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ABSTRACT
The aim of this study is to assess the clonal variation in Scots pine (Pinus sylvestris L.)
clones and in transgenic lines of silver birch (Betula pendula Roth) and its causes, with
special attention to the effects of cloning and transgenesis in tree breeding programmes.
The parental effect on cloning success variation was studied in an experiment where Scots
pine embryogenic lines were initiated from immature seeds of a full diallele cross. The
evaluation was made after culture initiation, on maintenance medium and by mature
embryo production. Growth and stem straightness of Scots pine clones were assessed in a
10-year field trial established with rooted cuttings. The effect of a single gene transfer, the
sugar beet chitinase IV gene (chiIV), was assessed on plant growth, susceptibility to fungal
diseases and development of root associated fungal communities and phenology, in a 3-year
field trial established with micropropagated transgenic silver birch lines and wild-type
clones. The results of the somatic embryogenesis experiment with Scots pine showed that
the initiation success, as well as maturation, was more affected by the genotype of the
mother than the one of the father, while during the proliferation period the mother’s effect
decreased and the father’s increased. The field trial with Scots pine showed that the tree’s
genotype, more than the propagation method, has an effect on the plant behaviour in the
field. In silver birch transgenic lines, the introduction of a single gene (chiIV) led to a
reduction in growth and quality characteristics, although no significant changes occurred
regarding fungal disease resistance, ectomycorrhizal colonization or fungal community
structure, as compared to the natural variation occurring in wild type clones. The
conclusion was that the variation in the success of Scots pine embryogenesis and in the
growth of Scots pine rooted cuttings is strongly affected by genotype and, hence, the rooted
cuttings are suitable for testing height growth in breeding programmes. A single chiIV gene
transfer did not improve significantly fungal disease resistance in silver birch or interfere
with root associated fungal community. However, the variation in adaptive traits among
silver birch transgenic lines is at the same level with the variation detected in randomly
selected wild-type silver birches and single transgenic lines may be selected in breeding
programmes.
Keywords: clone, variation, gene transfer, fungal community, adaptive traits, tree breeding
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1 INTRODUCTION
1.1 General framework
The basic question in tree breeding is how to define the objectives of tree improvement.
The answer from forest owners is simply the best possible economic profit. The profit has
been determined by buyers, i.e. by paper and plywood industry, which pay for wood by
stem volume, and in much lesser amount by furniture and other timber utilising industries
which value the quality and are in theory prepared to pay extra for high quality timber.
Tree breeders for their part determine how to improve the volume and the quality of forest
trees. The solution has been to select superior genotypes (plus trees) from natural forests
and use them in traditional tree breeding programmes. The number of selected plus trees is
crucial for the preservation of variation in the future generations to ensure the stability of
the breeding population and the success of the breeding work. These four – productivity,
quality, stability and effectiveness – have been the objectives of tree improvement in
Finland since the 1940s. The latest Finnish long term tree breeding programme (Haapanen
and Mikola, 2008) lists the main objectives of the Finnish tree breeding today: productivity
(high genetic gain transferred to the next generation), predictivity (well adapted breeding
material) and cost-efficiency (application of new breeding methods). Today about 50 % of
the Scots pine (Pinus sylvestris L.) seedlings in southern Finland and nearly all the silver
birch (Betula pendula Roth) seedlings originate from seed orchards.
The success of tree breeding depends on the variation found in the breeding population,
which for its part mirrors the variation of natural forests, and on the heritability of the
selected traits. Trees in boreal forests are in general long lived having long generation
times, being highly outcrossing and non-domesticated with large, continuous and variable
populations. The evolutionary forces natural selection, mutations, random genetic drift
which promote, or those which limit
phenotypic plasticity and gene flow
the
differentiation among populations, help the populations to adapt in varying environments
(Falconer and Mackay 1996, Eriksson 1998). The Finnish long-term forest breeding
programme recognises the future challenges connected with the climatic warming, which is
predicted to have an effect both on the annual phenological rhythm of the trees and on the
amount of pests and diseases in the future (Haapanen and Mikola 2008, Parviainen et al.
2010). It may be argued that if these changes are rapid, either natural adaptation or the
traditional breeding methods have no realistic chance in producing adapted planting
material in time. New breeding techniques, such as gene transfers, which create new
variation beyond the species limit, molecular assisted selection, which helps to identify
traits at an early age, the use of clonal material in testing, which speeds up the breeding
process and finally the use of cloned material in planting may offer the only option in the
changing environment.
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1.2 Pine clones
The term ‘clone’ has been used to describe identical copies of molecule sequences (DNA,
RNA), cells of specific tissues (e.g. stem cells) and whole single- or multi-cellular
individuals which are genetically identical. In this research, the term clone is used to
describe a group vegetatively propagated plants from a single genotype. The term
‘genetically modified line’ (GM-line) is used of vegetatively propagated group of plants
induced from a single transformation event. Also, the term ‘embryogenic line’ is used of
Scots pine embryogenic cultures which originate from a single immature seed from a
controlled cross.
Pines, like conifers in general, are considered difficult to clone (Häggman et al. 1996)
and the rooting percentage of Scots pine cuttings is lower than in some other pine species
(Ragonezi et al. 2010). The cloning of Scots pine is based in vivo mostly on grafting and the
seed-orchards in Finland base on grafted clones (Haapanen and Mikola 2008) and in vitro
on either organogenesis (Häggman et al. 1996) or on somatic embryogenesis (Hohtola
1995, Keinonen-Mettälä et al. 1996, Sarjala et al. 1997, Häggman et al. 1999, Lelu et al.
1999, Filonova et al. 2002, Aronen et al. 2009).
1.2.1 Rooted pine cuttings
In the early 1970s research on the propagation of several pine species by rooted cuttings
was reported in New Zealand (Sweet and Wells 1974, Cameron and Rook 1974,
Shelbourne and Thulin 1974), Australia (Pawsey 1971), USA (Libby et al. 1972, Kiang et
al. 1974, van Buijtenen et al. 1975) and Korea (Ok Hong 1974). The progress in the
development of this method has been slow and radiate pine (Pinus radiata D. Don) is the
only pine species today used in large quantities for reforestation as rooted cuttings (Ritchie
1991, Ragonezi et al. 2010).
Ragonezi et al. (2010) review adventitious rooting of conifers compare the rooting
success of pine species in vivo and in vitro. The Pinus species with highest rooting
percentages in vivo were P. contorta Douglas ex Louden (100%), P. strobus L. (97%), P.
caribaea var hondurensis Morelet (95%), P. radiata (95%), P. banksiana Lamb (87 95%)
and P. taeda L. (80 94%). The lowest rooting percentages in vivo were found in P.
virginiana Mill. (47%), and in P. sylvestris (54%). Auxin either indole-butyric-acid (IBA)
or -naphtalene-acidic-acid (NAA) was used in varying concentrations to induce the
adventive root development and the roots were grown on several substrates. Taking
explants from mature trees, seedlings or micropropagated plantlets and rooting them as
microcuttings in vitro is another method to induce adventive roots (Ragonezi 2010). The
pine species with the highest rooting percentages in vitro were P. roxburghii Sarg. (97%),
P. pinaster Aiton (86 92%), P. brutia Tenore x P. halepensis Mill. (84%), P. canariensis
C. Sm. (83%), and with the lowest P. sylvestris (6 64%) and P. virginiana (18%).
Menzies et al. (2001) describe the radiate pine vegetative propagation method used in
New Zealand, where the young seedlings (4–5 months old), used as stock plants, are pruned
and the developing side shoots are used as cuttings. The stock plants may be planted
outside in rows, which are pruned up to the age of eight years for cutting production. The
cuttings are rooted without hormone treatments and used to bulk-up the limited progenies
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from controlled crosses used in the breeding programmes and as planting material. The
cuttings provided over 25% of the planting stock of radiata pine in New Zealand in the turn
of the millennium (Menzies 2001). Ritchie (1991) reviewed the development of cutting
production since 1970s and reported that the major single realization was the importance of
the physiological status of the stock-plant, which led to the use of young donors, hedging
and serial propagation in cutting production. Browne et al. (2001) studied the use of benzyl
adenine (BA) in enhancing the number of shoots per stock plant by inducing the elongation
of dwarf shoots. They sprayed pruned, young (6 months old) P. banksiana seedling stock
plants with varying concentrations of BA and compared the number of cuttings to pruned
controls. The number of cuttings increased from 14–17 in controls to 30–40. They found
that higher concentrations of BA increased the number of cuttings, but lowered the rooting
percentage. Frampton et al. (1999) studied the benefits of a commercial rooting compound
containing IBA 10,300 ppm and NAA 6,600 ppm compared to boron and thiamine
treatments in rooting loblolly pine (P. taeda) cuttings of full-sib families. They found out
that the rooting percentage was the highest in water control but the morphology of the
hormone treated roots was more symmetrical. The boron and thiamine treatments had no
effect on the rooting, but family, rooting compound concentration and their interaction had
significant effect on rooting.
In Finland experiments of the vegetative propagation of Scots pine by rooted cuttings
started in 1962 (Mikola 2009). Boeijink and van Broekhuizen (1974) reported the use of
mist chamber in improving the rooting of Scots pine cuttings. Kossuth (1978) studied the
effect of cytokinin treatment on Scots pine pruned stems and found that the treatment with
225 ppm benzyladenine (BA) induced 100 % fascicular bud development. Improvements in
the number of cuttings/stock-plant (Salonen 1994a) and in the rooting of the Scots pine
cuttings have been reported (Niemi et al. 2000, Högberg 2005) in the last decades, but the
large-scale cutting production of Scots pine still needs to be improved. Finland, Sweden
and Latvia launced a joint research project on testing Scots pine cutting propagation
methods (Högberg et al. 2011), where selected full-sib families with high breeding values
were cloned. The tested methods included different pruning of the donor plants, IBA and
gibberellin inhibitor treatment of the cuttings, rooting in high humidity, watering and
rooting substrate tests. They reported in different locations considerable clonal variation
within families in cutting production/donor plant (in average 7.8 21.5). The rooting of the
Scots pine cuttings was low and erratical with total failures in some propagation occasions.
However, in the best model and in the best location the rooting percentage was 53.2%. The
variation in rooting success was suggested to be more dependent of technical solutions than
variation within or between families. No effect of watering regime, rooting substrate type or
gibberellin inhibitor with or without IBA treatment was detected on rooting success of
Scots pine cuttings (Högberg et al. 2011).
1.2.2 Pine micropropagation/organogenesis
Young tissues (embryos/cotyledons) have been used for the initiation of tissue cultures for
pine organogenesis. Aitken-Christie et al. (1985) used radiata pine seeds for induction of
tissue cultures for micropropagated plantlet production. They obtained two types of shoots,
wet and waxy, which varied in rooting ability and plantlet sturdiness. Aitken-Christie and
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Davies (1988) developed a semi-automatized system for the production of micropropagated
radiate pine plantlets. Saborio et al. (1997) produced Mexican white pine (P. ayacahuite
var. ayacahuite Ehremb.) plantlets from mature seeds. Cuesta et al. (2008) used cotyledons
of stone pine (P. pinea L) seeds for the initiation material of micropropagation cultures.
They found variation in survival, microshoot production and rooting between selected
families. RAPD analysis detected low polymorphism, uniquely detected among families
and presenting the same pattern in clones, which was interpreted as a sign of clonal fidelity,
but not necessarily absence of somaclonal variation.
Micropropagation has been successful in small-scale research purposes in Scots pine
vegetative propagation. Chalupa (1985, 1989) used Scots pine axillary and adventitious
buds from young, 1 2 year-old seedlings for initiation material on micropropagation
experiments. He cultured stem cuttings on media supplemented with cytokinin and auxin to
promote bud formation. The buds were elongated and multiplied on media containing lower
concentrations of phytohormones and/or activated charcoal. When the shoots were 15 25
mm long they were rooted on media containing auxin and elongated on auxin-fee medium.
Häggman et al. (1996) used cotyledons from germinated embryos as explants in producing
early flowering Scots pine clones. They were successful in plantlet multiplication, but
reported difficulties in rooting and most of the micropropagated plants were plagiotropic
and highly branched in the greenhouse. It has been suggested that the micropropagation of
Scots pine is a potential method to propagate adult trees to obtain clonal material (De Diego
et al. 2010).
1.2.3 Pine somatic embryogenesis
Pine somatic embryogenesis (SE) has been induced using protoplasts of proembryonal cells
(Gupta and Durzan 1987), immature (Becwar et al. 1988, Jain et al. 1989, Lainé and David
1990, Bercetche and Pâques 1995, Arya et al. 2000) and mature zygotic embryos (Gupta
and Durzan 1986, Hohtola 1995, Bozhkov et al. 1997). Also, either dissected (Arya et al.
2000) or whole (Lainé and David 1990, Nagmani et al. 1993, Keinonen-Mettälä et al. 1996)
female gametophytes (megagametophytes) have been used for tissue culture initiation.
Becwar and Pullmann (1995) described how the immature embryos extruded from the
megagametophyte through micropyle to the culture medium and formed proliferating
embryogenic mass in loblolly pine. Becwar et al. (1991) found multiple genotypes in
somatic embryogenic cultures of P. taeda initiated from megagametophytes in low
frequencies (8 %).
Several culture media are used in Scots pine SE cultures at the initiation stage (Hohtola
1995), i.e. MS (Murashige and Skoog 1962), SH (Schenk and Hillebrandt 1972), WPM
(Lloyd and McCown 1980), LP (Quoirin and Lepoivre 1977, Hakman and von Arnold
1985), LM (Litvay et al. 1985) and DCR (Gupta and Durzan 1986) with modifications in
macro- and micronutrient compositions, vitamins and plant growth regulators, and addition
of organic nitrogen and carbon source (Hohtola 1995, Keinonen-Mettälä et al. 1996, Sarjala
et al. 1997, Häggman and Aronen 1998, Niemi et al. 1998, Häggman et al. 1999, Niemi and
Häggman 2002, Park et al. 2006, Rodríguez et al. 2006, Lelu et al. 1999, Niemi et al. 2007,
Burg et al. 2007, Lelu-Walther et al. 2008, Aronen et al. 2009, Abrahamsson et al. 2012).
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The preferred initiation material for Scots pine embryogenic culture is zygotic embryo
(Keinonen-Mettälä et al. 1996, Sarjala et al. 1997, Häggman and Aronen 1998, Niemi et al.
1998, Häggman et al. 1999, Niemi and Häggman 2002, Park et al. 2006, Rodríguez et al.
2006, Lelu et al. 1999, Niemi et al. 2007, Burg et al. 2007, Lelu-Walther et al. 2008,
Aronen et al. 2009, Abrahamsson et al. 2012). The period of its competence to initiate
somatic embryogenesis is narrow, 2 3 weeks (Keinonen-Mettälä et al. 1996). The optimal
culture initiation time is one week after fertilization (Burg et al. 2007), when cleavage
polyembryony is just starting (Filonova 2002). At that early stage single embryos cannot be
isolated and the whole ovule/megagametophyte containing several embryos originating
both single and cleavage polyembryony has been used for the culture initiation (Burg et al.
2007). Park et al. (2006) described, how Scots pine zygotic embryos extruded from the
megagametophyte prior to the embryogenic mass initiation. Burg et al. (2007) analysed 325
new embryogenic cell lines from 15 mother trees using four nuclear SSR markers, but the
results indicated no mixed cultures at the initiation stage. However, they observed
mutations at all stages of the in vitro cultures, which resulted in mosaic cultures (Burg et al.
2007).
At the initiation stage the cultures have been incubated in the darkness (Sarjala et al.
1997, Niemi et al. 1998, Abrahamsson et al. 2012). The proliferation of the embryogenic
tissue continues as long as the tissues are subcultured on fresh medium and the cultures
may be cryopreserved as soon as they have been established (von Arnold et al. 2002).
However, prolonged subculture period and/or cryopreservation increase the possibility of
somaclonal variation (von Arnold et al. 2002, Burg et al. 2007). Lelu et al. (1999) tested
both medium with and without growth regulators on initiation and proliferation of Scots
pine somatic embryos and found no significant effect on the medium. A technique to obtain
large quantities of somatic embryo mass involves a SE tissue suspension in liquid medium
plated over filter paper, drained and cultivated on the surface of a culture medium
(Klimaszewska et al. 2007, Aronen et al. 2009).
For maturation, the cultures may be treated with plant growth regulator-free medium
(Rodríguez et al. 2006, Burg et al. 2007) or with medium containing activated charcoal
(Häggman et al. 1999, Lelu-Walther et al. 2008). Lelu et al. (1999) reported that in some
lines Scots pine somatic embryos, which had been initiated and maintained on growth
regulator free medium, matured spontaneously. The critical factor for successful embryo
maturation is reported to be the restriction of water availability on the maturation medium
containing ABA (von Arnold et al. 2002, Klimaszewska et al. 2007), which can be
achieved either by decreasing the water potential by high molecular weight polyethylene
glycol (PEG) in the medium or with physical means, i.e. with high gelling agent
concentration (Lelu et al. 1999, Klimaszewska et al. 2007). Embryo germination is
achieved after either cold treatment or partial desiccation, which is not necessary when
PEG is not used (Klimaszewska et al. 2007). To maximise the mature somatic embryo
production, the embryonic mass can be suspended in plant growth regulator free liquid and
cultured on a membrane support (Niemi and Häggman 2002, Klimaszewska et al. 2007,
Aronen et al. 2009).
The mature somatic embryos have been germinated on half-strength growth medium
without plant growth regulators in light (Häggman et al. 1999), or in darkness for the first
week to elongate the hypocotyl before light conditions (Klimaszewska et al. 2007). It has
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been reported, that it is beneficial for root development to place the embryos horizontally
on the growth medium and place them vertically on the medium after the roots have
developed (Aronen et al. 2009). Lu et al. (2011) studied the role of ethylene in Scots pine
somatic embryo maturation and found that the expression of a potential genetic marker,
PsACS2, corresponded during embryo development to ethylene production. Niemi and
Häggman (2002) inoculated the Scots pine somatic embryos with mycorrhizal fungus
Pisolithus tinctorius (Pers.) Cocker and Couch in vitro resulting in mycorrhiza formation,
which potentially enhanced the germination and adaptation ex vitro. In later experiment
(Niemi et al. 2007) it was reported that P. tinctorius together with spermidine induced
somatic embryo maturation. Lelu et al. (1999) reported that some Scots pine embryos went
through all stages of somatic embryogenesis without growth regulators, germinated and
developed into plants. When rooted embryos, called emblings are adapted to greenhouse
conditions, they can be planted on growth mixture and treated like seedlings (Häggman et
al. 1999, Aronen et al. 2009).
Many factors in addition to the developmental stage of the zygotic embryo, growth
medium composition and tissue culture procedures have been noted to have an effect on the
success of Scots pine somatic embryogenesis, such as the storage time prior to the culture
initiation and the genotype of the parent trees (Häggman et al. 1999, Lelu et al. 1999,
Aronen et al. 2009).
1.3 Silver birch clones
Vegetative reproduction of silver birch may sometimes occur in the forest by dormant
(epicormic) buds sprouting at the stump after the trunk is cut (Koski and Rousi 2005,
Viherä-Aarnio 2008). The seeds for planting were up to the 1970s collected from plus trees
in seed collection stands (Viherä-Aarnio and Ryynänen 1994, Viherä-Aarnio and Velling
2008). Today, silver birch seeds in Finland are produced in seed orchard grafts in polythene
greenhouses, where the seed production is effective in controlled conditions (Viherä-Aarnio
and Velling 2008). Silver birch has been propagated by rooted stem cuttings (Tervonen
1981, Salonen 1994b, Cameron and Sani 1994). The age of the stock plants has been
reported to be a restriction in rooted cutting production and effective rooting has been
achieved only when the cuttings were taken from trees under the age of 10 years (Tervonen
1981). Cameron and Sani (1994) rooted silver birch epicormic shoots to enhance the
rooting capacity and to reduce the mature characteristics of the rooted cuttings. They
reported that the growth of the cuttings from the epicormic shoots of 5-, 10-, and 30-years
old trees had enhanced the rooting capacity, but it was still low compared to cuttings from
young seedlings. Also, the cuttings retained a high degree of maturation. Salonen (1994b)
reported that micropropagation of silver birch was clearly a more effective clonal
propagation method than rooting of cuttings.
Micropropagation methods for silver birch were developed in 1970s and 1980s for B.
pendula (Huhtinen and Yahyao lu 1974, Simola 1985) and for Betula pendula var. carelica
(Merckl.) Hämet-Ahti (Ryynänen and Ryynänen 1986). The initiation material in
micropropagation of silver birch, either bud meristem (Ryynänen and Ryynänen 1986), leaf
disc (Simola 1985, Iliev et al. 2003) or stem cutting (Huhtinen and Yahyao lu 1974) is
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placed on growth medium containing micro- and macronutrients, vitamins, and growth
regulators, i.e. MS (Murashige and Skoog 1962) and WPM (Lloyd and McGown 1980).
The surface sterilized explants go through three developmental steps, dedifferentiation,
induction and differentiation. The auxin-cytokinin ratio on the medium may vary over a
wide range on the first and third step, but the hormone composition is critical during
induction.
Initiation material for silver birch somatic embryogenesis has been either young zygotic
embryos (Kurtén et al. 1990) or mature leaf tissues (Kurtén et al. 1990, Hvoslef-Eide and
Corke 1997). Both embryogenic and non-embryogenic cell lines have been observed in
silver birch cell cultures (Kurtén et al. 1990, Nuutila and Kauppinen 1992). PuupponenPimiä et al. (1993) reported the characterization of the silver birch embryogenic BP8 gene,
which is a potential genetic indicator of embryogenic cells. The possibility to produce silver
birch somatic embryos in large scale in liquid media using bioreactors has been discussed
in connection of the rapid propagation of elite material (Hvoslef-Eide et al. 2005).
1.4 Gene transfer into silver birch
The development of successful micropropagation method has made silver birch a good
candidate for genetic transformation. Both the particle bombardment (Valjakka et al. 2000,
Tiimonen et al. 2005) and the Agrobacterium based (Aronen et al. 2002, Pappinen et al.
2002, Lemmetyinen et al. 2004, Lännenpää et al. 2005, Zeng et al. 2010, Zhang et al. 2012)
gene transfer methods have been developed for silver birch. The transformed properties
include modification of host-pathogen interaction (Pappinen et al. 2002, Pasonen et al.
2004), insect resistance (Zeng et al. 2010), flowering (Lemmetyinen et al. 2004, Lännenpää
et al. 2005), lignin biosynthesis (Tiimonen et al. 2005, Sutela et al. 2009, Seppänen et al.
2007), nitrogen metabolism (Valjakka et al. 2000) and morphology, xylem structure and
chemistry (Piispanen et al. 2003). Also, transient transformation system of birch is
developed for the functional characterization of genes and protein production (Zhang et al.
2012).
In this research, the genetically modified (GM) silver birch lines were sugar beet
chitinase IV (chiIV) transgenic and, hence, a broader introduction to plant chitinases, their
role in plant-fungal interactions and the use of chitinase genes in genetic transformation is
presented below.
1.4.1 Chitinases and their role in plant-fungal interactions
Chitinases are enzymes which catalyse the hydrolysis of chitin, a N-acetoglucosamine
polymer, which is found f. ex. in the cell wall of true fungi and in the exoskeleton of
arthropod insects and nematodes (Collinge et al. 1993). Several biotic and abiotic factors
can induce the expression of chitinases and they are important factors in the induced defend
mechanism of plants (Collinge et al. 1993, Sahai and Manocha 1993, Kasprazewska 2003,
Grover 2012). Chitinases are expressed in the host plant during plant growth and
development (Kasprazewska 2003), by pathogen stress (Shoresh and Harman 2008), during
somatic embryogenesis (Dong and Dunstan 1997, Wiweger et al. 2003) and in mycorrhizal
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symbiosis (Albrecht et al. 1994a, 1994b, Pozo et al. 1998, Slezack et al. 2001, Frettinger et
al. 2006). Their physiological role in abiotic stress response is related to low osmotic
potential and salt stress (Shoresh and Harman 2008), exposure to heavy metals (Békésiová
et al. 2008) and cold (Pihakaski-Maunsbach et al. 2001, At et al. 2003, Jarz bek et al.
2009).
The mechanisms triggered by plant-fungal interactions involve different metabolic
pathways and expression of several fungal/bacterial symbiosis and pathogenesis related
(PR) proteins including chitinases (Hammond-Kossack and Jones 1996, Eyles et al. 2010).
Albrecht et al. (1994a) compared the induction of chitinase activities in Eucalyptus
globulus spp. bicostata (Maid. et al.) Kirkp. in response to pathogens (Phytophthora
cinnamomi Rands, Alternaria sp., Botrytis cinerea (de Bary) Whezel and Fusarium
oxysporum Schlecht. ex Snyder and Hansen) and mycorrhizal fungus Pisolithus tinctorius.
They could not separate the two types of fungal contacts and both led to systemic chitinase
activities. In a further study by Albrecht et al. 1994b, colonization byPisolithus tinctorius
induced a strong chitinase activity in eucalyptus roots in early stages of the establishment of
symbiosis and remained constant for a week, suggesting rather support to the mycorrhizal
colonization than defence mechanism. Slezack et al. (2001) purified a chitinase isoform
induced by the colonization of Glomus mossae (Nicol. & Gerd.) Gerdeman & Trappe in
Pisum sativum L. cv. Frisson roots and found a homology with class I pea chitinase.
Frettinger et al. (2006) reported expression of a class III chitinases in Quercus robur L.
lateral roots prior to interaction with ectomycorrhizal fungus Piloderma croceum J. Erikss.
& Hjortstam in vitro. Vierheilig et al. (2001) treated arbuscular mycorrhizal fungus Glomus
mossae hyphal tips grown in vitro by chitinase, which produced inhibition of the hyphal
growth, lysis of the apex and changes in the growth pattern of the fungus. Heller et al.
(2008) studied the molecular mechanism involved in Pinus sylvestris – Laccaria bicolor
(Maire) P.D. Orton mycorrhizal symbiosis and reported down regulation of defence
mechanism and cell wall modification related genes during ectomycorrhizal symbiosis
development differentially expressed at different stages of the process.
The PR proteins, including chitinases, induce protein based defences in plants. Eyles et
al. (2009) reviewed induced resistance to pests and pathogens in trees. Nagy et al. (2004)
reported peroxidase and chitinase activity in Norway spruce (Picea abies [L.] Karst.)
infected by the root fungus Rhizoctonia DC. Veluthakkal et al. (2012) reviewed the
chitinases and their defence responses in trees. Chitinases are at low levels expressed
constitutively in trees and their defence responses are induced by abiotic (salicylic acid,
jasmonic acid, ethylene and ozone) and biotic (pathogens, pests, fungal cell wall
components and oligosaccharides) factors (Veluthakkal et al. 2012).
1.4.2. Plants transformed with chitinase genes
Chitinase genes have been transferred to several herbaceous species in order to improve
fungal disease resistance. Transferred chitinase genes originate either from plants (Lin et al.
1995, Kishimoto et al. 2004, Chye et al. 2005, Takashaki et al. 2005, Tohidfar et al. 2005,
Vellicce et al. 2006, Xiao et al. 2007, He et al. 2008), fungi (Terakawa et al. 1997, Mora
and Earle 2001, Kumar et al. 2009, Kern et al. 2010, Prasad et al. 2012) or viruses (Corrado
et al. 2008).
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Chitinase genes, either from plants or from antagonistic fungi, have been introduced to
woody plants/trees and increased resistance has been reported to fungal diseases. Bolar et
al. (2000) introduced endochitinase gene ech42 from biocontrol fungus Trichoderma
harzianum Rifai into apple tree (Malus x domestica Borkh.). Six of eight transgenic lines,
grafts and own rooted plants, were more resistant to apple scab (Venturia inequalis [Cooke]
G. Wint.) than the control. In later experiment Trichoderma atroviride P. Karst.
(Trichoderma harzianum) genes encoding endo- and exochitinases were introduced into
apple. The transgenic apple trees were tested in growth chamber where one line expressing
both endo- and exochitinase was highly resistant to apple scap (Bolar et al. 2001). Noël et
al. (2005) reported the introduction of endochitinase gene ech42 from biocontrol fungus
Trichoderma harzianum into black spruce (Picea mariana (Miller) Britton, Sterns &
Poggenb.) and hybrid poplar (Populus nigra L. x P. maximowiczii A. Henry). Transgenic
spruce seedlings demonstrated increased resistance against spruce rot (Cylindrocladium
floridanum Sobers & C.P. Seym.) and leaves of transgenic hybrid poplar against leaf rust
(Melampsora medusa Thüm.) in vitro. Maximova et al. (2006) reported that transgenic
cacao plants (Theobroma cacao L.) overexpressing a cacao chitinase gene (ThChiI) were
more resistant to Colletotrichum gloeosporioides (Penz.) Penz. & Sacc. than controls.
Distefano et al. (2008) reported that transgenic lemon plants with chit24 gene from
Trichoderma harzianum showed less lesion development than control plants inoculated
with Botrytis cinerea. Jia et al. (2010) transferred chitinase gene Bbchit1 from Beauveria
brassiana (Bals.-Criv.) Vuill. to Chinese white poplar (Populus tomentosa Carr.) and
reported improved resistance to Cytospora chrysosperma (Pers.) Fr. in vitro.
The introduction of chitinase genes to silver birch and increased resistance to fungal
diseases was reported by Pappinen et al. (2002). A sugar beet chitinase IV gene in
transgenic silver birch increased resistance to Pyrenopeziza betulicola Fuckel in inoculation
tests in controlled conditions. In later tests in the field the increased resistance to P.
betulicola was no longer detectable, but the lines with high or intermediate sugar beet
chitinase IV expression showed more resistance to birch rust (Melampsoridium betulinum
(Pers.) Kleb.) than the lines with low expression (Pasonen et al. 2004). Pasonen et al.
(2005) studied the effect of sugar beet class IV chitinase constitutive expression in
transgenic silver birch in mycorrhizal symbiosis with Paxillus involutus (Batsch) Fr. They
reported formation of a normal ectomycorrhizal symbiosis in vitro.
1.5 Potential risks of transgenic trees
The propagation of genetically modified (GM) crops and forest trees has raised questions of
the possible risks involved in the use of transgenic plants (Devos et al. 2008, Strauss et al.
2009). Hoenicka and Fladung (2006) defined the biosafety term as ‘the prevention of largescale loss of biological diversity and integrity due to human activities and reviewed the
results of groups working in biosafety research and risk avoidance with forest trees. They
included the use of exotics and bred trees in addition to the genetically transformed trees
into the threads facing forests: biological invasions, horizontal and vertical gene transfer
and effects on other organisms. From the tree-breeder’s point of view the stability of the
expression of the transgene, its effect to growth related parameters and the possibility of
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transgene escape (Ahuja 2009, 2011) are questions that have to be tested in field trials.
Burdon (2003) discusses the operational use of GM trees and suggests critical examination
of several economic aspects. One aspect is how fast and effective conventional breeding
would be in reaching the same objectives. Also, could the same goals be achieved more
cost-effectively by alternative approaches, e.g. by silvicultural practices or by better
utilization and processing. It is also important to compare the costs of producing GM trees
to the costs of trees produced by traditional tree improvement. Before the
commercialization of transgenic trees, there is the question of the role of intellectual
property (patented genes), which may increase the costs of the use of transgenic planting
material (Doering 2004). There is a large number of legislation, which regulate the use of
transgenic material (Bryson et al. 2004). Burdon (2003) also discusses the ‘single-gene
effects’, which occur when single genes of large effects are used for transformation. Such
genes have not been tested by evolution and may carry unexpected side effects on field
fitness. Burdon (2003) uses as an example the corn blight epidemic that occurred in the
USA in 1970s after a dominant use of Texas mail-sterility germplasm in hybrid maize
production.
1.5.1 Transgene stability
The stability of the transgene expression in field conditions is necessary in commercial use
of GM-trees. James et al. (1995) reported stable nos and nptII gene expression after 7 years
and Mendelian segregation of the transgenes in the next generation in transgenic apple. Li
et al. (2008) studied the stability of two reporter genes, GFP and BAR, over time in
transgenic hybrid aspen clones (Populus tremula L. x P. tremuloides Michx. and P. tremula
x P. alba L.). The expression of the transgenes was observed over 3 years in the greenhouse
and field conditions. The transgenic cassette was eliminated during organogenesis in low
frequency (2.5%), but no gene silencing (transgene without expression) was observed. The
majority of the transgenic plants (85%) had single copies of the transgenes. All the plants
with two or more copies showed direct repeats in 77 % of the plants. In plants with direct
repeat loci the expression was higher than in other types of configuration. Zeng et al. (2010)
screened 28 transgenic birch (Betula platyphylla Suk.) lines transformed by
Agrobacterium–mediated transformation with a fused bgt gene consisting of an insecticidal
toxin gene from a spider (Atrax robustus O. P.-Cambridge) and the C terminal of the
CryIA(b) gene from Bacillus thuringiensis Berliner. They reported that the transgene copy
number varied from one to four and indications of rearrangement or partial deletion was
found in 68 % of the lines. Sequencing revealed deletions of 19 589 bp and one 45 bp filler
sequence at the insertion sites and altogether 89% of the lines contained vector backbone
DNA. Smolka et al. (2010) reported a stable expression of rolB gene in apple under field
conditions for several years. They found no translocation of the transgene or rolB mRNA in
the scion cultivars. Jarošová et al. (2011) monitored over four years in the field conditions
the stability of post-transcriptional gene silencing in transgenic Prunus domestica L., which
contained the plum pox virus (PPV) coat protein gene. They found that the transgenic line
remained uninfected while wild-type trees had severe symptoms. Pons et al. (2012)
monitored eight lines of two transformed citrus types (Citrus sinensis L. Osb. x Poncirus
trifoliata L. Raf. and Citrus sinensis). The integration and expression of two marker genes
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uidA and nptII were confirmed after 7-years in the field and no rearrangements and/or
silencing of the transgenes or its impact on relevant agronomic or phenotypic
characteristics were observed.
Pathogenicity tests carried out in controlled environments have been reported to
enhance fungal disease resistance in transgenic trees (Bolar et al. 2000, 2001, Noël et al.
2005, Maximova et al. 2006, Wei et al. 2007, Distefano et al. 2008, Jia et al. 2010). Results
of in vivo and of field trials with transgenic trees have been controversial on transgene
expression stability. Tzfira et al. (1999) engineered the growth and morphology of aspen by
transferring the genes rolA, rolB and rolC which code for growth hormones in A.
rhizogenes to aspen. In contrast to rolC-transgenic phenotype, which is producing dwarf
individuals in hybrid aspen, the transgenic plants exhibited enhanced growth and higher
stem production index than the controls. The transgenic plants had axillary bud growth
from the main stem following the loss of apical dominance and their leaves exhibited in
some degree rol-related wrinkling. Also, the transgenic plants exhibited dormancy break by
better rooting and axillary bud break throughout the year compared to the controls. When
transferred to the greenhouse the shoot morphology of the transgenic plants was similar to
that of the controls, but their winter dormancy was delayed resulting taller stems. The
plants were decapitated and when they emerged from dormancy no phenotypical
differences were observed among them, suggesting the silencing of rol genes, which was
confirmed by the absence of rolB and rolC transcripts in the 3-year old plant. Wei et al.
(2007) reported that in a greenhouse experiment the relative growth rate (RGR) of
attenuated barstar:barnase transgenic poplars had linear association with the ratio of
cytotoxin barnase, used for engineering plant sterility, and barstar, a specific inhibitor of
barnase and that the transgenic trees grew at the same rate with the controls. When the trees
were tested in the field, the growth of the transgenic trees was reduced at a rate associated
with the barstar:barnase expression ratio. Hu et al. (2001) reported that the insect-resistant
transgenic poplars expressing a Cry1Ac gene were still resistant after 3 years in the field.
Vishnevetsky et al. (2011) reported that endochitinase ThEn-42 gene from T. harzianum
expression together with the grape stibene synthase (stsy) gene and expression in transgenic
banana, perennial monocotyledon, produced several lines with improved tolerance to
Sigatoge leaf spot (Mycosphaerella fijiensis M. Morelet) in a 4-year field trial. The reason
for the differences in transgene expression in the field compared to the expression in the
controlled conditions was speculated by Meilan et al. (2004) and they concluded that the
environmental factors affecting the transgene expression were far greater in the field than in
the controlled conditions causing differeces within lines. However, they concluded that
consistent differences between lines from year to year were of greater importance.
Sugar beet endochitinase IV transgenic silver birches were tested in pathogenicity tests
in laboratory conditions for their resistance to leaf spot Pyrenopeziza betulicola. All the
lines with high degree of sugar beet chitinase IV mRNA were resistant (Pappinen et al.
2002). When the same lines were tested in the field, the transgene expression was still high
after three years, but the lines were not significantly resistant to the leaf spot (Pasonen et al.
2004).
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1.5.2 Transgene escape
The possibility of transgene escape from a cultivar to wild relatives by pollen/seeds
depends on the reproductive compatibility of the plants (Chapman and Burke 2006). Burke
and Rieseberg (2003) studied transgene escape effects by back-crossing oxalate oxidase
(OxOx) transgenic Helianthus annuus L. with wild sunflower. The transgene was
introduced to increase resistance against Sclerotinia sclerotiorum (Lib.) de Bary. The backcrosses were planted in the field in three locations and half of the plants were inoculated
with white mould. They found out that the transgene had effect on the likelihood of
infection, but if the plants were infected the disease had a severe input on the seed
production. They concluded that in their experiment, where they had given the wild
sunflower some degree of resistance that it already naturally had, the transgene would have
diffused neutrally after the escape. Kuparinen and Schurr (2007) used a modelling to study
the possibility of transgene escape from GM-forest. They found out that the transgene
escape is dependent of the modified trait transgene expression and the genotype used for
transformation, and that the heterozygosity of the GM-tree reduces the transgene escape
risk. In later study they suggested coupling the transgene with ‘mitigation transgene’, which
is selectively disfavoured in natural populations in order to lower that escape risk
(Kuparinen and Schurr 2008).
The risks of horizontal transgene escape from chitinase transformed silver birch to
other species were studied by Lohtander et al. (2008). They compared the sequences from
silver birch EST-library and studied their phylogenetic relationship to other chitinases.
They found out that some bacterial chitinases grouped together with class IV chitinases in
plants, indicating that some bacterial chitinases may have evolved from eukaryotic ones
following horizontal gene transfer. They concluded by the results that this transfer has
occurred only once and the likelihood of a similar event from chitinase transgenic silver
birch is extremely low. The transgenic containment traits for mitigating gene flow from
GM-trees to surrounding populations include induced prevention of flowering in transgenic
silver birch (Lemmetyinen et al. 2001, Lännenpää et al. 2005).
1.5.3 Transgene effect on yield
The improved growth of trees has been one of the objectives in the genetic transformation
of trees (Herschbach and Kopriva 2002). Shani et al. (2004) reported enhanced growth of
transgenic Populus tremula overexpressing Arabidopsis thaliana (L.) Heynh.
endoglucanase tested in a greenhouse. Also, the growth rate of ugt and acb transgenic
Populus tremula has been reported to be higher than controls after 3 years in the field
(Salyaev et al. 2006). They concluded that the enhanced growth was due to higher IAA
production in the transgenic trees due to the transformation. Hjälten et al. (2012) reported
that the increased resistance of Bt (Bacillus thuringiensis) toxin transgenic hybrid aspen to
Phratora vitellinae L. lead to increased growth of one transformed line in an experiment
under controlled conditions. They concluded that the result depended of better insect
resistance and manifested only under herbivore pressure. Jing et al. (2004) reported that in
a field trial transgenic hybrid poplars expressing a pine glutamine synthase transgene
outgrew the control plants.
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The transgene expression has been reported to have negative effect on yield, such as
reduced growth vigor in apple (Bolar et al. 2000). Smolka et al. (2010) reported that the
rolB transgenic rootstock reduced significantly scion growth, flowering and fruiting in
transgenic apple. Taniguchi et al. (2012) reported that the constitutive overexpression of
xyloglucan AaXEG2 from Aspergillus aculeatus Iizuka in transgenic poplars (Populus
alba) resulted in reduced aboveground biomass in a 4-year field trial. In addition to the
growth reduction the transgenic poplars had reduced root sucker growth.
Pasonen et al. (2008) studied the growth of chitinase transgenic silver birches and
reported that the transgenic trees were shorter and showed symptoms of physiological stress
more than the control trees. They suggested that other factors than the chitinase transgene
were responsible for the lower growth in transgenic trees.
1.5.4 The effect of the transgene to non-target species
Several GM-crops have been transformed to be resistant to herbicides or pesticides. Powles
(2008) listed cases where transferred glyphosate resistance gene had been reported to cause
herbicide resistance in local USA weed populations in areas where transgenic crops
(soybean, cotton, maize and canola) are cultivated using glyphosate for weed control. It has
been suggested that similar evolution of pesticide-resistance herbivores is possible in
contact with GM-plants (Chapman and Burke 2006). Also, chitinase transgenes, aimed for
improved fungal disease resistance in plants, have been reported to favour (to have positive
effect on) herbivores. Saguez et al. (2005) reported a 1 1.5 days reduction in population’s
doubling time in peach-potato aphid, Myzus persicae Sulzer feeding on insect (Phaedon
cochleriaceae F.) chitinase transgenic potato. Similarily, Post and Parry (2011) reported
that one of three tested insect herbivores, gypsy moth Lymantria dispar L., feeding on
oxalate oxidase transgenic American chestnut, Castanea dentata (Marshall) Borkhausen,
was positively affected by the transgene and grew faster than on wild-type tree. However,
Tiimonen et al. (2005) detected in controlled feeding experiments no direct association of
lignin biosynthesis related COMT transgenic silver birch and feeding preference or growth
performance of several insect herbivores (larvae of Aethalura punctulata D. & S.,
Llangattock., Cleora cinctaria Denis & Sciffermüller and Trichopteryx carpinata
Borkhausen; adults of Agelastica alni L. and Phyllobius spp. ). The impact of litter from
chitinase transgenic silver birches to decomposing soil fauna was studied by Kotilainen et
al. (2005) in controlled conditions. The results of their study was that the transgenic leaves
lowered the number of nematodes, but the total decomposing rate was higher than in the
control. The number of collembolans on transgenic litter was higher than in the control.
They found that the transgene had no effect on the growth or survival of juvenile
woodlouse (Oniscidae ssp.). Also, Burgess et al. (2011) detected no effects on the larvae of
forest looper (Pseudocoremia suavis Butler) or its parasite Meteorus pulchicornis
(Wesmael) feeding on nptII-leafy radiata pine. Vihervuori et al. (2008) evaluated the effect
of sugar beet chitinase IV transgenic silver birches to the density and composition of insect
communities in a field trial with control and wild-type trees (seven non-transgenic clones,
see publications III and IV). They found out that the insect density was higher in transgenic
trees than in the control and in the wild-type trees. The most common leaf insect was birch
aphid, Euceraphis betulae Koch, which preferred the transgenic trees to the wild-type trees,
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but no effect on the biodiversity of the insect communities was detected. Pasonen et al.
(2005) studied in laboratory the effect of transgenic silver birch to the mycorrhizal
symbiosis with Paxillus involutus. They found no effect of sugar beet chitinase IV gene
expression in transgenic silver birch to the mycorrhiza formation compared to the control.
1.6 Variation
Several terms are used to describe biological variability, i.e. genetic diversity, biological
diversity or biodiversity, variation and phenotypic plasticity. Genetic diversity is used for
genetic variation within species and biological diversity implies usually the species richness
in an ecosystem. Variation describes either heritable (genotypic, additive, dominance and
interaction components) or inheritable (environmental) differences on individual or
population level (Falconer and Mackay 1996). The heritable variation in a population
decreases when close relatives mate (inbreeding depression). The following reduced vigour
in the progeny is explained by the increased homozygous condition of the alleles in a given
locus and, hence, the expression of the deleterious recessive genes (Falconer and Mackay
1996, Wright 1976). Clonal reproduction lowers the genetic variation in a population even
faster than inbreeding. The opposite of inbreeding depression is heterosis (hybrid vigour)
which occurs when non-related individuals mate and the heterozygous state of alleles is
higher in the progeny than in either of the parental genotypes. Phenotypic plasticity was
defined by Bradshaw (1965) as ‘shown by genotype when its expression is able to be
altered by environmental influences’, and later by de Kroon et al. (2005) as a plant’s
response at a sub-individual level to the environment.
1.6.1 Somaclonal variation
The term ‘somaclonal variation’ was given by Larkin and Scowcroft (1981) for the
variation observed in plants regenerated by plant cell cultures. Somaclonal variation is
reviewed in several publications i.e. by Larkin and Scowcroft (1981), Kaeppler et al.
(2000), Rani and Raina (2000), Bairu et al. (2011). Gymnosperm cell cultures are
considered to be more stable than angiosperm cell cultures, but somaclonal variation has
still been observed in several conifer species (rewieved by Ahuja 1998). Ahuja (1998) lists
the types of somaclonal variation observed: variation in phenotypic traits, chromosome
number and structure, and in biochemical traits in plant tissues/regenerates derived from
protoplasts, cells, anthers or other tissue types. Rani and Raina (2000) reviewed the
reported somaclonal variation in meristem-derived micropropagated plants and found
variation in plant morphology, in chromosome number and structure, in genome size, in
proteins and isoenzymes and in nuclear and organelle genomes.
The genetic changes observed in connection with somaclonal variation include
autopolyploidy, aneuploidy, deletions and point mutations (Ahuja 1998). Aderkas et al.
(2003) reported varying chromosome numbers in larch (Larix decidua Mill.) derived from
megagametophytes and maintained up to 17 years as embryonic cultures. Both
chromosome number and DNA content had stabilized around 24 chromosomes in most
lines, but a few lines still had both lower and higher chromosome numbers, varying from 12

25
to 48. Burg et al. (2007) reported continuous mutations in four nuclear SSR loci during
Scots pine somatic embryogenesis. The karyotype changes caused by tissue culture are
reviewed by Larkin and Scowcroft (1981) with speculation of selection against gross
karyotype changes during plant propagation. Rani and Raina (2000) summarize in their
review the factors causing somaclonal variation as culture method and environment,
explant source, genotype and ploidy level and the time of in vitro culture. They suggest that
cultures initiated from callus, cells and protoplasts are genetically less stable than singlenode cultures, regeneration of adventitious buds/shoots and somatic embryogenesis, as
organized meristems are considered to be genetically stable and immune to changes that
may arise in vitro cultures during cell division or differentiation. They conclude from
literature that the tissue culture conditions act as a stress environment where for ex. the
presence of hormones and the release of cytotoxic products induce a loss of cellular control.
The term epigenetic is used for changes in gene expression or in plant habitus, which
are transferred to the next cell generation but not caused by changes in the DNA sequences.
An example of epigenetic changes is tissue differentiation during plant morphogenesis,
when depending of the developmental stage of the plant some genes are activated and
others are inhibited. This regulation of gene functions is suggested to be a combination of
DNA methylation, histone modifications and functions of small RNAs (Turner 2007). It is
suggested to be responsible of a type of adaptive phenotypic plasticity, which is triggered
by external stress (e.g. temperature, day length) and is preserved as an epigenetic memory
affecting DNA replication, recombination, repair and gene expression (Yakolev et al. 2010,
2011, Fisher and Franklin 2011). Rani and Raina (2000) reviewed genetic fidelity in
micropropagated plants, and DNA methylation has been suggested to be one of the causes
that explain the changes occurring in vitro conditions, such as gene silencing and
inactivation of transposons.
1.6.2 Variation in transgenic lines
The variation found in transgenic plant lines can be listed in four categories (Ahuja 2011):
1) transformation methodologies induced, 2) tissue culture related, 3) integration patterns
dependent, and 4) inactivation/silencing of the transgene.
Genetic transformation may be achieved either by physical or biological means.
Selected tissues are bombarded with tungsten or gold particles covered with the transgene.
This method is suitable for all tree species (reviewed by Poupin and Arce-Johnson 2005).
The method is relatively simple, but it has some undesirable side-effects, such as complex
DNA integration and production of large number of transgene copies in the transformed
plant, which generally results in different stages of tree development in transgene silencing.
In the biological transformation, trees are transformed using bacteria, such as
Agrobacterium tumefaciens, which is currently the favoured method for genetically
engineering the trees, as it normally produces stable integration patterns with one or only a
few transgene copies. Zeng et al. (2010) reported that 89.3% of the Betula platufylla Suk.
from Agrobacterium-transformed lines had vector backbone DNA in the transformants.
Also, the transgene expression may vary depending on the promoter used in the transgenic
plant. The CaMV 35S promoter, used in this research to drive the expression of sugar beet
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chitinase IV (chiIV) gene in transgenic silver birch, seems to work well in forest trees
(Ahuja 2009).
Tissue culture related variation in transgenic lines is associated with somaclonal
variation. The literature, reviewed by Rani and Raina (2000), reveals that several factors
during tissue culture, such as the presence of phytohormones, act as stress factors inducing
loss of cellular control and hence, variation in transgenic lines.
The third type of variation in transgenic lines is caused by integration patterns of the
transgene. Zeng et al. (2010) studied the integration and transgene locus structure in Betula
platufylla Suk. from Agrobacterium-transformed lines with a resistance gene against
insects (bgt). They found that the copy number varied from one to four, and the T-DNA
integration had caused partial deletions and rearrangements. Also, they found both deletions
and filler sequences between the T-DNA repeats.
Post-transcriptional gene silencing in plants involves short RNAs that target
homologous mRNA in the cytoplasm (Aufsatz et al. 2002). Most transposons are silenced
post-transcriptionally. Hamilton and Baulcombe (1999) found in transgenic tomato posttranscriptional gene silencing of an endogenous mRNA, which had a close homology to the
transgene. They could also purify a small antisense RNA, which was complementary to the
endogenous mRNA. Distefano et al. (2008) found out that the transcription of chit42 gene
from Trichoderma harzianum in lemon tree induced down-regulation of the tree’s own
chitinase and glucanase genes.
1.7 Silvicultural and tree breeding aspects
1.7.1 History and current status of clonal forestry
The cloning of trees has been practised for centuries in China and in Japan. In the
1990s, it was estimated that of the Chinese fir, Cunninghamia lancelota (Lamb.) Hook.,
plantations in China about 5.4% of the total planting area of 400 000 ha, was planted by
about 56 million stecklings (Ritchie 1991). In 2009 the number of rooted cuttings of
Chinese fir produced in China was 65 million. (Aronen 2011). In the 1980s the production
of sugi, Cryptomeria japonica D. Don, stecklings in Japan per year was close to 30 million,
roughly 25% of the total sugi production, which amounted in 1985 to 41.4 million
stecklings (Ritchie 1991, Minghe and Ritchie 1999a, 1999b,). The production of C.
japonica in 2009 was 17 million stecklings (Aronen 2011). In Finland the Foundation for
Forest Tree Breeding started experiments with rooted cuttings in 1962 with several conifer
and broad-leaf tree species, but the interest shifted in the 1970s to Norway spruce (Mikola
2009). Clonal forestry was discussed in 1973 in the Vegetative Propagation Meeting in
Rotorua, New Zealand and the New Zealand Journal of Forestry Sciences published a
special issue on vegetative propagation in 1974 in which the existing clonal projects were
covered world-wide. Only in three countries the production was over 100 000 rooted
cuttings annually, sugi in Japan 120 million (Toda 1974), Norway spruce in Germany 1
million (Kleinschmit 1974), and Norway spruce in Finland 150 000 (Lepistö 1974).
The commercial use of conifer cuttings was reviewed by Ritchie (1991). Relatively
large clonal forestry programmes were implemented in New-Zealand and Australia, Africa,
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South-America and Malaysia. In New Zealand approximately 25% of the radiate pine
nursery plants used in plantations was produced by cuttings and tissue culture. In 1998, the
total radiata pine planting area in New Zealand was 81 100 ha (Menzies et al. 2001). The
annual production of radiata pine rooted cuttings was 600 000 in New Zealand and 9.5
million in Australia (Ritchie 1991). The production of rooted cuttings of radiata pine in
New Zealand for forestry had increased in 2009 up to 20 mills. a year and 2 million
stecklings were produced by somatic embryogenesis (Aronen 2011). In Australia the
production of pines by stecklings in 2009 was 6 mills. (Aronen 2011).
In North America (USA and Canada) programs of the rooted cuttings included in 1991
several conifer species, Picea abies with annual production of 100 000 cuttings, Picea
mariana (3.1 million), Chamaecyparis nootkaensis Spach (650 000), Pinus taeda (100 000)
and Pseudozuga menziesii (Mirbel) Franco (1 million), which were produced for several
objectives. The spruce cuttings were produced mainly for clonal orchards, for bulking up
seed sources and for plantations. The Alaskan yellow cedar was cloned by rooted cuttings
for restoration purposes, loblolly pine from improved families in breeding programmes to
be applied in combinations with recurrent selection aiming for fusiform rust resistance and
production traits and Douglas fir from tested full-sib families to bulk up the best performing
orchard seeds (Ritchie 1991). The total production of spruce cuttings (Picea mariana, P.
glauca, P. abies) and larch hybrids for forestry in Canada was in 2009 4 10 mills. a year
and the number of spruce and pine emblings varied from 1.2 to 2 million annually. In the
USA the number of P. taeda planting material produced by somatic embryogenesis was
10 30 mills. (Aronen 2011).
In Scandinavia and Finland, the production of rooted conifer cuttings, all Norway
spruce (Picea abies), was in 1991 approximately 8 million. In the United Kingdom and
Ireland approximately 5.1 million Sitka spruce, Picea sitchensis (Bong.) Carr. and 1 million
hybrid larch were produced from seed orchard seedling stock plants, with the age up to 6
years. In 2009 the number of Picea sitchensis stecklings produced in the United Kingdom
was 7 million, and 3 million stecklings were produced in Ireland by somatic embryogenesis
(Aronen 2011). In Germany, France, and Belgium the estimated annual production of
Norway spruce, maritime pine (Pinus pinaster Ait.) and hybrid larch rooted cuttings was
2.1 million. In Eastern Europe and Russia the production of rooted Norway spruce cuttings
was estimated to be annually 200 000 (Ritchie 1991).
Leakey (2004) reviewed the clonal use of hardwoods in the tropics. The production of
fast growing hardwood Eucalyptus spp. had been increasing and in Australia the first clonal
Eucalyptus plantations were established in 1994. Today, the Australian Government sector
produces about 13 million Eucalyptus cuttings in mist houses and the total clonal plantation
area in 2012 was 40 400 ha (http://apfdc.apts.gov.in/APFDC-Eucalyptus-Plantations.htm).
Clonal production of Eucalyptus spp. has been implemented outside Australia, i.e. in China,
India, South Africa and Chile (Leakey 2004). In Africa, in the People’s Republic of Congo,
where the total planting area of Eucalyptus in 2003 was 42 000 ha and the production of
planting material was 600 000 cuttings/year (Leakey 2004). In South-Africa the production
of pine stecklings in 2009 was 5 mills. (Aronen 2011). In South America, in Brazil the
rooting of Eucalyptus cuttings was started by a company, which owned in 1999 plantations
of 132 147 ha for bleached wood pulp (Leakey 2004). In 2009 the number of Pinus taeda
and Pinus radiata stecklings produced by somatic embryogenesis in Brazil and Chile was

28
70 100 mills. (Aronen 2011). The vegetative propagation of Acacia senegal (L.) Willd. was
studied by Badji et al. (1991) and Danthu et al. (1992) after the recurrent droughts in Sahel
in the 1970s. In 1981, a breeding project of Gmelina arborea Roxb. combined with clonal
plantations was started in Malaysia and in the same year 500 000 cuttings were planted
from 3000 selected clones (Leakey 2004). The clonal production of trees in large scale is
carried out by companies, i.e. Eucalyptus production in Brazil, that does not publish the
number of cuttings used annually for planting. However, the intensive wood production and
the large planting areas for ex. in China and South America suggest that the production of
rooted cuttings is millions if not billions every year.
Mikola (2009) reviewed the situation of forest tree cutting production in Finland. The
research, which had started in the 1960s continued in the 1990s in the Foundation of Forest
Tree Breeding. Salonen (1994b) reported cytokinin spraying of young Scots pine, contorta
pine and Norway spruce for the elongation of dwarf shoots for cuttings rooted with or
without auxin treatment. Also, micropropagation experiments of Scots pine, Norway spruce
and hybrid larch were carried out and regardless of the reported lack of success, about 100
micropropagated Norway spruce plantlets were planted in the progeny test. The best results
of conifer micropropagation were achieved by hybrid larch (Larix leptolepis (Siebold &
Zucc.) Gordon x L. sibirica Ledeb., L. decidua Mill. x L. leptolepis, L. leptolepis x L.
decidua) and about 200 plantlets were rooted. Also, Salonen (1994b) reported the
micropropagation experiments of silver birch special forms and the number of rooted
plantlets in 1991 1993 was about 58 000. At the same time, lime tree (Tilia cordata Mill.
and T. vulgaris cv. Pallida), hybrid aspen (Populus x wettsteinii Janch.), hybrid alder
(Alnus incana (L.) Moench x A. glutinosa L.) and a special form of alder (A. incana var.
gibberosa) were cloned by micropropagation and about 1000 rooted lime trees, 1500 alders
and 800 hybrid aspen were produced (Salonen 1994b). The micropropagated hybrid aspen
and alders were ordered and forwarded to a Norwegian company. Also another cooperation
project with commercial sector was carried out in Haapastensyrjä tree breeding station
during 1995 1996 involving clonal production of hybrid aspen for Mesäliitto-yhtymä
(Lepistö et al. 1996a, 1996b, 1996c). By the spring of 1996, the production of hybrid aspen
in the project was about 5000 and after that no production numbers were reported. Also
other companies were interested in clonal material in Finland in the 1990s. Hagqvist (1991)
reports the production of 500 000 micropropagated birches annually by Enso-Gutzeit Oy
and the start of production in another company, Metsätyllilä Oy. Jokinen (1991) reports the
optimization of micropropagation methods for silver birch elite trees and somatic
embryogenesis of Norway spruce in Kemira Oy.
Today, the marketing of forest reproductive material, including clones, is regulated in
the European Union by Coucil Directive 1999/105/EC (2000). The tree species with
registered clones in Finland are Populus tremula (3 clones), P. tremula x P. tremuloides (34
clones) and Betula pendula var. carelica (31 clones). Hybrid aspen is planted for the
material production for paper industry and about 50 new clones were in field tests for
registration (Koivuranta et al. 2008). There are no registered clones of Scots pine in
Finland, and the registered silver birch clones are curly birch, suitable for timber production
for special purposes.
In the future, the goals in breeding programmes are expected to remain mainly
economical, but the predicted climatic warming has already directed long term breeding
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efforts towards wider climatic adaptation to ensure production in future conditions. Wider
adaptation includes expectations of better disease and insect resistance of trees and, in
short, more evolutionary flexibility, i.e. adaptability to a wide range of environmental
conditions (Haapanen and Mikola 2008). How do the tree breeding objectives and cloning
of trees fit together?
1.7.2 Lowered genetic diversity in clonal forests
Clonal plantation forests are planted with identical genotypes – how many, depends on the
number of clones on a plantation site. The suitable number of clones has been debated and
basing on earlier analyses and models by Roberds and Bishir (1997) suggested that 30 to 40
unrelated clones provide similar protection against catastrophic events than a large number
of clones. Muona and Harju (1989) studied the genetic variation of Scots pine comparing
natural stands and clonal seed orchards and they detected no difference in variation at
allozyme loci or in inbreeding level in spite of decreased effective population size in clonal
seed orchards. Inbreeding depression occurs in the nature either by self-pollination or when
related individuals with copies of a gene from a common ancestry cross and produce
offspring with genes which are identical homozygotes, i.e. carry identical alleles (Falconer
and Mackay 1996). This increased homozygosity can be harmful if the alleles are recessive,
detrimental mutations or if the alleles are at loci with overdominance, i.e. in which
heterozygosity is advantageous (Charlesworth and Willis 2009). Similarly, the
consequences of the mating of clonal trees may be observed in the following generations,
where the effects of inbreeding may be lowered fertility, survival, and growth rate
(Chrleswoth and Willis 2009).
1.7.3 Potential of inbreeding in Scots pine and silver birch populations
Inbreeding depression in the natural populations of Finnish Scots pine is generally low due
to efficient mechanisms, which eliminate selfed seeds (Kärkkäinen and Savolainen 1993).
The location of male and female flowers in trees and the timing of flowering (spatial and
temporal isolation) limit the amount of self-pollination. However, the self-pollination level
in Scots pine in Finland has been estimated to be 10 – 25 % (Sarvas 1962). The number of
lethal recessive genes in Scots pine was estimated by Kärkkäinen et al. (1996) vary from
6.3 to 8.0 in general and from 3.0 to 20.0 per tree with less lethals in the northern than in
the southern populations, which may indicate more frequent self-pollination in the north
(Kärkkäinen et al. 1996). The lethal recessive genes act after pollination and cause embryo
abortion and empty seeds in Scots pine (Wright 1976). Inbred embryos are usually
eliminated by genetic causes at an early stage of embryo development (Kärkkäinen and
Savolainen 1993). Polyembryony in Scots pine diminishes the abortion rate at the later
stage of embryo development as competition between embryos, either selfed without lethal
recessive genes or out-crossed, allows natural selection without lowering the seed set. Scots
pine (Kärkkäinen and Savolainen 1993, Koelewijn et al. 1999) had differences in the
amount of inbreeding depression among families and individuals.
Silver birch, unlike Scots pine, has an effective incombatipility mechanism, which
prevents the growth of pollen tube in the same genotype pistil’s stigma. Inbreeding is not a
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problem in the natural stands, but the incompatibility mechanism is not complete and
allows selfing for ex. in greenhouse. Wang et al. (1999) studied the inbreeding depression
in three selfed generations of silver birch in a field trial of 13-year-old trees. They
compared the survival and growth related traits of selfed progenies to the out-crossed
controls and found out that the inbreeding depression in growth related characteristics
increased in every inbred generation, but the low survival rate was achieved in the first
selfed progeny and maintained thereafter in about the same level (Wang et al. 1999). Like
Scots pine also silver birch (Wang et al. 1999) had differences in the amount of inbreeding
depression among families and individuals.
1.7.4 Inbreeding and tree breeding programmes
The use of inbreeding in tree breeding programmes by crossing inbred lines is expected to
create improved vigour in growth, heterosis. However, when well-adapted populations
cross they fail sometimes to show positive heterosis, which is explained by epistatic
interaction (Falconer and Mackay 1996). Wang et al. (1996) crossed selfed lines of silver
birch and compared in a field trial the growth related parameters of the progeny to the
parental inbred lines. They found that the degree of inbreeding in the parental generation
correlated with the heterosis in the progeny, indicating that the inbred material could be
used to improve the yield in silver birch. Park and Gerhold (1986) estimated heterosis in
Scots pine population hybrids. They found that, even if the progenies were less inbred than
the parent populations, the heterosis effects found were positive and negative, mostly nonsignificant and suggested that the explanation could be that individual Scots pine
populations maintain a number of favourable linkages, which are lost by hybridization.
1.7.5 The use of clones in tree breeding programmes
The objective in tree breeding programmes is to increase the mean breeding value of
important traits, such as stem volume, wood properties and disease resistance in the
breeding populations. Breeding value is a measure of a single genotype as a parent
determined by the mean value of its offspring (Falconer and Mackay 1996). The increased
productivity, which follows changes in gene frequencies, is called genetic gain (Wright
1976). It usually follows genetic improvement and can be calculated from the progeny as
yield increment. The ability of a parent to transmit its excellence to the offspring in crosses
with other parents in general is called general combining ability, which is half of the
breeding value. Tree breeding programmes base on selection of genotypes by their general
combining ability, which means that the selected trees have been tested in half-sib progeny
tests and the parents which have transferred their good qualities to the progeny are selected.
Sometimes trees are tested in full-sib progeny tests, which reveal the specific combining
ability, i.e. the average of the full-sib family is better than the breeding value of both of the
parents (Wright 1976). The candidate trees for breeding population, plus trees, are selected
phenotypically, tested in progeny (or clonal) tests for their breeding value and the best
parent genotypes are selected to production populations, seed orchards, for seed production.
The trees in breeding population are crossed in controlled crosses and the offspring of the
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best tested parents form a new population from which the candidates for the next breeding
cycle are selected (Haapanen and Mikola 2008).
The use of clones in breeding programmes for genetic testing is expected to be more
efficient than the use of seedlings. The properties of an elite tree can be transferred directly
to clonal material, and the testing cycle is shortened as the time needed for the flowering of
the seedling candidates and the propagation of the progeny can be saved in clonal tests
(Haapanen and Mikola 2008, Haapanen 2009). Further advantages of the use of clones are
the possibility to test the genotypes in different environments and use even destructive
treatments in tests (Haapanen 2009).
Isik et al. (2005) estimated genetic gain from clonal selection of four full-sib families of
loblolly pine grown in two locations. The genetic gain was 27% and 31% in the two
locations respectively when the best eight clones were selected regardless of their
relationship to each other. When the best clones of each four families were selected the
genetic gain estimation was only slightly lower. They observed that the genetic gain for
volume decreased when the number of selected clones was increased using either of the
selection type. In an earlier experiment Isik et al. (2004) compared genetic gain estimates
for loblolly pine using seedling and clonal testing in polycross breeding and testing for
general combining ability followed by controlled crosses for within family selection. They
found out that the clonal testing of full-sib families increased the expected genetic gain for
volume faster than seedling testing.
Baltunis et al. (2007) studied the genetic gain of two positively correlated traits of
loblolly pine, rooting ability and early height growth, when four selection intensities were
used. Both traits showed large clonal variation and, as they were positively correlated,
selection of either of them was expected to bring gain in the other. They selected both for
rooting ability and early growth the best half-sib and full-sib family, best clone from the 10
best full-sib families and the best overall clone. They found out that the best option in
selection for a single trait was the single best clone, but the best overall clone selected for
rooting ability resulted negative genetic gain in early height growth. Also, they discovered
that the selection of best clones of half- and full-sib families tended to bias to the same
families and produce related clones. However, they recognized the problems of undesirable
lowering of genetic diversity arising from the use of related clones or single clones in
plantation and selected the best clone from each 10 best families for the two traits. By using
this strategy they doubled the genetic gain which they had achieved by using the single best
full-sib family.
Weng et al. (2009) simulated three testing and deployment strategies for white spruce
[Picea glauca (Moench) Voss] and black spruce (Picea mariana): seedling tests with clonal
seed orchards deployed as seedlings and two clonal tests, one with clonal seed orchards
deployed as seedlings and the other deployed as clone mix. The breeding populations were
formed using balanced within-family selection and the production populations had no
common parents. They reported faster accumulation of additive effects combined with loss
of additive variance in the breeding population when clonal tests were used, resulting
higher gain in clonally tested production populations. The most effective strategy was the
use of clone mix and the gain increased with generations. They concluded that the use of
clonal tests for selection and clonal deployment in spruce breeding will maximize genetic
gain (Weng et al. 2009).
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Lindgren (2009) suggests the use of a novel breeding strategy called ‘breeding without
breeding (BwB)’, which relies on wind pollination in clone collections followed by
molecular marker based paternity tests instead of controlled crosses of the best clones
followed by progeny tests and selection in Norway spruce breeding programmes. Shimono
et al. (2011) tested the pedigree construction of seeds collected from wind pollinated
Norway spruce clone collection using eight microsatellite (SSR) loci as markers, as
suggested in the BwB breeding strategy. They reported that 42 % of the fathers of the
progeny could be assigned with high confidence within 30-m distance from the mother tree
and that the close neighbour (within 6 m) mating was in average 13 % of the seeds. Also,
they reported that 57.5% of the pollen was outside the sampling block and the selfpollination rate was 0.5%. It is suggested (Lindgren 2009, Shimono et al. 2011) that BwB
strategy could be used in tree breeding programmes for easily clonable species. The
benefits would be both economical and time saving, as the breeder saves the time between
selection and recombination, there is no need for controlled crosses and the irregularity of
flowering is not a problem in clonal testing. The starting point for BwB breeding
programme would be to establish a clonal test and wait for it to flower. The clones are
measured and the best clones selected for seed collection to establish the next generation
(Lindgren 2009).
In traditional breeding programmes the breeding populations and production
populations are kept separate, but Lindgren (2009) suggests that another option for the use
of BwB strategy is to place ramets from breeding population to seed orchard in the hope of
combining the whole population. The seeds are collected from the extra ramets, fathers
identified and genotypes selected and cloned for the next recruitment population. Shimono
et al. (2011) calculate that Norway spruce BwB strategy can be executed with 25% of the
annual costs of traditional breeding, as there is no need for grafted clones, clone archives or
controlled crosses. Also, the breeding cycle will be 25% shorter than in the traditional
breeding programme, which would compensate the lowered genetic gain from the male
side.
The use of clones is already included in the Finnish Norway spruce breeding strategy,
where according to the breeding plan, the 2nd generation candidates, selected either from
full-sib families or progeny trials, undergo clone testing (Haapanen 2009). Also, the clonal
field tests are included in the hybrid aspen breeding programme. Scots pine and silver birch
have both long breeding cycles, 40 and 30 years respectively. The clone testing would be a
good option to shorten that in both cases (Haapanen 2009). Cloning methods for Scots pine,
basing on rooted cuttings, are being optimized for further use (Högberg 2005, Högberg et
al. 2011). Silver birch has properties that make it easier to breed than pines, such as good
flowering and seed production, fast seedling growth and early greenhouse flowering
(Viherä-Aarnio and Velling 2008) and the breeding of silver birch is further advanced than
the breeding of Scots pine (Haapanen and Mikola 2008). Also, the functioning
micropropagation methods for birch make it a good candidate for clonal propagation and
gene transfers. In the late 1980s and early 1990s, the silver birch micropropagation was
expected to be a viable propagation method, but the high costs soon ended the commercial
production (Mikola 2009).
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1.8 Paradigm shift
The forests represent in the minds of the Finns a common natural resource, which exists in
a stable world and is accessible for all. The trees have adapted in their natural environment
to local temperature, photoperiod, soil conditions, pests and diseases. During the last
decades, we have encountered a new situation, as the climate change caused by air
pollution and increase in atmospheric carbon dioxide has become a reality. How will that
affect forests, how soon will the effects become visible and how can we counteract future
forest damages? Can breeding programmes produce adapted trees for the future forests?
If the scenarios of predicted 1.0–5.5 ºC temperature rise and 40% of rainfall increase by
the end of the 21st century in North-Europe, become a reality, our presently existing forests
will meet not only difficulties with phenology, but with new pests and diseases and harsher
climate conditions. The Finnish annual temperature rise predictions are 2–6 ºC by the end
of 2100 which includes the temperature increase of 3–9 ºC in the winter and 1–5 ºC in the
summer (Parviainen et al. 2010). The expected impacts to the forests are 1) extended
growing season with species dependent growth increase up to 20–50%, 2) increased risk of
some wind damages – Finland’s geographical location is sheltered from south-western
storms, 3) higher risk of pathogens and insects, 4) species invasion from the South and 4)
the timberline shift to the North in the long run (Parviainen et al. 2010).
The adaptation of natural forests to the predicted climatic warming is not fast enough to
become materialized in decades and the traditional breeding methods, basing on crossing
and selection, are too slow to produce adapted seedlings locally. The future forests in
Finland during and after the climatic warming may not be very different from the present,
only the trees may originate from areas which are 200 300 km south of Finland. However,
the new breeding methods gene transfers, molecular assisted selection, clonal trials and
the use of cloned planting material – may become necessary in securing the productivity of
the future Finnish forests. In that case the forests themselves may look different from the
present as cloned trees are used for plantation forestry and the surviving natural forests
serve as gene banks where genetic variation is maintained.

1.9 Aims of the study
The use of clones is restricted by the absence of good cloning methods suitable for Scots
pine and more research is required to develop a functional propagation method. Also, the
public opposition against clonal forestry whether it uses genetically modified trees or not, is
strong. In case of transgenic planting material, there is an overall fear that transferred genes
will escape from the transformed trees and create environmental risks and that genetically
uniform stands are liable to suffer from pests and diseases. The predicted climatic warming
will put tree breeders in a new situation where the traditional breeding methods may not be
fast enough to produce suitable planting material. Therefore, new breeding methods –
including cloning and gene transfers – may offer a functional tree breeding option in the
future.
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In this study, the aim was first to examine the variation of clones and the factors
responsible for that variation and to assess the effect of a single gene transfer in the field
performance of clones. The hypothesis was that the variation in clonal material is affected
by parental genotypes and stress and that the single gene, chiIV, used in this experiment in
silver birch has very little or no unexpected side-effect on the genotype’s behaviour. Two
model species were used: Scots pine (gymnosperm, conifer) and silver birch (angiosperm,
broad-leaf deciduous tree), both economically important forest trees and the hypotheses
were tested by:
1.
2.
3.

Study of the factors affecting the variation in the success of Scots pine somatic
embryogenesis and silver birch field trial.
The field performance of Scots pine clones compared to seedlings of the same
origin in a field trial.
The effect of transferred gene to Silver birch mycorrhizal community structure and
clonal variation of the adaptive traits.

2 MATERIAL AND METHODS
2.1 Outline of the experiments and data collection
The detailed description of material and methods is found in each separate original
publication (I IV). In this section only an outline of the genetic background of the clones
and GM-lines, experimental design and methods are provided for each experiment
indicated by roman numerals. Scots pine and silver birch (B. pendula) clones were
propagated either ex vitro (II) or in vitro (I, III, IV). The pine clones were produced both
through rooting of cuttings (II) and through somatic embryogenesis (I). The silver birch
GM-lines/clones were produced through organogenesis (III, IV), initiated either from leaf
discs (GM-lines and positive control) or from bud meristems (wild type clones and negative
control) and propagated by axillary shoot multiplication method. The mature pine somatic
embryos (I) were used for data collection and sent to tree nursery for further cultivation.
The rooted pine cuttings (II), micropropagated birch clones and GM-lines (III, IV) were
planted in field trials for testing the field behaviour of the cloned material.
2.1.1 Scots pine somatic embryogenesis
Seven Scots pine plus trees were pollinated in controlled crosses in a full diallele mating
design. Immature cones (5 8) were collected from each family. Altogether 5264
megagametophytes from immature seeds were used for culture initiation on three different
culture media: modified MSG, modified W-pat., and modified DCR20 (see publication I).
The successfully initiated cultivations and the success percentages were calculated after two
weeks and the cultures were transferred to maintenance culture medium, where they were
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subcultured every 2 weeks and evaluated after 2 months. When the cultures were incubated
in average for 6 months on maintenance medium they were transferred to maturation
medium and the mature somatic embryos were counted every 2 weeks by subculture. The
mature embryos were rooted on rooting medium and sent to tree nursery.
2.1.2 Scots pine rooted cuttings
Young Scots pine stock plants were sprayed with varying concentrations of cytokinin 6benzyladenine (BA) solution to induce the elongation of the brachyblasts. After the shoot
elongation all 15 mm or longer shoots were cut and treated with 0.5 mM Indole-3-butyric
acid (IBA) solution for 20 hours to enhance the rooting. The rooted cuttings were planted in
a field trial with seedlings of the same origin as controls. The experimental design was a
completely randomized test of single ramet/seedling plots (1.8 m x 1.8 m) with 10 30
replications and 100 seedlings from each origin as controls. The height and diameter of
both cuttings and seedlings was measured after 1, 2, 9, and 10 years and the stem
straightness was assessed on a scale of 1 3. Relative growth rate and stem volume were
calculated from the measurements (II).
2.1.3 Silver birch GM-lines and clones
The silver birch transgenic lines were planted in a three year field trial with one (III) or two
(IV) controls and seven wild-type clones (III, IV). The experimental design was a complete
block of randomised single ramet plots (1.8 m x 1.8 m) with 15 replications. The tree height
and stem basal diameter were measured (III, IV) and relative growth rate calculated (III),
and observations of fungal disease resistance (III, IV) and phenology (III) were made in the
field trial. Broad sense heritabilities of growth and phenology related parameters were
calculated (III). Root samples were collected at the end of the experiment. The colonization
intensity of ectomycorrhizas was calculated from the root tips and the total DNA was
extracted, fungal rDNA ITS region sequences amplified using GC-clamped ITS1F primer
(5’-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG GCT TGG
TCA TTT AGA GGA AGT AA-3’) together with ITS2 reverse primer (5’-GCT GCG TTC
TTC ATC GAT GC-3’). Fungal sequences were separated by denaturing gradient gel
electrophoresis (DGGE) and identified by comparing them to public databases EMBL,
DDBJ, GeneBank and UNITE to assess the root-associated fungal community structure and
clonal variation between the transgenic and wild-type trees (IV).
2.2 Genetic background of the clonal material
2.2.1 Scots pine
Seven Scots pines were used in diallele crosses for production of full sib-families for the
pine somatic embryo production in the spring of 1998 (I). All plus trees (P451, K738,
K770, K801, K828, K1005, K1011) originated from the geographic range 66º 21’ 62º
52’N, 25º 40’ 30º 57’ E, 120–200 m above sea level (Table 2).
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Table 2. Origins of the Scots pine plus trees used in diallele crosses for pine somatic
embryo production. The letter before the plus tree number indicates the latitude: K =
between 62 64ºN, P = north from the 64ºN, asl = above sea level.
______________________________________________________________________________
Plustree

Origin

K770

Ilomantsi, 62º 50’ N, 30º 57’ E, 150 m asl

Description

Selection
year
______________________________________________________________________________
Plustree in natural stand, 1962
very narrow crown
K801
Joroinen, 62º 25’ N, 27º 30’ E, 120 m asl
Plustree in natural stand, 1962
narrow crown
K828
Jäppilä, 62º 17’ N, 27º 37’ E, 135 m asl
Plustree in natural stand, 1963
conical crown
P451
Kuusamo, 66º 21’ N, 29º 26’ E, 200 m asl Plustree in natural stand 1953
after forest fire, narrow
crown
K738
Ilomantsi, 62º 52’ N, 30º 48’ E, 150 m asl Plustree in natural stand, 1959
wide conical crown
K1005
Äänekoski, 62º 43’ N, 25º 40’ E, 145 m asl Plustree in natural stand, 1964
very narrow crown
K1011
Äänekoski, 62º 42’ N, 25º 42’ E, 145 m asl Plustree in natural stand, 1964
very narrow crown
______________________________________________________________________________

The seeds were collected from grafted trees in Forest Research Institute collections no.
21, 24, and 26 in Punkaharju Research Unit (60º48’E, 29º17’E). Immature seeds for the
initiation of embryogenic cultures were produced by full diallele mating pattern of seven
plus trees. Four of the trees were tested earlier as mothers for their capacity to produce
somatic embryos (Keinonen-Mettälä et al. 1996) and for their resistance against
Gremmeniella abietina (Terho et al. 2000).
The rooted pine cuttings in a 10-year field trial (II) were cut from young (2 or 5 years
old) seedling stock-plants, which originated either from 10 genotype seed orchard seedlings
(half-sibs) from Imatra (2 stock plants) and Varkaus (5 stock plants) or from a controlled
cross (full-sib) of two plus trees E104 x E1101 (1 stock plant). Control seedlings were of
the same corresponding origin, 100 seedlings from each.
2.2.2 Silver birch
Transgenic silver birches were engineered by transferring the chitinase IV (ChiIV) gene
from sugar beet to 15.76 Kb binary t-plasmid pBKL4 K4 (Figure 1), which was provided
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Figure 1. Binary t-plasmid pBKL4 K4 with an introduced (Kit4=ChiIV) gene under viral
CaMV E35S (4x) promoter, an nptII gene for kanamycin selection and a uidA reporter gene
coding for -glucuronidase (GUS) (Pappinen et al. 2002).

by Dr. J. D. Mikkelsen, Danisco A/S, Denmark. The t-plasmid was introduced to silver
birch clone JR1/4 by Agrobacterium tumefaciens (strain LBA4404) mediated gene transfer
method (Pappinen et al. 2002) and 15 sugar beet chitinase transgenic silver birch lines were
initiated from the leaf discs.
The plantlets were propagated by axillary shoot multiplication method. The number of
inserts was confirmed by southern analysis to vary from 2 to 4 (Pappinen et al. 2002). The
sugar beet chitinase IV gene expression (transcript accumulation) was assessed by northern
blot analysis from leaves collected in the greenhouse (Pappinen et al. 2002) and after three
years in the field from leaf samples (Pasonen et al. 2004) and from the roots (Figure 2). The
total endochitinase activity was measured by fluorimetric assay for endochitinase from the
roots from selected GM-lines and control after 3 years of field trial. The transformed lines
were tested for resistance against Pyrenopeziza betulicola, but no correlation was found
between the resistance and the number of insets or mRNA accumulation (Pappinen et al.
2002).

JR1/4

Kit15

Kit1

Kit2

Kit3

Kit4

Kit5

Kit6

Kit7

Kit8

Kit9

Kit10 Kit11

Kit12

Kit13

Kit 14

Figure 2. Northern blot analysis of the sugar beet chitinase IV gene expression level on
chitinase-transgenic birch line root samples (Kit1 Kit15) and on the control clone (JR ¼)
collected after three years in the field trial (III, Fig. 1).
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The lines were grouped according to the expression level (Figure 2) to lines with high
expression (Kit8, Kit10, Kit11), intermediate expression (Kit4, Kit12, Kit14), low or very
low expression (Kit1, Kit2, Kit3, Kit5, Kit15) and no expression (Kit6, Kit7, Kit9, Kit13).
Total endochitinase activity was low and only slightly higher in the seven tested transgenic
lines than in the corresponding wild-type control. Only line Kit15 showed significantly (p <
0.001) higher total endochitinase activity than the control.
Only one genotype was used as a recipient clone in the gene transfers, a tree with code
JR-1. The tree grows in Imatra (61º08’N, 28º49’E, 55 m above sea level) and it is a cross of
two plus trees E1970 (selected from planted stand of Suonenjoki seeds in Kangasala,
61º26’N, 24º08’E) x E1980 (Pusula, 60º36’N, 23º57’E), both selected by Dr. Jyrki Raulo
(hence the JR code) in the early 1960s. The progeny of these two parent trees was produced
during 1979–1998 for the cultivation in Southern Finland for its good specific combining
ability. The code JR1/4 was given to the clone initiated from the 4th bud meristem taken
from the tree JR-1 by axillary shoot multiplication method.
The non-transformed controls of clone JR1/4 were initiated either from leaf discs (IV)
or from bud meristems (III, IV) and micropropagated by axillary shoot multiplication
method. The wild-type silver birch clones were initiated from bud meristems (III, IV) and
multiplicated in similar conditions and with similar methods than the GM-lines and control
clones. All the parent trees were South and Central/Eastern Finnish plus trees from the
geographical range 60º30’ 62º47’N, 24º25’ – 30º05’E, 55 –120 m asl (Table 3).

Table 3. Origins of the silver birch plus trees used as wild-type control clones for chitinase
GM-lines in the field trial.

_____________________________________________________________________
Plus
Origin
Description
Selection
tree
year
______________________________________________________________________
E4212

Ristiina, 61º24’N, 27º24’E, 90 m asl

Plus tree in natural stand

1971

V5952

Imatra, 61º08’N, 28º49’E, 55 m asl

Open pollinated progeny of plus tree

1991

E2818 from Valkeakoski (61º12’N,
24º00’E)
K2674

Eno, 62º47’N, 30º05’E, 120 m asl

Plus tree in natural stand

1988

V5834

Nurmijärvi, 60º30’N, 24º42’E, 100 m asl

Open pollinated progeny of plus tree

1988

V596 (seed orchard 288 in Loppi)
V5818

Loppi, 60º39’N, 24º25’E, 120 m asl

Controlled cross of V590 (Loppi)

1985

x V554 (Rautalampi)
K1316

Rautalampi, 62º30’N, 26º45’E, 120 m asl

Plus tree in natural stand

1971

V5920

Punkaharju, 61º48’N, 29º17’E, 84 m asl

Open pollinated progeny of plus tree

1988

K1257 (Varkaus)

______________________________________________________________________
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2.3 Statistical methods
2.3.1 Scots pine somatic embryogenesis
The differences in initiation percentages between the different culture media were
calculated using analysis of variance basing on additive model and including the significant
(0.05) first-order effects. The binomial data was transformed to normally distributed by
Arcsine transformation. The factors in the analysis were mother’s genotype, father’s
genotype and cold storage time. As the numbers of explants were different for different
factor combinations, the frequencies were used as weights. The effects of the mother’s and
father’s genotype were separated in the analysis to exclude the non-genetic maternal effects
(e.g. physiological) biassing the results when the same genotypes were used as fathers. The
arrangement made it possible to compare the ranking of genotypes as mothers and fathers.
Selfed lines were excluded from the analysis of induction percentages. The survival data of
the cultures was analysed using similar analysis of the variance as the initiation success, but
the mature embryo production data was analysed using ranks instead of frequencies per line
because of the large variation in mature somatic embryos in different lines.
2.3.2 Scots pine rooted cuttings
The variation in height between the Scots pine cuttings and seedlings at planting in 1992
and the effect of the stock plant age on height in 2003 was analysed by independent sample
t test. Variation in height in the field was analysed by analysis of variance where the factors
were hormone treatment, stock plant genotype within origin and cutting/seedling origin.
The planting height was used as covariate in the analysis. The effects of plant type
(seedling or cutting) and origin and their interactions in height, diameter at breast height,
stem volume and stem taper was analysed by analysis of variance of random factors where
the planting height was used as a covariate. The variation in bole straightness was analysed
by Pearson’s chi-square test.
2.3.3 Fungal communities in transgenic silver birch
The variation in ectomycorrhizal colonization intensity between the silver birch transgenic
lines and non-transgenic control and wild-type clones was analysed by analysis of variance.
Each transgenic line was compared to the control clone using Mann-Whitney U test.
Variation in total endochitinase activity between the transgenic lines and the control was
analysed by Dunnett’s test. The differences in fungal community structures between the
transgenic lines, control and the wild-type clones was studied by multi-response
permutation procedures (MRPP), where in the first comparison the transgenic lines were
compared to the wild-type clones and the dissimilarity was measured by Sørensen (BrayCurtis) distance measure. In the second comparison the fungal community in each
transgenic line was compared to the control clone using Jaccard’s distance measure. The
differences between plant groups were identified by fungal DNA sequences using indicator
species analysis (IndVal) and the significance of each indicator value was tested with a
Monte Carlo randomized test with 1000 permutations and hierarchical clustering was used
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to classify the transgenic lines and the wild-type clones according to the fungal sequences.
The data was divided into two groups using again Sørensen (Bray-Curtis) distance measure
and flexible data linking method in order to detect deviations from the a priori plant
classification. The differences in fungal communities between different plant genotypes
were visualized using non-metric multidimensional scaling (NMS).
2.3.4 Variation in transgenic silver birch adaptive traits
The variation in adaptive traits between the transgenic lines, two controls and the wild-type
clones was analysed by analysis of variance where the effect of the block was included in
the model and tree height was used as covariate. In the cases where the data was not
normally distributed Kruscall-Wallis tests were used. Pairwise comparisons between the
lines/clones were made using Mann-Whitney tests. The broad sense heritabilities, their
standard errors and coefficient of variation were derived from the sum of squares of
analysis of variance. The variance components were divided into variation between
lines/clones and to variation between ramets within line/clone, which were used to calculate
the broad sense heritabilities.

3 RESULTS AND DISCUSSION
The detailed results and broader discussions are found in each separate original publication
(I IV). In this section only the major results are briefly outlined and discussed.

3.1 Parental effects on Scots pine somatic embryogenesis
Whole immature megagametophytes were used as the initiation material in the Scots pine
somatic embryogenic cultures and the initiation procedure was similar to that described by
Becwar and Pullmann (1995) in P. taeda. The immature cones were collected at a time
which coincides with Scots pine simple polyembryony (Sarvas 1962) and the possibility of
more than one genotype in the developing embryo culture was conceivable as was reported
in low frequency in loblolly pine (Becwar et al. 1991). In our experiment the genotypes of
the cultures were not determined, but the controlled pollinations ensured that in all the
cultures the pollen came from a single known paternal genotype.
The initiation percentages varied between families (1 42%) and were in average higher
in the cross-pollinated families (14%) than in the self-pollinated families (4%). The average
initiation success was 13%, which is slightly higher than the typically low initiation
percentages reported in Scots pine somatic embryogenic cultures (Keinonen-Mettälä et al.
1996, Häggman et al. 1999, Lelu et al. 1999, Aronen et al. 2009). Lelu et al. (1999)
reported significant mother tree effect in the initiation phase of somatic embryogenic
cultures of Scots pine and loblolly pine. In our experiment, the variation in initiation
success was higher among the mothers than among the fathers and the ranking of the

41
mothers by initiation percentage was not the same than the ranking of the fathers. The
maternal and paternal effects during the initiation period of the Scots pine somatic
embryogenesis were both detectable, but the maternal effect was more pronounced than the
paternal. Park et al. (1993) reported that more than 20% of the variation on the initiation of
the white spruce somatic embryogenesis was caused by general combining ability and no
specific combining ability was detectable. We found no specific mother x father combining
ability with high initiation percentages, indicating that the father’s effect is difficult to
evaluate. Other factors, like cold storage time of the immature cones prior to the initiation
had no effect on the initiation success alone, but the mother’s genotype x storage time
interaction was significant indicating that the zygotic embryos in cones continued to
develop during the cold storage period. Häggman et al. (1999) found out that the cold
storage temperature of +5 ºC was high enough for the immature zygotic embryo to develop.
Our results indicate that the variation in initiation stage of Scots pine somatic
embryogenesis can be explained by the mother tree’s genotype and the megagametophyte’s
developmental and /or physiological stage (possibly including the variation between cones)
and by the maternal alleles of the zygotic embryo.
During the maintenance culture and proliferation stage both mother’s and father’s effect
was significant on survival. There was a large variation in the number of surviving lines
(1 27) between families. The father with the highest surviving percentage had better
survival with all the mothers than the father with the lowest survival percentage, indicating
that even if both father and mother had significant effect on the survival, the earlier more
pronounced mother’s effect seems to diminish revealing the paternal effect at this point.
Reasonable survival of lines with variation between lines was reported in P. strobus (Finer
et al. 1989, Garin et al. 1998) and in Scots pine (Häggman et al. 1999) during proliferation.
In our experiment the elimination of the lines during the proliferation stage was lower than
at the initiation, indicating that any well-established line at the initiation stage may survive.
Also, the survival of the self-pollinated lines did not differ from the cross-pollinated.
About 2/3 (69%) of the surviving lines in our experiment produced mature embryos.
Similar proportions were reported in Scots pine by Häggman et al. (1999) and in P. strobus
by Garin et al. (1998). We found out that the maternal effect was significant at this stage
again. However, there was a large variation between lines within families and the variation
in the frequencies of mature somatic embryos between families was only about 10% higher
than within families, indicating that the highest ranking lines were scattered among
different families. In general, the maternal effects were highest at the initiation stage,
diminished by proliferation stage revealing the paternal effects, which were again covered
by maternal effects at the embryo maturation stage. The lack of specific combining ability
at any stage of the process indicated that any successful mother pollinated by any fathers
may produce mature somatic embryos.
3.2 Field performance of Scots pine clones
The stock plants in our experiment were 2- and 5-years old seedlings. We found no
detectable effect of age, stock plant hormone treatment or planting height on the field
performance of rooted cuttings after 10 years in the field. The survival of both cuttings and

42
seedlings was very high in the field, after 2 years 99.6% and after 10 years still 98.0%.
Sweet and Welles (1974) compared the growth of radiata pine cuttings and seedlings. They
reported that the growth rate of initially smaller seedlings was higher than the relative
growth rate (RGR) of the cuttings after 5 years in the field. Foster et al. (1987) reported
equal RGRs for loblolly pine seedlings and cuttings from 4 years old stock-plants after 4
years in the field. Stelzer et al. (1998) reported similar RGR for loblolly pine seedlings and
cuttings from 1,5-years-old stock-plants. In our experiment, the Scots pine cuttings were
shorter with higher RGR than the seedlings throughout the trial period, but the difference
started to even out already after the first growing season in the field. By planting the
seedlings were twice as tall as the rooted cuttings, the height of the cuttings was 57.7% of
the height of the seedlings, after 9 years 84.6% and after 10 years 85.9%. The variation in
height between clones of the same origin (Varkaus) was statistically significant in the first
two years in the field, but not detectable in later measurements. The relative growth rate of
the rooted cuttings stabilized in the field between 2 and 9 years. No differences in stem
taper or pole straightness between the rooted cuttings and the seedlings could be detected in
the field.
Struve et al. (1984) reported that the rooted cuttings of eastern white pine (P. strobus)
grew adequately compared to seedlings in one site but the seedlings were taller on the other
site. Struve and McKeand (1990) reported that the shorter seedlings by planting outgrew
the rooted cuttings of eastern white pine in 4 years and maintained their advantage for the
next 5 years to the end of the trial. In our experiment, the height difference of Scots pine
taller seedlings and shorter cuttings was statistically significant after 10 years in the field.
The origin of the seedlings and the cuttings had more significant effect on the height than
the plant type x origin interaction or plant type alone. We concluded from the similar
growth pattern of Scots pine seedlings and cuttings, that the cloned material is suitable in
breeding programmes and in experimental plantations.
3.3 Root-associated fungal communities in GM silver birch
The heterologous expression of sugar beet chitinase IV had no effect on the intensity of the
colonization of ectomycorrhizal fungi in transgenic silver birch lines in the field. The
colonization in our experiment was slightly lower in 7 of 15 transgenic lines, but the
decrease was not related to transgene activity or total endochitinase activity. The indicator
species analysis detected differences between the fungal communities in transgenic lines
and wild-type clones, but there were no differences among the wild-type clones in rootassociated fungal communities. Five sequences belonging to three different fungal genera
(Hebeloma, Inocybe, Laccaria) were indicative of wild-type genotypes, and one sequence
(Lactarius) indicated one transgenic line. The species Hebeloma, Inocybe and Laccaria are
‘early-stage’ fungi colonizing the seedlings by basidiospores and Lactarius a ‘late-stage
fungus colonizing by hyphal contact (Read 1991), which may indicate the transgenic silver
birches inability to form symbiosis with the ‘early-stage’ fungi. However, in cluster
analysis, non-transgenic control grouped together with the transgenic lines indicating that
the tree's genotype was a more important factor determining the structure of fungal
communities than the single transgene in the plants. With the tested transgenic birch lines,
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no clear evidence of the effect of sugar beet chitinase IV gene on ECM colonization or the
structure of fungal communities was found.
The ectomycorrhizal (ECM) fungi colonize all or nearly all the root tips of plants
(Harley and Smith 1983) and the number of the species colonizing one tree varies from 3 to
30, from which 1 4 species are dominant (Kauppinen 2001). The EMC fungi colonization
in transgenic aspen in field conditions has been studied by Kaldorf et al. (2002). The
transgene in their experiment was rolC gene from Agrobacterium rhizogenes, and they
found it had no effect on the rate of mycorrhizas in the trees. Also, they reported intense
colonization of the transgenic trees and that few species were dominant in the fungal
community. Pasonen et al. (2005) studied in vitro the colonization of the roots of chitinase
transgenic silver birch by Paxillus involutus. All tested lines formed ectomycorrhizal
symbiosis and two lines with high transgene expression had slightly lower EMC root-tip
percentage than the controls and other transgenic lines. In our experiment, the percentage
of ectomycorrhizal root tips was high (98.3 100.0 %) in all types of the silver birches in the
field trial. The ECM colonization was slightly lower in seven out of the fifteen transgenic
lines than in the control clones but the slight decrease in ECM colonization could not be
related to the transgene expression or total endochitinase activity. The CaMV E35S
promoter was expected to give constitutive expression of the chiIV gene in different parts of
the transgenic silver birches (Lemmetyinen et al. 1998), but the level of expression in
leaves and roots was not similar. This discrepancy may have been caused by the promoter,
which may not have functioned in birch as well as other promoters have been reported to
function, i.e. ubiquitin promoter from sunflower or rolC promoter from Agrobacterium
rhizogenes (Keinonen-Mettälä et al. 1998). Another explanation could be the transgene
insertion site effects.
3.4 Adaptive traits in transgenic silver birch
In our experiment, the variation detected in transgenic silver birch lines was equal or larger
than variation of both the target and non-target traits in randomly selected wild-type silver
birch clones. The characteristics of the recipient clone (JR1/4) could be seen in the
transgenic lines. The lowered growth and quality characteristics of the transgenic lines
compared to the wild-type clones was partly likely to depend on the lowered fitness
characteristics due to the random locations of the transgene in the birch genome.
Pappinen et al. (2002) reported that in pathogenicity test in a greenhouse the chitinase
transgenic silver birches inoculated by Pyrenopeziza betulicola showed better resistance in
the lines that had high transgene mRNA level than control clones. In the field conditions it
was found out (Pasonen et al. 2004) that the silver birch lines with high transgene
expression were more resistant than the lines with low expression against leaf spot. In our
experiment we found out that the variation in transgenic lines was equal or higher than in
the wild-type clones in fungal disease resistance. We concluded that the introduction of a
single transgene can create highly variable lines in their resistance characteristics.
In silver birch the length of the growing season, a quantitative adaptive trait, is
controlled by time and day length (Viherä-Aarnio et al. 2005). In our experiment, the
transgenic silver birch lines started their growth later than the ones of the control clones and
the wild-type clones. Also, the growth cessation in the autumn was delayed in the
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transgenic lines compared to the wild-type clones, indicating poor adaptation and/or
physiological difficulties during the winter hardening process. Billington and Pelham
(1991) found large variation in the heritability of the length of the growing season in
Scottish birch populations. Rousi and Pusenius (2005) reported variation in phenological
characteristics in silver birch populations in Finland. In our experiment the heritabilities for
bud burst and development of autumn colours of silver birch varied from very low to
moderate both in the transgenic lines and in the wild-type clones. The importance of ample
variation in the phenology related traits has been discussed in relation to climatic warming
(Scotti-Saintage et al. 2004, Derory et al. 2010). In our experiment the heritabilities for
stress related traits indicate an inner disturbance in addition to environmental stress,
possibly caused by the functioning of the transgene.
Ahuja (1998) indicates that epigenetic changes may cause somaclonal variation during
tissue culture. According to Kaeppler et al. (2000), cultures initiated from bud meristems
may be more stable than from more differentiated tissue. We compared two types of
initiation explants in silver birch axillary micropropagation, bud meristems and leaf discs.
The clones initiated from leaf discs resembled in their adaptive traits more the transgenic
lines than the control from bud meristems, and the clones initiated from bud meristems
were closer to the wild-type clones.

4 CONCLUSIONS
Cloning is a powerful tool for tree breeders, which in combination with gene transfer opens
new possibilities by widening the available variation beyond the species limits. The use of
clones instead of seedlings in testing will allow one genotype to be tested in varying
environments and in destructive tests. Furthermore, if a candidate for selection can be tested
without waiting for the plant to flower and produce seeds it will shorten the breeding cycle.
The prospect of clonal forests planted by genetically transformed genotypes is an outlook
which raises many questions on the reliability and economic profitability of the methods
used today, safety of the genetically transformed and/or cloned planting material and
general scepticism towards gene technology. Experimental studies, i.e. field tests, provide
the means to assess the risks and benefits of clonal forestry.
My thesis presents some answers to the questions raised by the clonal forestry option.
The two articles on Scots pine clones (I, II) address the two cloning methods available for
Scots pine today based on somatic embryogenesis and rooted cuttings. We demonstrated
that the cloning of Scots pine by somatic embryogenesis (I) is affected by maternal effects
more than by paternal and that there is no detectable mother x father interaction affecting
the success of the method used. Also, there was a wide variation in the success of somatic
embryogenesis within and between the lines and elimination of lines occurred in every step
of the procedure. Our conclusion was that the success of Scots pine somatic embryogenesis
is too much affected by genetic effects and too many lines are eliminated especially at the
initiation stage and, hence, the method needs further development in order to be a suitable
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large scale propagation method. The other tested Scots pine cloning method based on
organogenesis, the use of rooted cuttings (II), was time and labour consuming, but
produced suitable material for a field trial. The propagation method we used – spraying
young seedlings with cytokinin to elongate the brachyblasts and rooting the cuttings with
auxin treatment – needs to be optimised for tree nursery use. The chitinase transformed
silver birches were cloned using axillary micropropagation method using leaf discs for
initiation. Two control clones of the same genotype were initiated either from leaf discs or
bud meristems. The propagation method is working well and there were no difficulties in
producing enough material for experiments. However, the control clones initiated from bud
meristems resembled the wild-type clones more than the clones initiated from leaf-discs
suggesting the possibility of some degree of somaclonal variation in the clones initiated
from leaf-discs.
The introduction of sugar beet chitinase IV gene (chiIV) with an enhanced (4x) viral
CaMV E35S promoter into silver birch genome is an interesting option, where we added
into the tree something very similar of its own chitinase genes. Another option would have
been a chitinase gene from a biocontrol fungus Trichoderma or from mycoparasitic
Clonystachus. For three years we collected data from plant-fungal interaction with
pathogenic and mycorrhizal fungi in a field trial. We found out that the transgene had only
marginal effect in the field conditions on the resistance against birch rust (Melampsorium
betulinum) and no detectable effect against birch leaf spot (Pyrenopeziza betulicola) and it
did not interfere with mycorrhizal colonization or with the root associated fungal
community structure (III).
We compared the growth characteristics of cloned Scots pines (II) to seedlings and
transgenic silver birches (IV) to control clones and wild-type clones in field conditions. The
Scots pine clones in our experiments were shorter than seedlings and the transgenic silver
birch lines were shorter than the control clones and wild-type clones. However, the growth
pattern of Scots pine clones resembled that of the seedlings of the same origin and the
ranking of the genotypes was the same in both groups after 10 years in the field, indicating
that the genotype more than propagation method affected the field performance of the trees
and that the height growth of Scots pine can be tested by rooted cuttings reliably. In silver
birch, the transgene, sugar beet chitinase IV (chiIV) gene, was transferred only to one
genotype (JR1/4), which was shorter than the wild-type clones. We concluded that part of
the poor growth of the GM-lines was due to the original genotype and part of it was caused
by the position effects of the transgene, as the indication of stress in transgenic lines could
be due to disturbances in metabolism caused by the transgene. Also, the tissue culture
initiation explant type, bud meristem or leaf disc, affected in some extent the growth of
silver birch control clones.
The variation in height between Scots pine clones of the same origin (Varkaus) was
statistically significant after two years in the field, but not any more in later measurements
(II). We concluded from the vigorous growth of the rooted cuttings in the first years after
planting in the field, that the height growth of Scots pine can be reliably evaluated from
rooted cuttings only when the growth rate has stabilised, which in our experiment was
between 2 and 9 years in the field. We attempted to evaluate the wood quality of rooted
Scots pine cuttings by comparing it to seedlings, but the trees after 10-year field were still
too young for quality evaluations. The pole straightness and the stem taper of the rooted
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cuttings were similar to those of the seedlings. The variation in disease resistance between
the chitinase transgenic silver birch lines was higher or equal to that of the wild-type
clones, and we concluded that the introduction of a single gene into a silver birch genotype
can create enough variation for the selection of resistant lines (IV). The effect of the sugar
beet chitinase IV (chiIV) gene on the colonization intensity of ectomycorrhizas and on the
root associated fungal community structure was studied from samples collected from the
field at the end of the field trial (III). We detected three fungal species indicative of wildtype silver birch clones (Hebeloma, Inocybe, Laccaria) and one genotype indicative for the
chitinase transgenic lines (Lactarius). Although 7 of the 15 transgenic lines had less intense
ectomycorrhizal colonization than the control clones, we concluded from the results of the
cluster analysis which grouped the control together with the transgenic lines that the
genotype
not the transgenic status of the trees
was the most important factor in
determining the EMC colonization intensity and the fungal community structure in the field
trial of chitinase transgenic silver birch.
The broad-sense heritabilities of growth and leaf phenology related traits were slightly
higher in transgenic silver birch lines than in the wild-type clones in average. We concluded
that the introduction of a single chitinase gene had fitness consequences (lower growth and
quality characteristics) but could not create variation above the variation found in wild-type
clones of the same characteristics (IV).
The introduction of new breeding methods, the use of clones, molecular selection, and
transgenes opens new possibilities for tree breeders. The benefits of clonal testing seem to
be clear: higher genetic gain and shorter breeding cycle followed by lowered costs. The
costs would be even lower if a novel tree breeding strategy without controlled crosses
combined with molecular selection could be used for Scots pine and silver birch. The use of
transgenes in tree breeding is a still developing strategy, which could be a powerful method
if 1) the effect of the transgene exceeds the effect found naturally in the species, 2) the
integration of the transgene, stable expression and copy numbers were precise in the tree
genome, and 3) the risks of the transgene escape and effect on other than target species
could be controlled by mitigating genes or other means. The cloning of trees, with or
without gene transfers, is not always successful. In Scots pine, propagation of clones by
somatic embryogenesis is possible, but not all the genotypes can be cloned reliably by the
present methods, which are labour-intensive, costly and need more development to be
suitable for tree nurseries. The same can be said of the rooting of Scots pine cuttings: the
rooting methods used are not reliable enough to ensure that all selected genotypes can be
rooted and, hence, more research is needed in this area. The cloning of silver birch by
axillary shoot multiplication method is today reliable propagation method. However, the
micropropagated birches are produced in sterile laboratory conditions, which make the
production much more expensive than seedling propagation. Nevertheless, I can see the
integration of the new breeding methods into the future Finnish tree breeding programme in
phase with advancements in molecular biology and cutting edge breeding research.

47
REFERENCES
Abrahamsson, M., Valladares, S., Larsson, E., Clapham, D. and von Arnold, S. 2012.
Patterning during somatic embryogenesis in Scots pine in relation to polar auxin
transport and programmed cell death. Plant Cell, Tissue and Organ Culture 109:
391 400.
Aderkas von, P., Pattanavibool, R., Hristoforoglu, K. & Ma, Y. 2003. Embryogenesis and
genetic stability in long term megagametophyte-derived cultures of larch. Plant, Cell,
Organ and Tissue Culture 75: 27–34.
Ahuja, M.R. 1998. 6. Somaclonal Genetics of Forest Trees. In: Jain, S.M., Brar, D.S. &
Ahloowalia, B.S. (eds.). Somaclonal Variation and Induced Mutations in Crop
Improvement. Kluwer Academic Publishers, Dordrecht. p. 105–121.
2009. Transgene stability and dispersal in forest trees. Trees 23: 1125–1135.
2011. Fate of transgenes in the forest tree genome. Tree Genetics & Genomes 7: 221–
230.
Aitken-Christie, J. & Davies, H.E. 1988. Development of a semi-automated
micropropagation system. Acta Horticulturae 230: 81 87.
, Jones C. & Bond, S. 1985. Wet and waxy shoots in radiata pine micropropagation. Acta
Horticulturae 166: 93 100.
Albrecht, C., Laurent, P. & Lapeyrie, F. 1994a. Eucalyptus root and shoot chitinases,
induced following root colonization by pathogenic versus ectomycorrhizal fungi,
compared on one-and two-dimensional activity gels. Plant Science 100: 157–164.
, Asselin, A., Piché, Y. & Lapeyrie, F. 1994b. Chitinase activities are induced in
Eucalyptus globulus roots by ectomycorrhizal or pathogenic fungi, during early
colonization. Physiologia Plantarum 91: 104–110.
Arnold von, S., Sabala, I., Bozkov, P., Dyachok, J. & Filonova, L. 2002. Developmental
pathways of somatic embryogenesis. Plant, Cell, Tissue and Organ Culture 69:
233 249.
Aronen, T. 2011. Kasvullisen lisäyksen mahdollisuudet havupuiden taimituotannossa.
(Possibilitites of vegetative propagation in the production of conifer plants)
Metsätieteen aikakausikirja 1/2011. Tieteen tori. p. 53-59. (In Finnish)
, Häggman, J.H. & Häggman, H.M. 2002. Applicability of the co-inoculation technique
using Agrobacterium tumefaciens shooty-tumour strain 82.139 in silver birch. Plant,
Cell, Tissue and Organ Culture 70: 147 154.
, Pehkonen, T. & Ryynänen, L. 2009. Enhancement of somatic embryogenesis from
immature zygotic embryos of Pinus sylvestris. Scandinavian Journal of Forest Research
24: 372 383.
Arya, S., Kalia, R.K. & Arya, I.D. 2000. Induction of somatic embryogenesis in Pinus
roxburghii Sarg. Plant Cell Reports 19: 775–780.
At , Ö. & Nalbanto lu, B. 2003. Antifreeze proteins in higher plants. Phytochemistry 64:
1187 1196.

48
Aufsatz, W., Mette, M.F., Winden, J. van der, Matzke, A.J. & Matzke, M. 2002. RNAdirected DNA methylation in Arabidopsis. Proceedings of the National Academy of
Sciences of the United States of America PNAS. 99: 16499–16506.
Badji, S. Ndiaye, I., Danthu, P. & Colonna, J.P. 1991. Vegetative propagation studies of
gum Arabic trees. 1. Propagation of Acacia senegal (L.) Willd. Using lignifies cuttings
of small diameter with eight nodes. Agroforestry Systems 14: 183 191.
Bairu, M.W., Aremu, A.O. & Staden, J. van. 2011. Somaclonal variation in plants: causes
and detection methods. Plant Growth Regulation. 63: 147 173.
Baltunis, B.S., Huber, D.A., White, T.L., Goldfarb, B. & Stelzer, H.E. 2007. Genetic gain
from selection for rooting ability and early growth in vegetatively propagated clones of
loblolly pine. Tree Genetics & Genomes 3: 227–238.
Beckwar, M.R. & Pullman, G.S. 1995. Somatic embryogenesis in loblolly pine (Pinus
taeda L.). In: Jain, S.M., Gupta, P. & Newton, R. (eds). Somatic Embryogenesis in
Woody Plants. Vol. 3. Kluwer Academic Publishers, Dordrecht. p. 287–301.
, Blush, T.D., Brown, D.W. & Chesik, E.E. 1991. Multiple paternal genotypes in
embryogenic tissue derived from individual immature loblolly pine seeds. Plant, Cell,
Tissue and Organ Culture 26: 37–44.
, Wann, S.R., Johnson, M.A., Verhagen, S.A., Feirer, R.P. & Nagmani, R. 1988.
Development and characterization of in vitro embryogenic systems in conifers. In:
Ahuja, M.R. (ed.). Somatic Cell Genetics of Woody Plants. Kluwer Academic
Publishers, Dordrecht. p. 1–18.
Békésiová, B., Hraška, Š., Libantová, J., Morav íková, J. & Matušiková, I. 2008. Heavymetal stress induced accumulation of chitinase isoforms in plants. Molecular Biology
Reports 35: 579 588.
Bercetche, J. & Pâques, M. 1995. Somatic embryogenesis in maritime pine (Pinus
pinaster). In: Jain, S., Gupta, P. & Newton, R. (eds). Somatic Embryogenesis in Woody
Plants. Vol. 3. Kluwer Academic Publishers, Dordrecht, p. 221–242.
Billington, H.L. & Pelham, J. 1991. Genetic variation in the date of bud burst in Scottish
birch populations: implication for climatic change. Functional Ecology 5: 403 409.
Boeijink, D.E. & Broekhuizen, J.T.M., van. 1974. Rooting of cuttings of Pinus sylvestris
under mist. New Zealand Journal of Forestry Science 4: 127 132.
Bolar, J.P., Norelli, J.L., Wong, K..-W., Hayes, C.K., Harman, G.E. & Aldwinkle, H.S.
2000. Expression of Endochitinase from Trichoderma hazardianum in Transgenic
Apple Increases Resistance to Apple Scap and Reduces vigor. Phytopathology 90: 72–
77.
, Norelli, J.L., Harman, G.E., Brown, S.K. & Aldwinkle H.S. 2001. Synergistic activity of
endochitinase and exochitinase from Trichoderma atroviride (T. harzianum) against the
pathogenic fungus (Venturia inequalis) in transgenic apple plants. Trangenic Research
10: 533 543.
Bozhkov, P.V., Ahn, I.S. & Park, Y.G. 1997. Two alternative pathways of somatic embryo
origin from polyembryonic mature store seeds of Pinus koraiensis Sieb. et Zucc.
Canadian Journal of Botany 75: 509–512.
Bradshaw, A.D. 1965. Evolutionary significance of phenotypic plasticity in plants.
Advances in Genetics 13: 115 155.

49
Brown, C. & Lawrence, R.H. 1968. Culture of Pine Callus on a Defined Medium. Forest
Science 14: 62–64.
Browne, R.D., Davidson, C.G., Enns, S.M., Steeves, T.A. & Dunstan, D.I. 2001. Foliar
application of benzylsdenine (BA) as a means to enhance shoot production for asexual
propagation of young jack pine (Pinus banksiana Lamb.) seedlings. New Forests 22:
229 237.
Bryson, N.S., Quarles, S.P. & Mannix, R.J. 2004. Have You Got a Licence fo That Tree?
(And Can You Afford to Use It?). In: Stauss, S.H. & Bradshaw, H.D. (Toby) (eds.). The
Bioengineered Forests. Challenges for Science and Society. Resources For the Future,
Washington, DC, USA. p. 163 180.
Buijtenen, J.P., van, Toliver, J., Bower, R. and Wendel, M. 1975. Mass Production of
Loblolly and Slash Pine Cuttings. Tree Planters’ Notes 26: 3 4, 26.
Burdon R.D. 2003. Genetically modified forest trees. International Forestry Review 5:
58 64.
Burg, K., Helmersson, A., Bozhkov, P. and von Arnold, S. 2007. Developmental and
genetic variation in nuclear microsatellite stability during somatic embryogenesis in
pine. Journal of Experimental Botany 58: 687 698.
Burgess, E.P.J., Barraclough, E.I., Kean, A.M., Walter, C & Malone, L.A. 2011. No Impact
of Transgenic nptII-leafy Pinus radiata (Pinales: Pinaceae) on Pseudocoremia suavis
(Lepidoptera:Geometridae) or Its Endoparasitoid Meteorus pulchicornis (Hymenoptera:
Braconidae). Environmental Entomology 40: 1331 1340.
Burke, J.M. & Rieseberg, L.H. 2009. Fittness Effects of Transgenic Disease Resistance in
Sunflowers. Science 300: 1250.
Cameron, A.D. 1990. Autotetraploid plants from callus cultures of Betula pendula Roth.
Tree Physiology 6: 229-234.
& Sani H. 1994. Growth and branching habit of rootrd cuttings collected from epicormic
shoots of Betula pendula Roth. Tree Physiology 14: 427 436.
Cameron, R.J. and Rook, D.A. 1974. Rooting stem cuttings of radiate pine: environmental
and physiological aspects. New Zealand Journal of Forestry Science 4: 291 298.
Chalupa, V. 1985. In vitro propagation of Larix, Picea, Pinus, Quercus, Fagus and other
species using adenine-type cytokinins and thidiazuron. Communicationes Instituti
Forestalis echosloveniae 14: 65–90.
1989. Micropropagation of Larix decidua Mill. and Pinus sylvestris L. Biologia
Plantarum 31: 400–407.
Chapman, M.A. & Burke, J.M. 2006. Letting the gene out of the bottle: the population
genetics of genetically modified crops. New Phytologist 170: 429–443.
Charlesworth, D. & Willis, J.H. 2009. The genetics of inbreeding depression. Nature
Rewievs/Genetics 10: 783 796.
Chitwood, D.H. & Timmermanns, M.C.P. 2010. Small RNAs are on the move. Nature 467:
415 419.
Chye, M.-L., Zhao, K.-J., He, Z.-M., Ramalingam, S. & Fung, K.-L. 2005. An
agglutinating chitinase with two chitin-binding domains confers fungal protection in
transgenic potato. Planta 229: 717 730.
Collinge, D.B., Kragh, K.M., Mikkelsen, J.D., Nielsen, K.K., Rasmussen, U. & Vad, K.
1993. Plant chitinases. Plant Journal 3: 31–40.

50
Corrado, G., Arciello, S., Fanti, P., Fiandra, L., Garonna, A., Digilio, M.C., Lorito, M.,
Giordana, B., Pennacchio, F. & Rao, R. 2008. A Chitinas A from the baculovirus
AcMNPV enhances resistance to both fungi and herbivorous pests in tobacco.
Transgenic Research 17: 557 571.
Cuesta, C., Ordás, R.J., Fernández, B. & Rodríguez, A. 2008. Clonal micropropagation of
six selected half-sibling families of Pinus pinea and somaclonal variation analysis. Plant
Cell, Organ and Tissue Culture 95: 125 130.
Danthu, P., Leblanc, J.M., Badji, S. & Colonna, J.P. 1992. Vegetative Propagation studies
of gum Arabic trees. 2. The vegetative propagation of adult Acacia senegal.
Agroforestry Systems 19: 15 25.
De Diego, N., Montalbán, I.A. & Moncaleán, P. 2010. In Vitro Regeneration of Pinus spp.
Adult Trees: New Method for Obtaining Clonal Plants. In: J. Prakash (ed.) Proceedings
of IVth IS on Acclimation and Establishment of Micropropagated Plants. Acta
Horticulturae 865: 361 365.
Derory, J., Scotti-Saintagne, C., Bertocchi, E., Dantec, L. le, Grainic, N., Jauffres, A.,
Casasoli, M., Changerel, E., Bodénès, C., Alberto, F. & Kramer, A. 2010. Contrasting
relations between diversity of candidate genes and variation of bud burst in natural and
segregating populations in European oaks. Heredity 104: 438 448.
Devos, Y., Maeseele, P., Reheul, D., Speybroeck, L. van & Waele, D. de 2008. Ethics in
the societal debate on genetically modofied organisms: a (re)requst for sense and
sensibility. Journal of Agricultural and Environmental Ethics 21: 29–61.
Distefano, G., Malfa, S. la, Vitale, A., Lorito, M., Deng, Z. & Gentile, A. 2008. Defencerelated gene expression in transgenic lemon plants producing an antimicrobial
Trichoderma harzianum endochitinase during fungal infection. Transgenic Research 17:
873 879.
Doering, D.S. 2004. Will the Marketplace See the Sustainable Forest for the Transgenic
Trees? In: Stauss, S.H. & Bradshaw, H.D. (Toby) (eds.). The Bioengineered Forests.
Challenges for Science and Society. Resources For the Future, Washington, DC. p.
112 140.
Dong, J.-Z. & Dunstan, D.I. 1997. Endochitinase and -1,3-glucanase genes are
developmentally regulated during somatic embryogenesis in Picea glauca. Planta 201:
189–194.
Eriksson, G. 1998. Evolutionary Forces Influencing Variation among Populations of Pinus
sylvestris. Silva Fennica 32: 173–184.
Eyles, A., Bonello, P., Ganley, R. & Mohammed, C. 2010. Induced resistance to pests and
pathogens in trees. New Phytologist 185: 893 809.
Falconer, D.S. & Mackay, T.F.C. 1996. Introduction to Quantitative Genetics. 4th ed.
Longman Group Ltd, the Pitman Press, Bath, U.K. 340 p.
Filonova, L.H., Arnold, S. von, Daniel, G. & Bozhkov, P.V. 2002. Programmed cell death
eliminates all but one embryo in a polyembryonic plant seed. Cell Death and
Differentation 9: 1057–1062.
Finer, J.J., Kriebel, H.B. & Becwar, M.R. 1989. Initiation of embryogenic callus and
suspension cultures of eastern white pine (Pinus strobus L.). Plant Cell Reports 8:
203 206.

51
Fisher, A.J. & Franklin, K.A. 2011. Chromatin remodelling in plant light signalling.
Physiologia Plantarum 142: 305–313.
Foster, G.S., Lambeth, C.C. & Greenwood, M.S. 1987. Growth of loblolly pine rooted
cuttings compared with seedlings. Canadian Journal of Forest Research 17: 157 164.
Frampton, L.J., Goldfarb, B. & Surles, S.E. 1999. Nursery Rooting and Growth of Loblolly
Pine Cuttings: Effects on Rooting Solution and Full-Sib Family. Southern Journal of
Applied Forestry 23: 108–116.
Frettinger, P., Herrmann, S., Lapeyrie, F., Oelmüller, R. & Buscot, F. 2006. Differential
expression of two class III chitinases in two types of roots of Quercus robur during premycorrhizal interactions with Piloderma croceum. Mycorrhiza 16: 219–223.
Garin, E., Isabel, N. & Ploudre, A. 1998. Screening of large numbers of seed families of
Pinus strobus L. for somatic embryogenesis from immature and mature zygotic
embryos. Plant Cell Reports 18: 37 43.
Grover, A. 2012. Plant Chitinases: Genetic Diversity and Physiological Roles. Critical
Reviews in Plant Sciences 31: 57–73.
Gupta, P.K. & Durzan, D.L. 1986. Somatic polyembryogenesis from callus of mature sugar
pine embryos. Bio/Technology 4: 643–645.
& Durzan D.J. (1987). Somatic embryos from protoplasts of loblolly pine proembryonal
cells. Bio/Technology 5: 710–712.
Haapanen, M. 2009. Clones in Finnish tree breeding. Working papers of the Finnish Forest
Research Institute 114: 16 19.
, & Mikola, J. 2008. Metsänjalostus 2050 pitkän aikavälin metsänjalostus-ohjelma.
(Forest breeding 2050 long term forest breeding programme.) Working Papers of the
Finnish Forest Research Institute 71: 1–50. (In Finnish)
Häggman, H.M., Aronen, T. & Stomp, A.-M. 1996. Early-flowering Scots pines through
tissue culture for accelerating tree breeding. Theoretical and Applied Genetics 93: 840–
848.
& Aronen, T. 1998. Transgene expression in regenerating cotyledond and embryonic
cultures of Scots pine. Journal of Experimental Botany. 49: 1147 1156.
, Jokela, A., Krajnakova, J., Kauppi, A., Niemi, K. & Aronen, T. 1999. Somatic
embryogenesis of Scots pine: cold treatment and characteristics of explants affecting
induction. Journal of Experimental Botany 50: 1769–1778.
Hagqvist, R. 1991. Production of genetically improved birch seeds and micropropagated
seedlings. In (Ed. Napola J.): Foundation for Forest Tree Breeding 1991. 31 p.
Hakman, I. & Arnold, S., von. 1985. Plantlet regeneration through Somatic Embryogenesis
in Picea abies (Norway Spruce). Journal of Plant Physiology 121: 149 158.
Hamilton, A.J. & Baulconbe, D.C. 1999. A Species of Small Antisense RNA in
Posttranscriptional Gene Silencing in Plants. Science 286: 950 952.
Hammond-Kossack, K.E. & Jones, J.D.G. 1996. Plant disease resistance genes. Annual
Rewiev of Plant Physiology and Plant Molecular Biology 48: 575 607.
Harley, J.L. & Smith, S.E. 1983. Mycorrhizal symbiosis. Academic Press, London. 483 p.
He, X., Miyasaka, S.C., Fitch, M.M.M., Moore, P.H. & Zhu, Y.J. 2008. Agrobacterium
tumefaciens-mediated transformation of taro (Colocasia esculenta (L.) Schott) with a
rice chitinase gene for improved tolerance to fungal pathogen Sclerotium rolfsii. Plant
Cell Reports 27: 903–909.

52
Heller, G., Adomas, A., Li, G., Osborne, J., Zyl, L. van, Sederoff, R., Finlay, R.D., Stenlid,
J. & Asiegbu, F.O. 2008. Transcroptional analysis of Pinus sylvestris roots challenged
with the ectomycorrhizal fungus Laccaria bicolor. BMC Plant Biology 8: 19.
Herschbach, C. & Kopriva, S. 2002. Transgenic trees as tools in tree and plant physiology.
Trees 16: 250 261.
Hjältén, J., Axelsson, E.P., Whitham, T.G., LeRoy, C.J., Julkunen-Tiitto, R., Wennström,
A. & Pilate, G. 2012. Increased Resistance of Bt Aspen to Phratora vitellinae
(Coleoptera) Leads to Increased Plant Growth under Experimental Conditions. Plos
ONE 7: e30640
Hoenicka, H. & Fladung, M. 2006. Biosafety in Populus spp. And other forest trees: from
non-native species to taxa derived from traditional breeding and genetic engineering.
Trees 20: 131 144.
Högberg, K.-A. 2005. Rooting response of late summer cuttings taken from Pinus sylvestris
half-sib families. Scandinavian Journal of Forest Research 20: 313–317.
, Hajek, J., Gailis, A., Stenvall, N., Zarihna, I., Teivonen, S. and Aronen, T. 2011.
Practical testing of Scots pine cutting propagation – a joint Metla- Skogforsk-Silava
project. Working Papers of the Finnish Forest Research Institute 198. 20 p.
Hohtola, A. 1995. Somatic embryogeneisi in Scots pine (Pinus sylvestris L.). In: Jain,
S.M., Gupta, P.K. & Newton, R.J. (eds). Somatic Embryogenesis in Woody Plants. Vol
3. Kluwer Academic Publishers, Dordrecht. p. 269 285.
Hu, J.J., Tian, Y.C., Han, Y.F. & Zhang, B.E. 2001. Field evaluation of insect-resistant
transgenic Populus nigra trees. Euphytica 121: 123 127.
Huhtinen, O. & Yahyao lu, Z. 1973. Das frühe Blühen von aus Kalluskulturen
herangezogenen Pflänzchen bei der Birke (Betula pendula Roth). Silvae Genetica 23:
32–34.
Hvoslef-Eide, A.K. & Corke, F.M.K. 1997. Embryogenesis specific protein changes in
birch suspension cultures. Plant Cell, Tissue and Organ Culture 51: 35 41.
, Olsen, O.A.S., Lyngved, R. Munster, R. & Heyerdahl, P.H. 2005.Bioreactor design for
propagation of somatic embryos. Plant, Cell, Tissue and Organ Culture 81: 265 276.
Iliev, I., Scaltsoyiannes, A. & Rubos, A. 2003. Shoot Organogenesis and Plant
Regeneration from Leaf Callus Cultures of Black Silver Birch (Betula pendula Roth.
‘Melanocortea’) In: Economou, A.S. & Read, P.E. (eds). Proceedings of the 1st IS on
Accl. & Estab. Microprop. Plants. p 321–326.
Isik, F., Goldfarb, B., LeBude, A., Li, B. & McKennan, S. 2005. Predicted genetic gains
and testing efficiency from two loblolly pine clonal trials. Canadian Journal of Forest
Research 35: 1754–1766.
, Li, B., Frampton,, J. & Goldfarb, B. 2004. Efficiency of Seedlings and Rooted Cuttings
for Testing and Selection in Pinus taeda. Forest Science 50: 44–53.
Jain, S.M., Dong, N. & Newton, R.J. 1989. Somatic embryogenesis in slash pine (Pinus
elliottii) from immature embryos cultured in vitro. Plant Science 65: 233–241.
James, D.J., Passey, A.J. & Baker, S.A. 1995. Transgenic apples display stable gene
expression in the fruit and Mendelian segregation of the transgenes in the R1 progeny.
Euphytica 85: 109 112.

53
Jarošová, J., Gadiou, S, Polák, J., Ravelonandro, M., Scorza, R. and Kumar, J.K. 2010.
Evaluation of transgenic Prunus domestica L., clone C5 resistance to Plum pox virus.
Julius-Kahn-Archiv 427: 330 333.
Jarz bek, M., Pukacki, P.M. & Nuc, K. 2009. Cold-regulated proteins with potent
antifreeze and cryoprotective activities in spruces (Picea spp.). Cryobiology 58:
268 274.
Jia, Z., Sun, Y., Yuan, L., Tian, Q. & Luo, K. 2010. The chitinase gene (Bbchit1) from
Beauveria bassiana enhanced resistance to Cytospora chrysosperma in Populus
tomentosa Carr. Biotechnology Letters 32: 1325 1332.
Jing, Z.P., Gallardo, F., Belén Pascual, M., Sampalo, R. Romero, J., Torres de Navarra, A.
& Cánovas, F.M. 2004. Improved growth in a field trial of transgenic hybrid poplar
overexpressing glutamine synthetase. New Phytologist 164: 137 145.
Jokinen K. 1991. The use of Biotechnology for the propagation and breeding of trees. In
(Ed. Napola J.): Foundation for Forest Tree Breeding 1991. p. 33 34.
Jones, N.B., Staden, J. van & Bayley, A.D. 1993. Somatic Embryogenesis in Pinus patula.
Journal of Plant Physiology 142: 366–372.
Kaeppler, S.M., Kaeppler, H.F. & Rhee, Y. 2000. Epigenetic aspects of somaclonal
variation in plants. Plant Molecular biology 43: 179–188.
Kaldorf, M., Fladung, M., Muhs, H-J. & Buscot, F. 2002. Mycorrhozal colonization of
transgenic aspen in a field trial. Planta 214: 653 660.
Kärkkäinen, K. & Savolainen, O. 1993. The degree of early inbreeding depression
determines the selfing rate at the seed stage: model and results from Pinus sylvestris
(Scots pine). Heredity 71: 160–166.
, K., Koski, V. & Savolainen, O. 1996. Geographical variation in the inbreeding
depression of Scots pine. Evolution 50: 111–119.
Kasprzewska, A. 2003. Plant chitinases – regulation and function. Cellular & Molecular
Biology Letters 8: 809–824.
Kauppinen, P. Istutuskoivikoiden (Betula pendula) ektomykorritsan morfotyypit ja
mykorritsainfektoituneisuus. Graduate thesis, University of Jyväskylä, Finland. 50 p. (In
Finnish.)
Keinonen-Mettälä, K., Pappinen, A. and Weissenberg, K. von 1998. Comparison of the
effeciency of some promoters in silver birch (Betula pendula). Plant Cell Reports 17:
356 361.
, Jalonen, P., Eurola, P., Arnold, S. von & Weissenberg, K. von 1996. Somatic
embryogenesis of Pinus sylvestris. Scandinavian Journal of Forest Research 11:
242 250.
Kern, M.F., Faria Maraschin, S., de, Vom Endt, D., Schrank, A., Vainstein, M.H. &
Pasquali, G. 2010. Expression of a Chitinase Gene from Metarhizium anisopalie in
Tobacco Plants Confers Resistance against Rhizoctonia solani. Applied Biochemistry
and Biotechnology 160: 1933 1946.
Kiang, Y.T., Rogers, O.M. and Pike, R.B. 1974. Vegetative propagation of eastern white
pine by cuttings. New Zealand Journal of Forestry Science 4: 153 160.
Kishimoto K., Nishizawa, Y., Tabei, Y., Nakajima, M., Hibi, T. and Akutsu, K. 2004.
Transgenic cucumber expressing an endogenous class III chitinase gene has reduced
symptoms from Botrytis cinerea. Journal of General Plant Pathology 70: 314 320.

54
Kleinschmit, J. 1974. A programme for large-scale cutting propagation of Norway spruce.
New Zealand Journal of Forestry Science 4: 359 366.
Klimaszewska, K., Trontin, J.F., Becwar, M.R., Devillard, C., Park, Y.S. & Lelu-Walter,
M.A. 2007. Recent Progress in Somatic Embryogenesis of Four Pinus spp. Tree and
Forestry Science and Biotechnology 1: 11–25.
Koelewijn, H.P., Koski, V. & Savolainen, O. 1999. Magnitude and timing of inbreeding
depression in Scots pine (Pinus sylvestris L.). Evolution 53: 758 768.
Koivuranta, L., Leinonen, K. & Pulkkinen, P. 2008. Marketing of forest reproductive
material: the use of microsatellites for identification of registered tree clones in Finland.
Working Papers of the Finnish Forest Research Institute 77. 19 p.
Koski, V. & Rousi, M. 2005. A review of the promises and constrains of breeding silver
birch (Betula pendula Roth) in Finland. Forestry 78: 187–197.
Kossuth, S.V. 1978. Induction of Fascicular Bud Development in Pinus sylvestris L.
HortScience 13: 174–176.
Kotilainen, T., Setälä, H., Alatalo, I., Vuorisalo, T. & Saloniemi, I. 2005. Impacts of
chitinase-transformed silver birch leaf decomposition and soil organisms. European
Journal of Soil Biology 40: 155–161.
Kroon, H. de, Huber, H., Stuefer, J.F. & Groenendael, J.M. van 2005. A modular concept
of Phenotypic plasticity in plants. New phytologist 166: 73 82.
Kumar, V., Parkhi, V., Kenerley, C.M. & Rathore, K.S. 2009. Defence-related gene
expression and enzyme activities in transgenic cotton plants expressing an endochitinase
gene from Trichoderma virens in response to interaction with Rhizoctonia solani. Planta
230: 277 291.
Kuparinen, A. & Schurr, F.M. 2008. Assessing the risk of gene flow from genetically
modified trees carrying mitigation transgenes. Biological Invasions 10: 281–290.
& Schurr, F.M. 2007. A flexible modelling framework linking the spatio-temporal
dynamics of plant genotypes and populations: Application to gene flow from transgenic
forests. Ecological Modelling 202: 476–486.
Kurtén, U., Nuutila, A.M., Kauppinen, V. & Rousi, M. 1990. Somatic embryogenesis in
cell cultures of birch (Betula pendula Roth.). Plant, Cell, Tissue and Organ Culture 23:
101 105.
Lainé, E. & David, A. 1990. Somatic embryogenesis in immature embryos and protoplasts
of Pinus caribaea. Plant Science 69: 215–224.
Lännenpää, M., Hassinen, M., Ranki, A., Hölttä-Vuori, M., Lemmetynen, J., Keinonen, K.
& Sopanen, T. 2005. Prevention of flower development in birch and other plants using a
BpFULL1::BARNASE construct. Plant Cell Reports 24: 69–78.
Larkin, P.J. & Scowcroft, W.R. 1981. Somaclonal Variation – a Novel Source of
Variability from Cell Cultures for Plant Improvement. Theoretical and Applied Genetics
60: 197 214.
Leakey, R.R.B. 2004. Clonal approaches to hardwood forestry in the tropics. In: Prospects
for high-value hardwood timber plantations in the ‘dry’ tropics of Northern Australia,
Mareeba, 19th – 21st October 2004. 12 p.
Lelu, M.-A., Bastien, C., Drugeault, A., Gouez, M.-L. & Klimaszewska, K. 1999. Somatic
embryogenesis and plantlet development in Pinus sylvestris and Pinus pinaster on
medium with and without growth regulators. Physiologia Plantarum 105: 719–728.

55
Lelu-Walter, A.-M., Bernier-Cardou, M. 6 Klimaszewska, K. 2008. Clonal plant production
from self- and cross-pollinated seed families of Pinus sylvestris (L.) through somatic
embryogenesis. Plant Cell, Tissue and Organ Culture 92: 31 45.
Lemmetyinen, J., Järvinen, P., Pasonen, H.-L., Keinonen, K., Lännenpää, M. & Keinänen,
M. 2004. 6. Birches. In: Kole, C. & Hall, T.C. (eds). A compendium of Transgenic Crop
Plants: Forest Tree Species. Blackwell Publishing Ltd. p. 100-128.
Lemmetyinen, J., Pennanen, T., Lännenpää, M. and Sopanen, T. 2001. Prevention of flower
formation in dicotyledons. Molecular Breeding 7: 341 350.
Lepistö, M. 1974. Successful propagation by cuttings of Picea abies in Finland. New
Zealand Journal of Forestry Scie4nce 4: 367 370.
, Niskanen, A.-M. & Salonen, S. 1996a. Haavan jalostus ja lisäystekniikka. Raportti ajalta
9.3. 1995-31.12. 1995. The breeding and propagation technique of aspen. Report during
9.3. 1995-31.12. 1995.) Metsänjalostussäätiö, Helsinki. 10 p. (In Finnish).
, Niskanen, A.-M. & Salonen, S. 1996b. Haavan jalostus ja lisäystekniikka. Raportti
ajalta 1.1. 1996-31.3. 1996. The breeding and propagation technique of aspen. Report
during 1.1. 1996-31.3. 1996.) Metsänjalostussäätiö, Helsinki. 7 p. (In Finnish).
, Niskanen, A.-M. & Salonen, S. 1996b. Haavan jalostus ja lisäystekniikka. Raportti
ajalta 1.4. 1996-31.6. 1996. The breeding and propagation technique of aspen. Report
during 1.4. 1996-31.6. 1996.) Metsänjalostussäätiö, Helsinki. 7 p. (In Finnish)
Li, J., Brunner, A.M., Meilan, R. & Strauss, S.H. 2008. Stability of transgenes in trees:
expression of two reporter genes in poplar over three field seasons. Tree Physiology 29:
299 312.
Libby, W.J., Brown, A.G. and Fielding J.M. 1972. Effects on hedging radiate pine on
production, rooting, and early growth of cuttings. New Zealand Journal of Forestry
Science 2: 263 283.
Lin, W., Anuratha, C.S., Datta, K., Potrykus, I., Muthukrishnan, S. & Datta, S.K. 1995.
Genetic Engineering of Rice for Resistance to Seath Blight. Nature Biotechnology 13:
686–691.
Lindgren, D. 2009. Picea abies breeding in Sweden is based on clone testing. Dendrology
61: 79 82.
Litvay, J.D., Verma, D.C. & Johnson, M.A. 1985. Influence of a loblolly pine (Pinus taeda
L.). Culture medium and its components on growth and somatic embryogenesis of the
wild carrot (Daucus carota L.). Plant Cell Reports 4: 325 328.
Lloyd, G. & McGown, B. 1980. Commercially-feasible micropropagation of mountain
laurel, Kalmia latifolia, by use of shoot-tip culture. Proceedings of the International
Plant Propagation Society 30: 421 427.
Lohtander, K., Pasonen, H.-L., Aalto, M., Palva, T., Pappinen, A. & Rikkinen, J. 2008.
Phylogeny of chitinases and its implications for estimating horizontal gene transfer from
chitinase-transgenic silver birch (Betula pendula). Environmental Biosafety Research 7:
227–239.
Lu, J., Vahala, J. & Pappinen, A. 2011. Involvement of ethylene in somatic embryogeneisi
in Scots pine (Pinus sylvestris L.). Plant Cell, Tissue and Organ Culture 107: 25 33.
Maximova, S.N., Marelli, J.-P., Young, A., Pishak, S., Verica, J.A. & Guiltinan, M.J. 2006.
Over-expression of a cacao class I chitinase gene in Theobroma cacao L. enhances
resistance against the pathogen, Colletotrichum gloeosporioides. Planta 224: 740 749.

56
Meilan, R., Ellis, D., Pilate, G., Brunner, A.M. and Skinner, J. 2004. Accomplishments and
Challenges in Genetic Engineering of Forest Trees. In: Stauss, S.H. & Bradshaw, H.D.
(Toby) (eds.). The Bioengineered Forests. Challenges for Science and Society.
Resources For the Future, Washington, DC, USA. p. 36 51.
Menzies, M.I., Holden, D.G. & Klomp, B.K. 2001. Recent trends in nursery practice in
New Zealand. New Forests 22: 3–7.
Mikola, J. 2009. Success and failures in forest tree cutting production in Finland. Working
Papers of the Finnish Forest Research Institute 114: 39 43.
Minghe, L. & Ritchie, G.A. 1999a. Eight hundred years of clonal forestry in China: I.
traditional afforestation with Chinese fir (Cunninghamia lancelota [Lamb.] Hook.).
New Forests 18: 131 142.
& Ritchie, G.A. 1999b. Eight hundred years of clonal forestry in China: II mass
production of rooted cuttings of Chinese fir (Cunninghamia lancelota [Lamb.] Hook.).
New Forests 18: 143 159.
Mora, A.A. & Earle, E.D. 2001. Reasistance to Alternaria brassicola in transgenic broccoli
expressing a Trichoderma harzianum endochitinase gene. Molecular Breeding 8: 1 9.
Muona, O. & Harju, A. 1989. Effective Population Sizes, Genetic Variability, and Mating
System in Natural Stands and Seed Orchards of Pinus sylvestris. Silvae Genetica 38:
221 228.
Murashige, T. & Skoog, F. 1962. A Revised Medium for Rapid Growth and Bio Assays
with Tobacco Tissue Cultures. Physiologia Plantarum 15: 473–497.
, Diner, A.M. & Sharma, G.C. 1993. Somatic emmbryogenesis in longleaf pine (Pinus
palustris). Canadian Journal of Forest Research 23: 873–876.
Nagy, N.E., Fossdal, C.G., Dalen, L.S., Lönneborg, A., Heldal, I. & Johnsen, Ø. Effects of
Rhizoctonia infection and drought on peroxidase and chitinase activity in Norway
spruce (Picea abies). Physiologia Plantarum 120: 465 473.
Niemi, K., Krajnakova, J. & Häggman, H. 1998. Interaction between embryogenic cultures
of Scots pine and ectomycorrhizal fungi. Mycorrhiza 8: 101-107.
& Häggman, H. 2002. Pisolithus tinctorius promotes germination and forms mycorrhizal
structures in Scots pine somatic embryos in vitro. Mycorrhiza 12: 263 267.
, Salonen, M. Ernstsen, A., Heinonen-Tanski, H. & Häggmen, H. 2000. Application of
ectomycorrhizal fungi in rooting of Scots pine fascicular shoots. Canadian Journal of
Forest Research 30: 1221 1230.
, Sarjala, T., Chen, X. and Häggman, H. 2007. Spermidine and ectomycorrhizal fungus
Pisolithus tinctorius synergistically induce maturation of Scots pine embryogenic
cultures. Journal of Plant Physiology 164: 629 635.
Nigro, S.A., Makunga, N.P. Jones, N.B. & van Staden, J. 2004. A biolistic approach
towards producing transgenic Pinus patula embryonal suspensor masses. Plant Growth
Regulation 44: 187 197.
Noël, A., éasseur, C., Le, V.G. & Séquin, A. 2005. Enhanced resistance to fungal pathogens
in forest trees by genetic transformation of black spruce and hybrid poplar with
Trichoderma harzianum endochitinase gene. Physiological and Molecular Plant
Pathology 67: 92–99.

57
Nuutila, A.M. & Kauppinen, V. 1992. Nutrient uptake and growth of an embryogenic and
non-embryogenic cell line of birch (Betula pendula Roth.) in suspension culture. Plant
Cell, Tissue and Organ Culture 30: 7 13.
Ok Hong, S. 1974. Rooting of brachyblast cuttings of pines in Korea. New Zealand Journal
of Forestry Science 4: 150 152.
Pappinen, A., Degefu, Y., Syrjälä, L., Keinonen, K. & Weissenberg, K. von 2002.
Transgenic silver birch (Betula pendula) expressing sugarbeet chitinase 4 shows
enhanced resistance to Pyrenopeziza betulicola. Plant Cell Reports 20: 1046–1051.
Park, Y.S. & Gerhold, H.D. 1986. Population hybridization in Scots pine (Pinus sylvestris
L.): I Genetic Variance Components and Heterosis. Silva Genetica 35: 159–165.
, Pond, S.E. & Bonga, J.M. 1993. Initiation of somatic embryogenesis in white spruce
(Picea glauca): genetic control, culture treatment effects, and implication for tree
breeding. Theoretical and Applied Genetics 86: 427 436.
, Lelu-Walter, M.A., Harvengt, L., Trontin, J.F., MacEacheron, I., Klimaszewska, K. &
Bonga, J.M. 2006. Initiation of somatic embryogenesis in Pinus banksiana, P. strobus,
P. pinaster and P. Sylvester at three laboratories in Canada and France. Plant Cell,
Tissue and Organ Culture 86: 87 101.
Parviainen, J., Vapaavuori, E. & Mäkelä, A. 2010. Finland’s Forests in Changing Climate.
Working Papers of the Finnish Forest Research Institute 159. 49 p.
Pasonen, H.-L., Seppänen, S.-K., Degefu, Y., Rytkönen, A., Weissenberg, K. von &
Pappinen, A. 2004. Field performance of chitinase transgenic silver birches (Betula
pendula): resistance to fungal diseases. Theoretical and Applied Genetics 109: 562–570.
, Degefu, Y., Brumós, J., Lohtander, K., Pappinen, A., Timonen, S. & Seppänen, S.-K.
2005. Transgenic Betula pendula expressing sugar beet chitinase IV forms normal
ectomycorrhizae with Paxillus involutus in vitro. Scandinavian Journal of Forest
Research 20: 385–392.
, Vihervuori L, Seppänen S-K, Lyytikäinen-Saarenmaa P, Ylioja T, von Weissenberg K,
Pappinen A (2008). Field performance of chitinase transgenic silver birch (Betula
pendula): Growth and adaptive traits. Trees 22: 413-421.
Pawsey, C.K. 1971. Comparison of vegetatively-propagated and seedling trees of pinus
radiate. Australian Forestry Research 5: 47 57.
Pérez-Rodríguez, M.J., Suárez M.F., Heredia, R., Ávila, C. Breton, D., Trontin J.-F.,
Filanova, L., Bozhkov, P., von Arnold, S., Harvengt, L. & Cánovas, F.M. 2006.
Expression patterns of two glutamine synhetase genes in zygotic and somatic pine
embryos support specific roles in nitrogen metabolism during embryogenesis. New
Phytologist 169: 35 44.
Pihakaski-Maunsbach, K., Moffatt, B., Testillano, P., Risueño, M., Yeh, S., Griffith, M. &
Maunsbach, A.B. 2001. Genes encoding chitinase-antifreeze proteins are regulated by
cold and expressed by all cell types in winter rye shoots. Physiologia Plantarum 112:
359–371.
Piispanen, R., Aronen, T., Chen, X., Saranpää, P. & Häggman, H. 2003. Silver birch
(Betula pendula) plants with aux and rol genes show consistent changes in morphology,
xylem structure and chemistry. Tree Physiology 23: 721 733.

58
Pons, E., Peris, J.E. & Pena, L. 2012. Field performance of transgenic citrus trees :
Assessment of the long-term expression of uidA and nptII transgenes and its impact on
relevant agronomic and phenotypic characteristics. BMC Biotechnology 12: 41.
Post, K.H. & Parry, D. 2011. Non-Target Effects of Transgenic Blight-Resistant American
Chestnut (Fagales: Fagaceae) on Insect Herbivores. Environmental Enromology 40:
955 963.
Poupin, M.J. & Arce-Johnson, P. 2005. Transgenic trees for the new era. In Vitro Cell and
Development Biology – Plant 41: 91 101.
Powles, S.B. 2008. Evolved glyphosate-resistant weeds around the world: lessons to be
learned. Pest Management Science 64: 360–365.
Pozo, J.M., Azcón-Aguillar, C., Dumas-Gaudot, E. & Barea, J.M. 1998. Chitosanase and
chitinase activities in tomato roots during interactions with arbuscular mycorrhizal fungi
or Phytophthora parasitica. Journal of Experimental Botany 49: 1729–1739.
Prasad, K., Bhatnagar-Mathur, P., Waliyar, F. and Sharma, K.K. 2012. Overexpression of a
chitinase gene in transgenic peanut confers enhanced resistance to major soil borne and
foliar fungal pathogens. Journal of Plant Biochemistry and Biotechnology. DOI
10.1007/s13562-012-0155-9.
Puupponen-Pimiä, R., Saloheimo, M., Vasara, T., Ra, R. Gaugecz, J., Kurtén, U., Knowles,
J.K.C., Keränen, S. & Kauppinen, V. 1993. Characterization of a birch (Betula pendula
Roth.) embryogenic gene, BP8. Plant Molecular Biology 23: 423 428.
Quoirin, M. & Lepoivre, P. 1977. Etude de milieux adaptes aux cultures in vitro de Prunus.
Acta Horticulturae 78: 437 442.
Ragonezi, C., Klimaszewska, K., Castro, M.R., Lima, M., de Oliveira, P. & Zavattieri,
M.A. 2010. Adventitious rooting of conifers: influence of physical and chemical factors.
Trees 24: 975 992.
Rani, V. & Raina, S.N. 2000. Genetic fidelity of organized meristem-derived
micropropagated plants: a critical reappraisal. In Vitro Cell Development Biology-Plant
36: 319 330.
Read, D.J. 1991. Mycorrhizas in ecosystems. Experimentia 47: 376 391.
Ritchie, G.A. 1991. The commercial use of conifer rooted cuttings in forestry: a worldwide
owerview. New Forests 5: 247 275.
Roberds, J.H. & Bishir, J.W. 1997. Risk analyses in clonal forestry. Canadian Journal of
Forest Research 27: 425–432.
Rousi, M. & Pusenius, J. 2005. Variation in phenology and growth of European white birch
(Betula pendula) clones. Tree Physiology 25: 201 210.
Ryynänen, L. & Ryynänen, M. 1986. Propagation of adult curly-birch succeeds with tissue
culture. Silva Fennica 20: 139–147.
Saborio, F, Dvorak, W.S., Donahue, J.K. &Thorpe, T.A. 1997. In vitro regeneration of
plantlets from mature embryos of Pinus ayacahuite.Tree Physiology 17: 787 796.
Saguez, J., Hainez, R., Cherqui, A., Van Vuytswinkel, O., Jeanpierre, H., Lebon, G.,
Noiraud, N., Beaujean, A., Jouain, L., Laberche, J.-C., Vincent, C. & Giordanengo, P.
2005. Unexpected effects of chitinases on the peach-potato aphid (Myzus persicae
Sulzer) when delivered via transgenic potato plants (Solanum tuberosum L.) and in
vitro.Transgenic Research 14: 57 67.

59
Sahai, A.S. & Manocha, M.S. 1993. Chitinases of fungi and plants: their involvment in
morphogenesis and host-parasite interaction. FEMS Microbiological Rewiev 11:
317 338.
Salonen, M. 1994. Sytokiniiniruiskutuksiin perustuva pistokaslisäys, havupuiden
mikrolisäys ja lehtipuiden mikrolisäys. Osa metsäpuiden kasvullisten lisäysmentelmien
kehittämisprojektin
loppuraporttia
(Cytokinin
based cutting propagation,
micropropagation of conifers and broad-leaf trees. Part of final report of project for the
development of vegetative propagation methods for forest trees. Metsänjalostussäätion
työraportteja 7, Helsinki. 69 p. (In Finnish).
Salyaev, R., Rekoslavskaya, N., Chepinoga, A., Mapelli, S. & Pacovsky, R. 2006.
Transgenic poplar with enhanced growth by introduction of the ugt and acb genes. New
Forests 32: 211 229.
Sarjala, T., Häggman, H. & Aronen, T. 1997. Effect of Exogenous Polyamines and
Inhibitors of Polyamine Biosynthesis on Growth and Free Polyamine Contents of
Embryogenic Scots Pine Callus. Journal of Plant Physiology 150: 597–602.
Sarvas, R. 1962. Investigation on the flowering and seed crop of Pinus sylvestris.
Communicationes Instituti Forestalis Fenniae. 52: 1–198.
Scotti-Saintagne, C., Bodénès, C., Barreneche, T., Bertocchi, E., Plomion, C. & Kermer, A.
2004. Detection of quantitative trait loci controlling bud burst and height growth in
Quercus robur L. Theoretical and Applied Genetics 109: 1648 1659.
Seppänen, S.-K., Pasonen, H.-L., Vauramo, S., Vahala, J., Toikka, M., Kilpeläinen, I.,
Setälä, H., Teeri, T.H., Timonen, S. & Pappinen, A. 2007. Decomposition of the litter
and mycorrhiza forming ability of silver birch with a genetically modified lignin
biosynthesis pathway. Applied Soil Ecology 36: 100 106.
Shani, Z., Dekel, M., Tsabary, G., Goren, R. & Shoseyov, O. 2004. Growth enhancement of
transgenic poplar plants by overexpression of Arabidopsis thaliana endo-1,4- glucanase (cel1). Molecular Breeding 14: 321 330.
Shelbourne, C.J.A. & Thulin I.J. 1974. Early results from a clonal selection and testing
programme with radiate pine. New Zealand Journal of Forestry Science 4: 387 398.
Schenk, R.U. & Hildebrandt, A. 1972. Medium and techniques for induction and growth of
monocotyledonous and dicotyledonous plant cell cultures. Canadian Journal of Botany
50: 199–204.
Shimono, A. Wang, X.-R., Torimaru, T., Lindgren, D. & Karlsson, B. 2011. Spatial
variation in local pollen flow and mating success in a Picea abies clone archive and
their implications for a novel ‘breeding without breeding’ strategy. Tree Genetics and
Genomes 7: 499 509.
Shoresh, M. & Harman, G.E. 2008. Genome-wide identification, expression and
chromosomal location of genes encoding chitinolytic enzymes in Zea mays. Molecular
Genetics and Genomics 280: 173–185.
Simola, L.K. 1985. Propagation of plantlets from leaf callus of Betula pendula f. purpurea.
Scientia Hortculturae 26: 77 85.
Slezack, S., Negrel, J., Bestel-Corre, G., Dumas-Gaudot, E. & Gianninazzi, S. 2001.
Purification and partial amino acid sequencing of a mycorrhiza-related chitinase isoform
from Glomus mosseae-inoculated roots of Pisum sativum L. Planta 213: 781–787.

60
Smolka, A., Li, X.-Y., Heikelt, C., Welander, M. & Zhu, L.-H. 2010. Effects og transgenic
rootstocks on growth and development of non-transgenic scion cultivars in apple.
Transgenic Research 19: 933 948.
Strauss, S.H., Tan, H., Boerjan, W. & Sedjo, R. 2009. Strangled at birth? Forest biotech and
the Convention of Biological Diversity. Nature Biotechnology 27: 519–527.
Stelzer, H.E., Foster, G.S., Shaw, V. & McRae, J.B. 1998. Ten-year growth comparison
between rooted cuttings and seedlings of loblolly pine. Canadian Journal of Forest
Research 28: 365 368.
Stuve, D.K. & McKeand, S.E. 1990. Growth and development of eastern white pine
cuttings compared with seedlings through 8 years of age. Canadian Journal of Forest
Research 20: 365 368.
, Talbert, J.T. & McKeand, S.E. 1984. Growth of rooted cuttings and seedlings in a 40year-old olantation of eastern white pine. Canadian Journal of Forest Research 14:
462 464.
Sutela, S., Niemi, K., Edesi, J., Laakso, T., Saranpää, P., Vuosku, J., Mäkelä, R., Tiimonen,
H., Chiang, V.L., Koskimäki, J., Suorsa, M., Julkunen-Tiitto, R. & Häggman, H. 2009.
Phenoloc compounds in ectomycorrhizal interaction of lignin modified silver birch.
BMC Plant Biology 9: 124 139.
Sweet, G.B. and Wells L.G. (1974). Comparison of the growth of vegetative propagules
and seedlings of Pinus radiata. New Zealand Journal of Forest Science 4: 399 409.
Takahashi, W., Fujimori, M., Miura, Y., Komatsu, T., Nishizawa, Y., Hibi, T. & Takamizo,
T. 2005. Increased resistance to crown rust disease in transgenic Italian ryegrass
(Lolium multiflorum Lam.) expressing the rice chitinase gene. Plant Cell Reports 23:
811 818.
Taniguchi, T., Konagaya, K., Kurita, M., Takata, N., Ishii, K., Kondo, T., Funahashi, F.,
Ohta, S., Kaku, T., Baba, K., Kaida, R. & Hayashi, T. 2012. Growth and wood sucker
ability of field-grown transgenic poplars overexpressing xyloglucanase. Journal of
Wood Science 58: 550 556.
Terakawa, T., Takaya, N. Horiuchi, H., Koike, M. & Takagi, M. 1997. A fungal chitinase
gene from Rhizobius oligosporus confers antifungal activity to transgenic tobacco. Plant
Cell Reports 16: 439 443.
Terho, M., Pappinen, A. & Weissenberg, K. von 2000. Growth reactions of a Gremmeniella
abietina isolate and Scots pine embryogenic tissue cultures differ in a host-parestie in
vitro system. Forest Pathology 30: 285 295.
Tervonen, A. 1981. Kokemuksia lehtipuiden pistokaslisäyksestä Haapastensyrjässä
(Experiances of steckling propagation in Haapastensyrjä). Metsänjalostussäätiö, Tiedote
3/1981. 8 p. (In Finnish.)
Tiimonen, H., Aronen, T., Laakso, T., Saranpää, P., Chiang, V., Ylioja, T., Roininen, H. &
Häggman, H. 2005. Does lignin modification affect feeding preference or growth
performance of insect herbivores in transgenic silver birch (Betula pendula Roth)?
Plants 222: 699 708.
Toda, R. 1974. Vegetative propagation in relation to Japanese forest tree improvement.
New Zealand Journal of Forestry Science 4: 419 417.

61
Tohidfar, M., Mohammadi, M. & Ghareyazie, B. 2005. Agrobacterium-mediated
transformation of cotton (Gossypium hirsutum) using heterologous bean chitinase gene.
Plant Cell, Tissue and Organ Culture 83: 83 96.
Turner, B.M. 2007. Defining an epigenetic code. Nature Cell Biology 9: 2 6.
Tzfira, T., Vainstein, A. & Altman, A. 1999. Rol-Gene expression in transgenic aspen
(Populus tremula) plants results in accelerated growth and improved stem production
index. Trees 14: 49 54.
Valjakka, M., Aronen, T., Kangasjärvi, J., Vapaavuori, E. & Häggman, H. 2000. Genetic
transformation of silver birch (Betula pendula) by particle bombardment. Tree
Physiology 20: 607 613.
Vellicce, G.R., Dias Ricci, J.C., Hernández, L. & Castagnaro, A.P. 2006. Enhanced
resistance to Botrytis cinerea mediated by the transgenic expression of the chitinase
gene ch5B in strawberry. Transgenic research 15: 57 68.
Veluthakkal, R. , Sundari, B.K.R. & Dasgupta M.G. 2012. Three chitinases – stress and
developmental-driven gene regulation. Forest Pathology 42: 271 278.
Vierheilig, H., Alt-Hug, M., Wiemken, A. & Boller, T. 2001. Hyphal in vitro growth oft he
arbuscular mycorrhizal fungus Glomus mosseae is affected by chitinase but not by 1,3-glucanase. Mycorrhiza 11: 279–282.
Vihervuori, L., Pasonen, H.-L. & Lyytikäinen-Saarenmaa, P. 2008. Density and
Composition of an Insect Population in a Field Trail of Chitinas Transgenic and Wildtype Silver Birch (Betula pendula) clones. Environmental Entomology 37: 1582–1591.
Viherä-Aarnio, A. 2008. Lisääntymisbiologia (Reproduction biology) In: Niemistö, P.,
Viherä-Aarnio, A., Velling, P., Heräjärvi, H. & Verkasalo, E. (eds.). Koivun kasvatus ja
käyttö (The cultivation and the use of birch). Karisto Oy, Hämeenlinna. p. 30 33.
& Ryynänen, L. 1994. Seed Production and Micropropagated Plants, Grafts and
Seedlings of Birch in Seed Orchard. Silva Fennica 28: 257–263.
& Velling, P. 2008. Siemenhuolto (Seed maintenence). In: Niemistö, P., Viherä-Aarnio,
A., Velling, P., Heräjärvi, H. & Verkasalo, E. (eds.). Koivun kasvatus ja käyttö (The
cultivation and the use of birch). Karisto Oy, Hämeenlinna. p. 61 65.
, Häkkinen, R., Partanen, J., Luomajoki, A. & Koski, V. 2005. Effects on seed origin and
sowing time on timing of height growth cessation of Betula pendula seedlings. Tree
Physiology 25: 101 108.
Vishnevetsky, J., White, T.L., Jr., Palmateer, A.J., Flaishman, M., Cohen, Y., Elad, Y.,
Velcheva, M., Hanania, U., Sahar, N., Dgani, O. & Perl, A. 2011. Improved tolerance
toward fungal diseases in transgenic Cavendish banana (Musa spp. AAA group) cv.
Grand Nain. Transgenic Research 20: 61 72.
Wang, T.L., Hagqvist, R. & Tigerstedt, P.M.A. 1996. Growth Performance of hybrid
families by crossing selfed lines of Betula pendula Roth. Theoretical and Applied
Genetics 92: 471 476.
, Hagqvist, R. & Tigerstedt, P.M.A. 1999. Inbreeding depression in three generations of
selfed families of silver birch (Betula pendula). Canadian Journal of Forest Research
29: 662 668.
Wei, H., Meilan, R., Brunner, A., Skinner, J.S., Ma, C., Gandhi, H.T. & Strauss, S.H. 2007.
Field trial detects incomplete barstar attenuation of vegetative cytotoxicity in Populus

62
trees containing a poplar LEAFY promoter::barnase sterility transgene. Molecular
Breeding 19: 69 85.
Weng, Y.H., Park, Y.S., Simpson, D. & Mullin, T.J. 2009. Efficiencies of Clonally
Replicated and Seedling Testing for Spruce Breeding and Deployment Strategies. Silvae
Genetica 58: 292 300.
Wiweger, M., Farbos, I., Ingouff, M., Lagercrantz, U. & Arnold, S. von 2003. Expression
of Chia4-Pa chitinase genes during somatic and zygotic embryo development in
Norway spruce (Picea abies): similarities and differences between gymnosperm and
angiosperm class IV chitinases. Journal of Experimental Botany 54: 2691–2699.
Wright, J.W. 1976. Introduction to Forest Genetics. Academic Press, New York, San
Francisco, London. 463 p.
Xiao, Y.-H., Li, X.-B., Yang, X.-Y., Luo, M., Hou, L., Guo, S.-H., Luo, X.-Y. And Pei, Y.
2007. Cloning and Characterization of a Balsam Pear Class I Chitinase Gene (Mcchit1)
and Its Ectopic Expression Enhances Fungal Resistance in Transgenic Plants.
Biosciences, Biotechnology and Biochemistry 71: 1211 1219.
Yakolev, I.A., Asante, D.K.A., Fossdal, C.G., Junttila, O. & Johnsen, Ø. 2011. Differential
gene expression related to epigenetic memory affecting climatic adaptation in Norway
spruce. Plant Science 180: 132 139.
, Fossdal, C.G. & Johnsen, Ø. 2010. MicroRNAs, the epigenetic memory and climatic
adaptation in Norway spruce. New Phytologist 187: 1154 1169.
Zhang, Y., Wang, Y. & Wang, C. 2012. Gene overexpression and gene silencing in Birch
using an Agrobacterium –mediated transient expression system. Molecular Biology
Reports 39: 5537 5541
Zeng, F.-S., Zhan, Y.-G., Xhao, H.-C., Xin, Y., Qi, F.-H. & Yang, C.-P. 2010. Molecular
characterization of T-DNA intergration sites in transgenic birch. Trees 24: 753 762.

