a novel means for
eradication of viruses and phytoplasma from veg-
etatively propagated plants, which results in virus-
free plants with a much higher frequency than the
previously used methods (Wang et al. 2008, Wang
and Valkonen 2008). At the same time, Laukaa Re-
search and Elite Plant Unit of MTT has developed
cryopreservation techniques for perennial horticul-
tural plants (Wang et al. 2005) and in collaboration
with DAB introduced the cryotherapy technique
to healthy plant production. Consequently, Finland
has become a forerunner in the use of this approach.
These developments have their backgound in the
1970s when in vitro techniques were introduced to
production of virus-free clones of potato varieties
(Tapio 1972), currants, gooseberry, raspberry and
strawberry (Bremer and Yliméki 1978, Uosukainen
and Kurppa 1988). These activities were linked to
AF-UH in several ways. Many key persons worked
as docents or professors in plant pathology at AF-
UH or got their education at AF-UH.

Biotechnology in horticultural
species

Research for developing biotechnological applica-
tions and products in floriculture in Finland was initi-
ated as a joint undertaking of the private and public
sectors (Kemira and The Institute of Biotechnology,
UH, respectively) at the end of the 1980s (T6rmaéla
et al. 1992, Elomaa et al. 1993). Besides many or-
namental species, the efforts were strongly focused
on gerbera (Gerbera hybrida), one of the most
popular and economically significant cut flowers in
Finland and worldwide. The value of international
trade of gerberas channelled via the Dutch market
alone exceeds 100 million euro annually (Teeri et
al. 2006a). Efficient tissue culture, micropropaga-
tion and gene transfer methods were developed for
this species (Torméld et al. 1992). Consequently,
modification of flowers colours in gerbera became
one of the first examples of genetically modified
traits in ornamentals (Elomaa et al. 1993). Later on,

the possibility of producing genetically modified
gerbera plants has greatly facilitated basic scientific
research and made gerbera a well-recognized model
species within flower developmental biology. This
topic is currently emphasized at DAB (Teeri et al.
2006a, 2006b).

The first genes isolated from gerbera belonged
to the anthocyanin pathway (Helariutta et al. 1993,
1995a). They could be engineered to modify flower
colour (Elomaa et al. 1993). They also served as
marker genes in studies of inflorescence devel-
opment since pigmentation patterns in various
gerbera varieties are strictly correlated with the
anatomy of the complex inflorescence (Helariutta
et al. 1995b). More recent studies have identified
a number of regulatory genes that are required for
organ and tissue specific activation of biosynthetic
genes and anthocyanin pigmentation (Elomaa et al.
1998, 2003). These studies have provided intrinsic
scientific information about transcriptional regula-
tion of gene expression in plants.

Tissues of gerbera plants are very rich in sec-
ondary compounds that are attractive targets for
molecular breeding (Teeri et al. 2006a). The studies
on flavonoid pathway genes led to the discovery
of a novel gene function responsible for synthe-
sis of secondary compounds involved in patho-
gen and insect resistance in gerbera (Helariutta et
al. 1995a, 1996, Eckermann et al. 1998). Recent
studies at DAB indicate that the presence of these
compounds correlates with resistance to Botrytis
cinerea in different varieties of gerbera (S. Taalas
and T. Teeri, unpublished). These studies serve as
a good example of how results from basic research
may quickly find their ways to applications.

The inflorescence of gerbera consists of mor-
phologically different types of flowers with highly
specialized floral organs. The complex structure
distinguishes it from traditional model species
used for studies on flower development. To this
end, research has focused on transcription factor
genes that contain a conserved ‘MADS box’ do-
main and encode key regulators of flower organ
identity. Many novel functions for these regula-
tors have been detected using transgenic plants that
show distinct phenotypes. The results emphasize
the importance of using gerbera for comparative
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studies with other model species such as Arabi-
dopsis thaliana (Yu et al. 1999, Kotilainen et al.
2000, Uimari et al. 2004, Teeri et al. 2006¢). Re-
cent studies have employed expressed sequence
tag (EST) sequencing and cDNA microarrays for
identification of new gene family members related
to both secondary metabolism and flower devel-
opment (Laitinen et al. 2005). Potentially useful
genes for modification of fibre qualities for chemi-
cal industry have also been detected (Toikkanen
et al. 2007). Large-scale gene expression profiling
has been used to study regulation of flower type
identity (Laitinen et al. 2006) and transcriptional
changes during petal organogenesis (Laitinen et
al. 2007). Comparison of the developing ray and
disc flower primordia uncovered the expression of
many MADS box genes that respond to the radi-
ally patterned zones of the capitulum. This finding
implies that flower type-specific MADS box pro-
tein complexes are needed to regulate organ iden-
tity and differentiation of individual flower types
(Laitinen et al. 2006). In addition to the MADS box
regulators, the current work at DAB concentrates
on ‘TCP domain’ transcription factors that are
candidate regulators specifying flower type iden-
tity (Cubas 2004). Studies on flower development
in gerbera, including regulation of organ growth
(Kotilainen et al. 1999), have contributed to the
basic understanding as to how gene functions and
morphological diversification of flowering plants
evolve. The rapid development of tools applica-
ble to genomics research will evidently open up
new possibilities to develop molecular markers
for the key traits in gerbera and enhance reeding
programs.

Strawberry (Fragaria * ananassa) represents
another important horticultural species studied
at DAB. It is the most important fruit crop culti-
vated in Finland. Furthermore, strawberry and the
diploid, related wild species Fragaria vesca are
emerging new model species the family Rosaceae
that contains a plenty of important horticultural
plants. The current research at DAB in collabora-
tion with MTT and University of Florida concen-
trates on physiology and genetic regulation of flow-
ering and also yield formation (Hyt6nen et al. 2004,
Sensteby and Hytonen 2005). The studies on the
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role of gibberellic acid (GA) in axillary bud differ-
entiation in strawberry have already led to practical
applications in the field. Strawberry yields can be
increased by exogenous application of a GA bio-
synthesis inhibitor, that enhances crown branching
on the cost of runner production (K. Mouhu and T.
Hytonen, unpublished). The genetic pathways con-
trolling flowering in the short day adapted plants,
such as strawberry, are still poorly understood but
studies to this direction have been initiated. Se-
quencing of cDNA subtraction libraries have been
used to identify genes that are induced during the
floral transition of Fragaria vesca. They will be
critically tested for functions in transgenic plants.

Production of heterologous
proteins in plants

Proteins intended for industrial and medical uses are
needed in increasing amounts. Microbial systems
are commonly used for production of heterologous
proteins but they are not always optimal, e.g., be-
cause certain post-translational modifications that
occur in eukaryotic cells are lacking in microbes.
Plants offer a safe, easily scaleable and cost-effective
eukaryotic expression system for production of
heterologous proteins. “Biopharming” of high-value
proteins, such as the plant-made pharmaceuticals
(PMP, including subunit vaccines and antibodies) for
human and veterinary use, are targets of intensive
academic research as well as commercial research
and development (Fischer et al. 2004, Stoger et al.
2005, Floss et al. 2007). In USA and Canada, ca.
20 PMPs for human use are in clinical trials (most
of'them in Phase IT) and some of them should reach
the market stage in the near future (Spok 2007). The
first PMP that has achieved a regulatory approval
was a veterinary vaccine against Newcastle disease
in poultry (February 26, 2006, in the USA) (Vermij
and Waltz 2006). The system is based on protein
expression in plant cells rather than whole plants
and production is done in a secure, bio-contained
environment.
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DAB has recently led or been involved in three
projects devoted to development of plant-based
heterologous protein production systems. Two
projects will be reviewed below. The third project
is done in collaboration between VTIT, AF-UH and
Fibrogen Europe/Fibrogen Inc. and aims to pro-
duce recombinant gelatine in barley seeds. The
results from transgenic barley have clearly shown
that the concept of using barley grains for produc-
tion of industrially important proteins is applicable
(reviewed in Mékinen and Nuutila 2004).

Production of edible vaccines in trans-
genic plants

There is significant interest on developing safe and
inexpensive PMPs for use as veterinary vaccines.
The approach offers advantages in safety and cost of
delivery and manufacture. PMPs can be harvested,
stored and delivered to target animals as they are,
i.e. by directly mixing them with the animal feed.
For example, edible leaves or grains are therefore
good candidates for the vehicle of veterinary vac-
cines. Furthermore, the regulatory processes are
greatly simplified for animal vaccines, as compared
to medical use. Orally administrated plant-made
vaccines may also offer a future solution to the
struggle against many diseases among wild animals,
such as rabies, Newcastle disease, foot-and-mouth
disease and Avian flu (Streatfield 2005)

DAB has recently led the development of
an oral vaccine to porcine postweaning diarrhea
(PWD), which was carried out in collaboration
with Department of Biosciences (UH), VTT, MTT,
University of Ghent and University of Brussels.
PWD is a major problem in pig farming in Finland
and worldwide, resulting in significant economic
losses, and no vaccine is available. PWD is caused
by the F4-positive enterotoxigenic Escherichia coli
(ETEC) strains. F4 fimbriae are the major coloniza-
tion factors of the bacteria associated with PWD.
The fimbriae are assembled as long polymers of
the major subunit FaeG which is also responsible
for the adhesive properties of the fimbriae. Being
highly stable and mucosally immunogenic F4/

FaeG offer a unique model system to study oral
vaccination against PWD (Van den Broeck et al.
1999, Verdonck et al. 2004).

The FaeG gene isolated from an ETEC strain
was initially used to transform tobacco plants to
optimize the production system. As much as 70
mg FaeG per kilogram fresh weight (1 % of the
total soluble proteins, TSP) was produced in the
leaves of the transgenic tobacco plants when the
recombinant protein was targeted to chloroplasts.
The chloroplast-derived FaeG tolerated low pH and
was resistant to proteolysis under the conditions
simulating gastrointestinal tract of weaned piglets
(Snoeck et al. 2004, Joensuu et al. 2004). FaeG
could also bind the intestinal F4 receptor (F4R) and
inhibit the F4-positive ETEC binding to F4R in a
dose-dependent manner (Joensuu et al. 2004).

Subsequently, immunogenicity of plant-pro-
duced FaeG protein was studied by transforming
edible alfalfa (Medicago sativa L.) and barley
plants with FaeG. The chloroplast-targeted FaeG
accumulated to 1 % of TSP in alfalfa leaves (100
mg / kg dry weight) (Joensuu et al. 2006b). FaeG
accumulated also to 1 % of TSP (670 mg / kg dry
weight) in barley seeds when the FaeG-encoding
gene was expressed under an endosperm-specific
promoter and subcellularly targeted to the endo-
plasmic reticulum (Joensuu et al. 2006a). Desic-
cated alfalfa leaves and barley grains maintained
the FaeG protein in a stable form for years. These
results were promising because sufficient concen-
tration and stability over a long-term storage are
requirements for edible vaccines.

The most important finding of the study was
that the plant-expressed FaeG was immunogenic
to animals. When the TSP of barley seeds was
injected subcutaneously to mice, F4-specific anti-
body response was observed and the sera inhibited
adhesion of the F4-positive ETEC to F4R on pig-
let enterocytes in vitro (Joensuu et al. 2006a). The
transgenic alfalfa plants were orally administered
to weaned piglets, which resulted in F4-specific
systemic and mucosal immune responses (Joensuu
2006, Joensuu et al. 2006b). In the following ETEC
challenge the duration and number of E. coli excre-
tion were significantly reduced to a level observed
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with positive control group immunized with puri-
fied F4 fimbriae.

In conclusion, these results suggest that trans-
genic plants producing the FaeG subunit protein
could be used for production and delivery of mu-
cosal vaccines against F4" ETEC infections. Fur-
thermore, structural modification of FaeG may
provide additional possibilities. Because of their
incomplete folding, fimbrial subunits are unstable
and susceptible to aggregation and/or proteolytical
degradation in the absence of their chaperone. How-
ever, in chloroplasts FaeG protein was expressed in
a stable and soluble form. FaeG was purified from
chloroplasts, studied using x-ray crystallography
and found to assemble to unusual strand-swapped
dimers. While providing the first crystal structure
of a plant-made vaccine (Van Molle et al. 2007)
the results also allowed making a high-resolution
model of structure of the F4 fimbria and paved a
way to design of more immunogenic and stable
FaeG vaccines in the future.

Expression of heterologous
proteins from a vector virus

Viruses can be used as gene vectors to express heter-
ologous proteins in the infected plants (reviewed by
Pogue et al. 2002, Gleba et al. 2004). RNA viruses
are particularly suitable for this purpose, also from
biosafety point-of-view, because the viral RNA
genome does not integrate into genome of the plant
but replicates in the cytoplasm. As compared to
transgenic plants, vector viruses offer a more speedy
and flexible system for use, however, including
the same benefits as with transgenic plants. Most
viruses complete the systemic infection of plants
within two weeks and most tissues of the plant
would accumulate the heterologous protein by then.
The vector-virus based production system can be
transferred to any new host species or genotype of
the virus simply by inoculation; no plant transforma-
tion, regeneration and selection are needed.

The genus Potyvirus contains the largest number
of virus species (>150) infecting a vast number of
plant species (Rajamiki et al. 2004), which makes
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them attractive as vector viruses. Furthermore, they
express their genome as a large polyprotein that is
subsequently processed to up to ten mature proteins
by the viral proteinases. Hence, a foreign gene in-
serted into the viral genome will be translated as
part of the polyprotein and the heterologous protein
produced in equimolar amounts with viral proteins.
Proteolytic processing of the heterologous protein
requires that the appropriate proteolytic cleavage
sites are engineered to flank the protein. Following
cleavage, a few amino acid residues from the viral
polyprotein will remain at the termini of the heter-
ologous protein. However, in most cases this does
not seem to intervene with the activity or purpose
of use of the heterologous protein.

PVA belongs to potyviruses and has been a
model for molecular studies of potyviruses at
UH. The studies were initiated at the Institute
of Biotechnology and are continued at AF-UH.
A full-length, infectious cDNA is now available
from two PVA strains with a slightly different host
range (Puurand et al. 1996, Paalme et al. 2004).
The potyviral genome contains two positions (P1/
HC-Pro and NIb/CP) suitable for inserting foreign
sequences without greatly affecting viral infectiv-
ity (Dolja et al. 1992, Varrelman and Maiss 2000)
and can be used also in PVA (Ivanov et al. 2003,
Kelloniemi et al. 2006). A third, novel cloning site
inside the P1 encoding region of PVA was detected
by a transposone-based insertion mutagenesis ap-
proach (Kekarainen et al. 2002).

Catechol-O-methyltransferase (S-COMT) is
a human protein associated with the metabolism
of chatechol estrogens and degradation of the
catecholamine neurotransmitters dopamine and
epinephrine. Recombinant S-COMT is needed in
pharmaceutical industry for development S-COMT
inhibitors for the treatment of Parkinson’s disease
(Lundstrom et al. 1991). S-COMT was expressed
in active form from the NIb/CP site of the PVA
vector in Nicotiana plants (Kelloniemi et al. 2006).
Yields of S-COMT reached 0.7-0.8 % of TSP,
which is slightly less than 2 % observed with the
viral coat protein, possibly due to lower stability of
S-COMT. The cloning site in the P1 region was, in
turn, used to express the green fluorescent protein
(GFP) of jellyfish, Aequorea victoria (Rajamaki et
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al. 2005). In both cases, virus levels were slightly
reduced but, on the other hand, also symptoms
were alleviated which is beneficial for the use of
the production system. These results showed that
human and animal proteins can be produced from
the PVA vector in plants.

Recently, the three cloning sites were combined
in a single, chimeric PVA genome. The vector virus
is infectious and produces the three heterologous
proteins (Kelloniemi et al. 2008). This is the first
viral vector from which three heterologous proteins
can be produced simultaneously, which provides
unique possibilities not only for PMP production
but also scientific research. These examples dem-
onstrate that while being harmful pathogens, the
viruses also possess potential for development to
biotechnological tools (Valkonen 2007).

Molecular markers and their
multiple uses

DNA-based molecular markers differentiate indi-
viduals based on single-base substitutions or larger
genetic differences at the genome level. Many
examples of the use of molecular markers for gene
mapping and marker-assisted selection (MAS) in
plant breeding have already been mentioned above.
One additional example at DAB is the transfer of
herbicide (imidazolinone, IMI) tolerance from
Brassica napus L. to B. rapa L. by conventional
means using hybrid breeding (Haukkapii et al.
2005, Niemeld et al. 2006). The tolerance of IMI
is based on a chemically induced mutation of the
acetolactate synthase (ALS) gene in B. napus
(Swanson et al. 1989). MAS is used for selection
of the mutated ALS gene and the fertility-restoring
(Rf) gene that is needed to overcome cytoplasmic
male sterility of the hybrids. Furthermore, plants
homozygous and heterozygous for the Rf locus
are distinguished using allelic specific probes and
quantitative polymerase chain reaction (A.-L.
Haukkapii, T. Niemeld, U. Tulisalo and M. Sep-
panen, unpublished).

DNA markers are mostly phenotypically and
selectively neutral and thus suitable for studies
on population genetics and gene flow. Molecular
and population genetics studies are carried out at
DAB on several plant groups, including also al-
gae and non-vascular plants such as mosses which
are photosynthesizing organisms important to the
ecosystems affected by or interacting with the ag-
ricultural and forest environments. For example,
mosses are used as model organisms to study gene
flow, population genetic structures and adaptation
(Korpelainen et al. 2005, Pohjamo et al. 2006) and
also evolution of pathogen resistance in plants
(Akita and Valkonen 2002, Andersson et al. 2005,
Lehtonen et al. 2006). Dispersal, colonization
and gene flow are important to species in order
to avoid population decline and extinction. They
are particularly important to endangered species
that may suffer from fragmentation of habitats and
the genetic, demographic and environmental con-
sequences of the decrease in population size. Many
types of molecular markers are used to study gene
flow, plant genetic resources and the early stages
of gender determination of dioecious plant species
(Korpelainen 2002, Korpelainen et al. 2007, Kor-
pelainen and Kostamo 2007). Novel transposon-
based markers for plants have been developed in
the MTT research laboratory located in the Viikki
campus (Kalendar et al. 1999).

Molecular markers are also widely used for the
study of plant pathogens, plant-microbe interac-
tions, pathogen populations and microbial ecology.
These are important study areas related to plant
biotechnology carried out at DAB (Lehtonen et al.
2004, 2008a, Mattinen et al. 2004, Aittamaa et al.
2008, Hiltunen et al. 2008), other departments of
AF-UH and the Viikki Campus (e.g., Pitkdjdrvi et
al. 2003, Jussila et al. 2006, Sjoblom et al. 2006).
At DAB, these studies are carried out on many crop
plant species and their pathogens and also on the
model species Arabidopsis thaliana (Karim et al.
2007) and the moss, Physcomitrella patens, to un-
derstand evolutionary early-developed mechanisms
of pathogen defence in plants (Akita and Valkonen
2002, Andersson et al. 2005, Lehtonen et al. 2006).
However, these study areas are not emphasized in
this review.
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Transfer of knowledge in biotechnology and
biosafety issues to agricultural institutes in the
developing countries (e.g., the BIO-EARN pro-
gramme with East African countries and the NI-
FAPRO project with Nicaragua) is considered as
an important task at DAB and at AF-UH. The use
and development of various kinds of molecular
markers are typically included in these projects
as the techniques are relatively robust and can be
acquired in newly established laboratories which
do not yet have a large range of equipment.

Considering also the study fields of agroecolo-
gy and agricultural entomology affiliated at DAB,
the department has a broad and deep expertise not
only for developing plant-based biotechnological
applications for agricultural and horticultural use
but also for studying and monitoring the envi-
ronment with the help of molecular tools (e.g.,
Seppénen et al. 2007). This is important for risk
assessment and development of practises which
reduce any inadvertent negative consequences
that plant production may have to the environ-
ment.

Structures facilitating progress
in plant biotechnology research

Plant biotechnology is one of the strengths at AF-
UH and the Viikki campus, both from the national
and international perspective. This is largely the
result of close and fruitful collaboration of the
research groups affiliated by different departments
and faculties and the national and international
collaboration. These developments need to be
supported and continued.

At AF-UH, the merger of several small depart-
ments to form the current DAB in 2002 brought
all plant science-oriented disciplines administra-
tively together. Consequently, crop science, plant
breeding, plant pathology and horticulture cur-
rently share the same laboratory space and equip-
ment at DAB. The close interaction has resulted
in new joint research interests, including devel-
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opment of plant viruses as gene silencing tools for
studies in functional genomics.

Joint research activities across faculty borders
have been an important foundation for the very
well developed collaboration in teaching of courses
in plant science. Furthermore, a national graduate
school in plant sciences is coordinated from the
Viikki campus. A Centre of Excellence (CoE) has
been formed in Viikki and funding awarded by
the Academy of Finland for periods of 2000-2005
(CoE in Plant Molecular Biology and Forest Bio-
technology) and 2006-2011 (CoE in Plant Signal
Research). One of its most significant achieve-
ments has been the development of plant genome
resources for a wide use in Finland, e.g., the large
EST collection of spruce (Koutaniemi et al. 2007)
and birch, and the microarray of birch.

The plans include that the strong plant science
community at Viikki campus will be reinforced
by gathering all scientists who are involved in ex-
perimental plant research to a joint “Viikki Plant
Science Centre” (VPSC) which could also affiliate
research groups from other organizations, as appro-
priate. This is feasible due to the already existing
collaboration in research and teaching which can be
further synergized. VPSC will be particularly im-
portant for maintenance of the up-to-date research
facilities and technologies specifically required for
plant biotechnology. Some of the core facilities and
technology platforms needed in plant biotechnol-
ogy research are maintained by the Institute of
Biotechnology but used by all research groups in
the Viikki Campus. These platforms included elec-
tron microscopy, DNA sequencing, and microar-
ray and protein analysis that are essential for plant
genomics research. The research groups using the
facilities have also contributed to their develop-
ment in terms of funding and expertise. Indeed,
concentrating the more expensive and demanding
technologies to the commonly shared platforms is
crucial for maintaining the cutting-edge, rapidly
developing technologies and know-how of them
at the reach of the plant research community in
Viikki. The latest addition to the arsenal of high
throughput sequencing is the “454” massive par-
allel sequencing platform, with which sequencing
of the EST libraries of gerbera and strawberry and
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the full genome of the bacterial potato pathogen,
Pectobacterium carotovorum, will be achieved by
the end of 2008.

In conclusion, plant biotechnology research at
AF-UH and the Viikki campus contributes to so-
lution of the important domestic pitfalls in plant
production and creates new technologies and ap-
plications for the sustainable use of plant resources.
Renewable biomass resources are needed to re-
place the fossil fuels. Value-added crops capable
to produce new types of biopolymers and structural
components should be developed. Crop plants need
to be adapted to the climatic change and hunger al-
leviated via enhanced crop production in the devel-
oping countries. The plant research capacity will be
needed and must be further developed for solving
the challenges of the challenges of food and energy
production that are getting more severe.
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SELOSTUS

Kasvibioteknologian tutkimus ja tulevaisuudennakymat

Paula Elomaa, Jussi J. Joensuu, Helena Korpelainen, Kristiina Makinen, Viola Niklander-Teeri, Minna

Pirhonen, Mervi M. Seppanen, Teemu H. Teeri ja Jari P.T. Valkonen

Helsingin yliopisto

Yhteyttavit kasvit ovat ravinnon ja bioenergian ensisi-
jainen lahde maapallolla. Viljelykasvien ominaisuuksia
muokkaamalla sekd kasvien biosynteesikoneistoa eri
tavoin hyddyntdmalld pyritdén vastaamaan haasteisiin,
joita vdestonkasvu ja sen myoti liséddntyvi energian sekd
ravinnon tarve tuovat ihmiskunnalle. Liséksi on pyrittdvd
hillitsemdén ilmastonmuutosta. Témén katsauksen tar-
koituksena on osoittaa, kuinka kasvibioteknologia auttaa
vastaamaan niihin haasteisiin. Esimerkkeind kéytetdin
mm. perunan jalostukseen, viruskestivyyteen ja kylmyy-
densietoon sekd sddelatvan (gerberan) kukankehitykseen
ja kukintaan kohdistuvaa bioteknologista tutkimusta. Se
on tuottanut tietoa tdrkeiden kasvigeenien sijainnista
ja rakenteesta kasvigenomeissa, geenien sditelysti ke-
hityksen aikana sekd geenien reagoinnista ympériston
muutoksiin ja taudinaiheuttajien tartuntaan. Néitd tietoja
tarvitaan, jotta kasvien tuottavuutta ja kasvituotteiden
laatua voidaan entisestdidn parantaa mm. biotekniikan
keinoin. Molekyyligeneettiset tutkimukset tuottavat

myds geenimerkkejd, joilla voidaan tehostaa perinteisti
risteytysjalostusta. Geenitekniikan avulla on voitu ke-
hittdd uusia viruskestdvyyden mekanismeja kasveihin.
Biotekniikan menetelmid voidaan hyddyntdd myos
syotdvien rokotteiden tuottamiseen seké farmasianteol-
lisuuden tarvitsemien proteiinien tuotantoon kasveissa.
Toisaalta biotekniikan menetelmid tarvitaan geenivarojen
kartoittamiseen sekéd geneettisen monimuotoisuuden ja
geenivirtojen selvittimiseen kasvipopulaatioissa. Nailld
tutkimuksilla on merkitystd niin kasvien geenivarojen
hyddyntédmiselle kuin riskien tunnistamiselle seké sel-
laisten viljelykdyténtdjen kehittdmiselle, joilla voidaan
ehkiistd maa- ja puutarhatalouden haittavaikutuksia vil-
jely-ympiériston ulkopuolella. Tulevaisuudessa kasvibio-
tekniikalla ndhddén entistd suurempi merkitys haettaessa
ratkaisuja suuriin haasteisiin, jotka liittyvat ihmiskunnan
selviytymiseen. Téhén tarvitaan kasvibiotekniikan osaa-
misen kartuttamista my6s kehitysmaissa.
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