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ABSTRACT 
 
Vegetative propagation is a set of methods for the multiplication of  best possible stock 
plants into new identical plants and is based on the fact that a clone maintains the selected 
characteristics of the individual plant. Cloning of mature and old plants is usually much 
more difficult than the multiplication of plants with juvenile characteristics. Several 
processes to rejuvenate mature plants have been developed, tissue culture and 
micropropagation are the most efficient methods and are widely used for the purpose.  
 Although the method of propagating a particular plant species in tissue culture might 
be well known initiation of micropropagation can be problematic. Phenol oxidation of 
explants is a common problem particularly when transferring plant tissues from in vivo to in 
vitro. Often explants become brown and leak harmful oxidised products into the media. We 
used several antioxidant pretreatments for oak seed embryos and meristems taken from old 
mature trees. All of the pretreatments showed a positive effect against browning of the 
explants, however ascorbic acid was the most effective. 
 When plants are successfully rejuvenated and propagated in tissue culture there often 
arises another problem. Several species are difficult or impossible to root. We tested if 
Agrobacterium rhizogenes could provide a partial solution to the problem. Our data show 
that rooting can be introduced to some European ornamental woody species by transferring 
rol-genes into their tissues. The method is demonstrated as a model of prospective research. 
 In spite of the fact that micropropagation is efficient the method is costly. Inexpensive 
propagation methods for several species are needed. We tested two different propagation 
methods, that were the stock plant method and the successive method, with 10 clones of 
hybrid aspen. The stock plant method produced new cuttings distinctly faster than the 
successive method but both of the methods can be successfully applied for propagating 
softwood cuttings of hybrid aspen. However, after four repeated cutting harvests the 
production of new cuttings was considerably decreased. Significant differences among the 
clones were found in terms of growth and ability to produce new, vigorous cuttings.  
 We tested the stock plant method also with five potato varieties by using 
micropropagated and cutting propagated leaf-bud cuttings for initiation of the cultures. 
There was wide variation in the multiplication capacity among the varieties used. The most 
productive variety produced more cloned potato plants than in commercial 
micropropagation. All of the cuttings from different harvests rooted well and were free of 
viruses.  
 Some species are able to reproduce through their root suckers, which remain juvenile 
although the plant itself might grow old. We studied the ability of one and two-year-old 
stock plants of five hybrid aspen clones, when treated,  to produce root cuttings and ability 
of the cuttings to grow. The stock plant treatments, reduction of root mass, use of hormones, 
and stooling, caused significant variation in the sprouting of cuttings. The used clones 
differed significantly in their ability to produce cuttings, to sprout, and in the time needed, 
for sprouting. Variation in the studied characteristics indicates that genotype selection will 
be efficient and economically worthwhile when combined to the root cutting method.  
 Throughout the study, clonal selection has been found to be especially important for 
vegetative plant production. Micropropagation and other propagation protocols for many 
plant species are developed and in many cases multiplication rate is high. However 
efficiency of the propagation system has no value if the stock plants are not carefully 
selected.  
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1.   INTRODUCTION 
 
 
 1.1. Clones 
  
A clone is a population of plant progeny that is vegetatively grown or propagated, having an 
identical genotype to a single source plant. All clones that are commercially propagated are 
selected from seedlings or mutations. Some very old fruit and ornamental plant clones have 
been grown and multiplied for centuries (Hartmann et al. 1997). Cloning is not only a useful 
tool for humankind, but is a very common way of reproduction in nature. Aspen (Populus 
tremula) might be the most efficient plant species in spreading vegetatively. There are aspen 
forests of several square kilometres in the Rocky Mountains in the USA that originate from 
a single seedling. The age of the forests is estimated to be 10 000 years (Mikola 1998). 
 
 
1.1.1.  Clones in agriculture 
 
 Clonal propagation is a very important method for the multiplication of plant material in 
agriculture and horticulture. There are many woody and herbaceous species that are 
propagated by using pieces of stem or branches, leaves, roots or tubers.  
 
Tuber plants are one of the most important groups of species that are propagated 
vegetatively. There are many different species that grow tubers, which are used for human 
consumption. Potato (Solanum tuberosum), sweet potato (Ipomoea batatas), cassava 
(Manihot esculenta), yams (Dioscorea spp.), and cocoyams (Colocasia spp. and 
Xanthosoma spp.) are the most important tuber crops in the world. Their total production 
was close to 600 million tonnes in 1990. Cassava can be propagated from cuttings or tubers. 
Setts of yams or pieces of tuber, bulbils, or rhizomes can be used for propagation. Sweet 
potato can be multiplied by using tubers or vine cuttings (Onwueme and Charles 1994). 
Potatoes are commonly grown from small tubers. 
  
Asexual propagation is important also in fruit production. The most important aim is to 
achieve true to type cultivars. The method is used widely in fruit production, for example in 
sweet and sour cherry  (Prunus avium and P. cerasus) production to avoid problems caused 
by high heterozygosity among the seedlings. Budding and grafting methods are commonly 
used to obtain clones of selected genotypes (Webster 1996). Avocados (Persea americana), 
citruses (Citrus sp.) and grapevine (Vitis sp.) are commonly grafted to maintain the good 
quality of selected clones. Young suckers of bananas (Musa sp.) are used to achieve similar 
goals (Jona and Menini 1987).  
 
The use of cuttings or tissue culture is a common method of propagation of ornamental 
woody plants as well. Softwood cuttings of e g. Weigela, Lagerstroemia, Kerria and Spiraea 
species can be used for plant propagation. Semi-hardwood cuttings are used to multiply e.g. 
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Rhododendron, Photinia, Osmanthus, holly (Ilex aquifolium) or Magnolia, all of which are 
broadleaf evergreens. Some deciduous trees and shrubs such as Magnolia x soulangiana, 
Chionanthus retusus or Hamamelis x intermedia are also propagated from semi-hardwood 
cuttings. Hardwood cuttings of deciduous and broadleaf plants such as aucuba (Acuba 
japonica), holly (Ilex aquifolium) and cherrylaurel (Prunus laurocerasus) are used as well, 
as are needle evergreens such as Thuja, Chamaecyparis and Juniperus. Root pieces of plants 
that grow suckers such as Rhus spp., Sassafras albidum, Aralia spinosa or Elliottia 
racemosa can also be used for plant propagation (Dirr and Heuser Jr. 1987). 
 
 
1.1.2.  Clones in forestry  
 
There are several reasons for choosing vegetative propagation as a method for multiplying 
plant material for forest tree improvement: tree species have high heterozygosity, their life 
cycle is long and self-fertilisation can cause problems for sexual propagation (Boulay 1984). 
For these reasons, vegetative propagation is seen as being vitally important for different 
kinds of tree improvement programs. It has been used also for the preservation of genotypes, 
when establishing clonal seed orchards and for evaluating genotypes through clonal testing. 
Vegetative propagation can hasten the improvement of tree breeding activities. This is 
particularly true with species that are easy to root (Zobel and Talbert 1991, Hasnain and 
Cheliak 1986), which makes large and inexpensive propagation possible. 
 
There are many characteristic differences among different plants of the same species even in 
the same forest such as rooting ability (Schier 1974). Scaltsoyiannes et al. (1997) found 
significant differences in the multiplication rates and rooting abilities among different clones 
of walnut trees (Juglans regia). They are convinced that the genotype of the clones affects 
these phenomena. They also suggest that clones with a high capacity for regeneration and 
easy rooting could be applied for large-scale propagation. Ahuja (1983) has found clear 
interclonal variations among his aspen clones. Clones grow and root differently in tissue 
culture.  
 
Not all clones of hybrid aspen are easy to propagate by using micropropagation but some of 
the clones have high multiplication and survival rate. Pulkkinen (2002) observed clones of 
hybrid aspen to have different multiplication and rooting capacities. Houle and Babeux 
(1993) found the rooting potential of cuttings differed greatly among clone-populations. 
 
The best use of clones in the forestry sector is in tree improvement programs. When using 
clones for reforestation however the genetic base of the species used is in danger of being 
narrowed too much. This might lead to greater losses or even catastrophic damages if the 
situation is favourable for the arrival of specific pests or diseases, or in the event of 
especially severe climatic conditions (Zobel and Talbert 1991). 
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 1.2.  Clonal propagation 
 
Asexual propagation is a preferable method of propagation because it maintains the selected 
characteristics of the individual plant (David 1985) and produces identical clone of the 
chosen stock plant. As previously mentioned, the method is widely used in agriculture and 
horticulture but rarely in forestry. A reason for this is the difficulty of obtaining  cuttings 
from mature tree species in view of the fact that millions of young trees are needed for 
reforestation programmes (Brown and Sommer 1985). 
 
Clonal propagation exists frequently in nature. Many plants can spread by growing runners 
or root suckers. Bulbs and tubers are also a common way for multiplication. Some plants 
clone themselves by growing a large root system with buds that can emerge and produce 
new plants around the mother plant. Aspen is this kind of plant species. It is very efficient in 
spreading its clonal offspring this way (Karlsson and Holm 2002, Flemmer 1961). 
 
There are several different ways to clone or propagate plants vegetatively: 
micropropagation, the use of different kinds of cuttings, tubers, bulbs, corms, tuberous roots 
and stems, rhizomes, pseudopulps or by grafting or budding (Hartmann et al. 1997). Several 
different types of stem cuttings can be used depending on the species and the stage of their 
branches or twigs (Brennan and Mudge 1998, Davies 1983). Leaf cuttings, leaf-bud cuttings 
or root cuttings (Orndorff 1977) can also be employed with some species. Grafting is a 
method where two different plants are joined together. It is a common method in 
horticulture, particularly in fruit and ornamental plant production. Good apple (Malus 
domestica Borkh.) and rose (Rosa sp.) varieties are very often grafted onto susceptible 
rootstocks. Budding is a method of joining only a bud to a rootstock (Hartmann et al. 1997). 
 
Different kinds of asexual propagation methods are numerous. However the focus of this 
work is mainly on the propagation methods that are the most relevant to the published 
papers (copied at end of this dissertation) and to the topics of juvenility and fractional 
etiolation. 
 
 
1.2.1.  Stem cuttings 
 
Cuttings can be taken from hardwood, semi-hardwood or softwood shoots or they can be 
from herbaceous plant pieces.  Hardwood cuttings are taken from dormant woody stems 
with lateral buds. These kinds of cuttings can be taken from many species from e.g. Populus 
and Salix families (Dumroese et al. 1997). Softwood cuttings are from growing tissues of 
plants. These kinds of cuttings can be obtained from many species, including Populus ssp. 
but excluding P. tremuloides. Often most of the leaf surface is removed to reduce 
transpiration and cuttings are kept in high humidity while rooting them (Dumroese et al. 
1997). 
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Often leaves, a leaf or a part of leaf is left on the cutting for better rooting success. Overbeek 
van et al. (1946) assume that the role of leaf in rooting of cuttings is to supply sugars and 
nitrogenous substances and so supporting root initiation. Brennan and Mudge (1998) did not 
manage to root leafless cuttings of Inga feuillei, which is a tropical leguminous tree species, 
but the rooting of leafy cuttings succeeded at a level of 55%. Leaf-bud cutting comprises 
only the leaf and its subtended bud. These types of cuttings can be used to multiply potato 
stock plants (Ewing 1985). 
 
 
1.2.2.  Root cuttings     
 
Root cutting technique is one of the easiest and least complex propagation methods available 
(McMillan Browse 1980). There are many species that can be grown from root cuttings. 
According to Orndorff (1977) at least Aronia, Euonymus, Forsythia, Ilex, Mahonia, Prunus, 
Pyracantha, Pyrus, Spiraea, Symphoricarpos, Syringa and Viburnum are easily propagated 
from roots. Aspen produces root suckers and clones itself through them. Aspen offers a very 
efficient system of vegetative multiplication because it is able to produce new suckers that 
continuously remain alive and vigorous for a long time. (Bärring 1988) 
 
Hudson (1954, 1955) has had good success in the propagation of raspberries (Rubus idaeus, 
L.) by root cuttings. He discovered a clear relationship between shooting, season and 
environment. The best results were achieved when root pieces were grown “on” season. This 
“on” season signifies the best period of time in the year for that particular species to root and 
emerge from root cuttings. He saw best results occurring when root pieces of raspberry were 
grown in a heated glasshouse in the late winter months. He believes that some species can be 
regenerated from root pieces at any time of the year but that others can only find success at a 
specific point in the seasonal cycle. 
 
 
1.2.3.  Tissue culture and micropropagation 
 
Elementary methods of tissue culture were developed in the 1950´s. The early stages in the 
use of this method of tissue culture were mostly employed for agricultural and horticultural 
purposes (Durzan 1985). This industry and its accompanying research rapidly developed 
over the subsequent two decades. Since the late sixties micropropagation has been used 
commercially for plant propagation. Over time it has become an important part of agro-
biotechnology industry (Ilan and Khayat 1997). 
 
There are several different methods of tissue culture. Free cells, protoplasts, organs, and 
embryos can be cultured in vitro. Tissue culture has many practical applications and 
opportunities such as the propagation of disease free clones, mass propagation of selected 
genotypes, clone preservation, selection of mutants, somatic hybridisation, genetic 
engineering (Bonga and Durzan 1985) and finally cell cultures in bioreactors allowing 
production of secondary metabolites (Altman 2003). A functioning tissue culture system is 
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essential for the other more modern methods of biotechnology such as DNA manipulation 
and biochemical engineering and use of Agrobacterium infection (Altman 2003).  
 
Tissue culture and micropropagation have become important elements in the plant 
propagation  industry. The total volume of micropropagated plants annually in the world is 
estimated to be hundreds of millions of plants (Ilan and Khayat 1997). According to Vasil 
(1994) some 50,000 varieties of plants are propagated in the world using the tissue culture 
method. The business of plant propagation involves approximately 600 companies and 
accounts for more than 500 million units, the majority of which are ornamental species. 
  
 
1.2.3.1.   Advantages of the micropropagation method 
 
One of the most important features of micropropagation is that it can be a very efficient 
method of plant propagation (Hasnain and Cheliak 1986). In some fields of agricultural 
production, particularly in horticulture, tissue culture technology has become a valuable 
method for improving crops (Thorpe and Harry 1997).  
 
There is no efficient conventional vegetative propagating method for multiplying mature 
plants of some species. However there are examples when old plants have successfully been 
cloned in tissue culture. Ahuja (1984) managed to multiply several old trees of aspen of up 
to 40 years old. Mature aspen stock trees have been used for large micropropagation in other 
studies as well (Ahuja 1983). Many researchers believe that micropropagation can 
rejuvenate plant tissues, allowing mature explants to be multiplied (Zobel and Talbert 1991, 
Lyrene 1981). 
 
One very important aspect of tissue culture is the propagation of disease-free planting 
material. The elimination of diseases from selected varieties or clones has been one of the 
biggest innovations in the industry (Uyen and Vander Zaag 1983). Vegetatively propagated 
plants are generally infected with pathogens. Micropropagation and a pathogen-free 
procedure have only been used commercially for horticultural crops such as strawberry 
(Thorpe and Harry 1997). Potato tissue culture became important once an efficient method 
for multiplication of virus-free potatoes was fully developed (e.g. Roca et al. 1978, Marani 
and Pisi 1977, Wang 1977). In the 1970´s virus-free potato production was already a 
common practice applied in many industrialised countries (e.g. Pietarinen and Seppänen 
1981).  
 
A commonly held concern in the early history of micropropagation was that tissue culture 
might reduce the quality of the propagated plants. Many researchers found later that this fear 
was unnecessary. Chalupa (1990) reported that the appearance and growth of 
micropropagated plants from several broad-leaf and conifer tree species performed naturally 
when grown in the field and the plants can be compared with the trees produced from seeds. 
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1.2.3.2.   Disadvantages of tissue culture and micropropagation 
 
One of the major obstacles of micropropagation is the start of meristem or organ culture. 
Although free radical activity is a normal feature in the cells of animals and plants, they can 
be harmful in tissue culture. Free radicals, phenols,  are tightly controlled by antioxidants in 
cells. This control may fail however in the event of stress, an attack of a pathological 
disease, or when a plant is injured, resulting in free radicals attacking macromolecules. This 
in turn might lead to metabolic disorder and even death of the tissue (Benson 1990).  
 
Phenol oxidation is often harmful for tissues in the initial stage of micropropagation and can 
often be seen as browning of explants that sometimes slow down growth or leads to death of 
the explants. The kind of oxidative browning can sometimes be avoided by washing, 
soaking or stirring the explants in antioxidant solutions as a pretreatment before transferring 
them on the media (Panaia et al. 2000, Quraishi and Mishra 1998, Wu and du Toit 2004).   
 
Tissue culture methods have been developed for many plant species but due to the high cost 
of the propagated plants only a low range of species have been propagated commercially up 
until now (Ilan and Khayat 1997). Often different genotypes of the same species need their 
own modified tissue culture media (e.g. Karhu 1995), which also increases the expense of 
the method. The high cost of the micropropagated plantlets is a reason why the technique 
has not been widely used for forest species (Vasil 1994, Zobel and Talbert 1991).  
 
Reducing the cost of in vitro production is a key issue for increasing the application of the 
method (Nadel et al. 1992). Rooting of microcuttings in vitro is expensive and can even 
double the price of the cutting (De Klerk 2002, Zimmerman 1988). Another difficulty is to 
prepare rooted plants for planting them in vivo. Sometimes it is hard to remove agar from 
roots without excessive damage (Zimmerman 1988). Consequently the rooting of cuttings 
directly ex vitro has become a more common practice.  
 
It might also be a challenge to prolong micropropagation from the same tissues for a long 
period of time. In their rootstock (Prunus persica x Prunus amygdalus) Dimasi-Theriou and 
Economou (1990) observed a decline in new shoot formation and signs of ageing after 
several subcultures were maintained in a constant, long photoperiod and considerably high 
temperature. The cultures ended up in a kind of dormancy. The after-effect of keeping the 
cultures at 3 ºC for at least three weeks was the retrieval of their capacity to form shoots. 
They assume that the cold treatment may break the dormancy of the buds of the cultures.  
 
Forest trees are rarely multiplied vegetatively. Tree species are usually difficult to grow and 
differentiate in tissue culture. Even when there is success in tissue culture, other problems in 
rooting can still eventuate (Ahuja 1983). Using young seedlings as stock plants avoided the 
common difficulties with rooting in vitro plants. However, recently several new laboratories 
have been established for mass propagation species such as aspen, poplar, and eucalyptus 
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(Boulay 1984). Yet still it is difficult or impossible to micropropagate most of the 
hardwoods and conifers (Bonga 1985). 
 
 
1.2.4.  Effect of stock plant in propagation  
 
It is very important to select a good and vigorous stock plant to serve as a source for further 
multiplication. A plant that is genetically ideal for a particular use must be found and 
selected. It is also important that it is as juvenile as possible. Sometimes methods such as 
stooling, pruning and hedging have been used to maintain juvenility of a stock plant and to 
improve rooting of the taken cuttings (Hartmann et al. 1997).  
 
Hudson (1954) found the condition of donor plants to be crucially important for the success 
of the multiplication of raspberry from root cuttings. The influence of stock plant vigour is 
significant for rooting and growth of young plants derived through root cuttings of aspen 
(Dreesen and Harrington 1997). 
  
There are several environmental conditions that can be modified to achieve good 
physiological status of the stock plant. Water stress needs to be avoided, ideal temperature 
and optimal level of light needs to be maintained. Stock plants can be grown in the absence 
of light if etiolation is used to improve rooting (Hartmann et al. 1997). However cutting 
propagation methods have their limitations even in the most ideal environmental conditions. 
Stock plants can produce only a limited number of cuttings for further rooting and cloning. 
 
There are also clear seasonal changes in rooting ability of cuttings . Stock plants used as a 
source of cutting propagation are in different physical stages at different times of the year. 
Cuttings of Populus balsamifera have been found to be easier to root before or just after bud 
break than during the growing season. However rooting success improves from this lowest 
efficiency towards the fall (Houle and Babeux 1993).  
 
 
1.2.5.  Ways of improving rooting 
 
Weak formation of adventitious roots is a key blockage in conventional propagation and in 
micropropagation. The discovery of the auxin hormone 70 years ago is still considered to be 
the most significant breakthrough for rooting improvement and plant multiplication. (De 
Klerk 2002). 
 
Roots have an essential role and function in plant life and development, supplying water and 
nutrients to the plant from the environment (Schiefelbein et al. 1997). There is evidence of 
different stages of the process of adventitious root formation. Specific cells become 
competent in response to the rhizogenic signal of auxin once a stem is cut on the first day. 
Ethylene might signal this wounding and start the phase. During the next two to three days 
the founder cells divide. The determination of descendent cells for root formation caused by 
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auxin starts to take place during this stage and ethylene becomes inhibitory. After four days 
auxin is no longer needed for the root forming process. Root meristems should be 
recognisable five days after the cutting is taken. Following this, auxin becomes inhibitory 
for adventitious root formation (De Klerk 2002). 
 
Auxin is found in many studies to be an important rooting promoter (e. g. Hyun 1967) 
Auxin can be applied or produced by the plant.  A sufficient amount of oxygen is also 
essential for rooting. This might not usually be an important issue when rooting cuttings in 
normal light rooting mixture but success could be drastically hindered when rooting occurs 
in heavy soil or water. Zimmerman (1930) found that when rooting salvia (Salvia splendens) 
cuttings in water, they formed roots where oxygen was available, still favouring the base of 
the stems. Results were even better when the water was aerated. 
 
There are several other ways to improve rooting of difficult-to-root species: etiolation, 
rejuvenation and application of some wounding-related compounds. Stems can be elongated 
when cultures are growing in low light intensity. Rejuvenation can take place when cultures 
are repeatedly sub-cultured in vitro. Ethylene and some stress-protecting compounds, as well 
as culture conditions may significantly affect the success of rooting during the tissue culture 
and the phase of acclimatisation  (De Klerk 2002).  
 
 
1.2.5.1.   Difficulties in the rooting process 
 
The success of the rooting of cuttings is particularly dependant on the time of year and 
growth phase of the donor plant. (Lanphear and Meahl 1963). This limits the time of cutting 
propagation considerably. Stock plant condition is a key issue of successful rooting (Davies 
1983). If stock plant is weak or suffers from malnutrition it is not a good source for 
multiplication. 
 
In some cases there are inhibitors in plant tissues that may prevent rooting. Tizio et al. 
(1961) found that when grapevine (Vitis vinifera and Vitis rupestris) cuttings were washed 
for 48 hours they rooted better than the control ones. Rooting success declined however, 
when washing time was considerably extended. They assume that it is possible to eliminate 
inhibitors by washing but that some of the essential growth factors are washed away and the 
results are poorer when the procedure is too long. 
 
Leafy cuttings are more difficult to handle than cuttings without leaves. All leaves of 
cuttings cannot always be removed. Eliasson (1968) found that leaves have an important role 
in rooting. He assumes that the carbohydrates produced by the leaves and which are supplied 
to the roots affect the rate of root growth. However there was no logical relationship 
between rooting, callusing, nitrogen fraction and the level of carbohydrates in the studies of 
Pyrus species (Ali and Westwood 1968). 
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There is a competition between root and shoot growth during the rooting process. Roots 
grow in the absence of shoot growth but are hindered when shoot growth takes place. When 
shoot growth has resulted however and the leaf growth is considerable, then root growth 
improves.  This phenomenon might be due to a competition between shoot and root growth 
for carbohydrates and might lead to a balance between the ratio of shoot and root system 
(Eliasson 1971b). 
 
The rooting of cuttings does not always result in ideal types of root structure. The root 
system of the cuttings will primarily be different from those of seedlings. In the experiments 
of Sasse and Sands (1997) cuttings of Eucalyptus did not form taproots like seedlings do but 
did form an adventitious root system. Seedlings also had more primary roots than cuttings. 
They observed that the growth of cuttings and seedlings was the same but the root system of 
cuttings was less well developed. 
 
Another problem in cutting propagation is plagiotrophism. Plagiotrophic growth means that 
a cutting continues its growth like a branch. This phenomenon is common in generas such as 
Abies, Picea, Araucaria and Sequoia but it is not common in Pinus or in most hardwoods 
(Zobel and Talbert 1991).  
 
 
1.2.5.2.   rol-gene in rooting procedure 
 
Agrobacterium tumefaciens is a soil born disease that causes a grown gall tumour disease in 
many dicotyledonous plants (DeCleene and DeLey 1976). Agrobacterium rhizogenes is also 
a disease that infects dicotyledonous plants. It causes a hairy root formation on the part of 
the plant that it infects (Jasik et al. 1997). 
 
Agrobacterium has been used as a tool for genetic transformation. The technique is widely 
utilised in forest tree biotechnology but a routine transformation procedure has been 
developed only for a few Populus species and hybrids (Altman 2003). 
 
The use of rol-genes is a recent discovery in research for improving adventitious root 
formation (Rugini et al. 1991). When Tzfira et al. (1996) managed to harness the rol-genes 
in the roots of aspen by using Agrobacterium rhizogenes as a vector they observed much 
better root formation of th��������	�
��������������	���������������������������

Agrobacterium–mediated gene transfer system has been successful with coast redwood 
(Sequoia sempervirens). They achieved considerable improvement in adventitious root 
induction in their micropropagated shoot-tips. They believe that the method is efficient in 
the rooting of microcuttings of coast redwood. Caboni et al. (1996) saw similar kinds of 
results when rooting microcuttings of walnut (Juglans regia). Close to 60% of their cuttings 
treated with A. rhizogenes rooted on hormone free media but none of the control cuttings 
produced roots.  
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Some researchers have been successful in transformation induced by Agrobacterium but 
found morphological alterations in the produced plants. Most of the transgenic plants of 
Tzfira et al. (1996) were true-to-type but several showed phenotypic abnormalities. Han et 
al. (1993) found that their hypocotyl segments of black locust (Robinia pseudoacacia L.) 
treated with A. rhizogenes had hairy root phenotype but also wrinkled leaves and abundant 
root development. Holefors et al. (1998) also report phenotype differences in the 
transformed plants of apple rootstock such as wrinkled leaves and reduced growth. However 
they did not observe increased root production in the A.  rhizogenes-transformed plants. 
 
Despite these somewhat confusing results there are new views regarding the reduction of 
time required for the rooting of cuttings and for the improvement of the root:shoot ratio of 
the propagated plants by using rol-genes (Tzfira et al. 1998). This could be a new method to 
improve a variety of plants propagated commercially. Igarashi et al. (2002) have developed 
new dwarf rootstock cultivars of Malus prunifolia. Some of the new clones are possibly 
good rootstock with high rooting and dwarfing ability.  
 
 
1.3. Juvenility and ageing 
 
The discussion of juvenility and ageing easily invites confusion because the terms for ageing 
are not clearly defined. Different aspects such as chronological, ontogenetical, and 
physiological ageing need to be defined first to clarify this matter. Chronological ageing 
means to be young or old and refers to information concerning the time passed since 
germination. Ontogenetical ageing describes whether a plant is a juvenile or an adult, and 
describes the different stages of development. Physiological ageing describes when a plant is 
improving or deteriorating, and informs in regards to vigour and susceptibility patterns or 
weakening of the plant (Fortanier and Jonkers 1976). This leads to a paradox in terminology. 
The oldest part of a plant in terms of chronological age can be found near the base, which is 
“youngest” and the most juvenile in terms of ontogenetic and maturity. Although the 
youngest branches are youngest in chronological age, they are oldest in maturity. Maturation 
is a developmental process that leads to slower growth, lower efficiency in rooting, 
morphological changes of leaves and ability to flower (Greenwood 1987). 
 
The juvenility of a plant begins at germination and finishes at the transition phase (Meier-
Dinkel and Kleinschmit 1990). When the juvenility of a plant moves to the adult condition it 
has normally reached a typical size and age of the species. This stage is called “phase 
change”. Flowering is not possible before this change has occurred. The number of cell 
divisions of the meristem is the core factor in determining the occurrence of the phase 
change, not the size of a plant. This change might occur only in meristematic tissues in 
apical regions and not in the differentiated parts of the plant (Robinson and Wareing 1969).  
 
There are no clear general markers known to indicate whether plant material is juvenile or 
mature (Meier-Dinkel and Kleinschmit 1990). However, there is evidence that transition 
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between the developmental phases is genetically regulated (Telfer and Poethig 1998, Telfer 
et al. 1997, Battey and Tooke 2002).  
 
It takes a different period of time for different plant species to reach their adult phase. 
Several herbaceous species flower the same season in which they germinate. With woody 
species it might vary between one year and 20 or more years to reach their stage of 
flowering for the first time (Doorenbos 1965). Robinson and Wareing (1969) suggest that 
with some forest species it might take from even 30 to 40 years for the trees to flower. 
Juvenility and maturity can often be recognised by the vegetative characteristics of a plant 
such as leaf shape, thorniness, seasonal leaf abscission, pigmentation, or rooting and 
flowering ability (Davies 1983, Robinson and Wareing 1969, Zimmerman 1972). 
 
The phase change from juvenility to maturity can also be accelerated. When Lewandowski 
and Zurawicz (2000) grafted 2-year-old apple seedlings onto mature rootstocks they 
observed 30 percent blooming in the second year and a further 40 percent a year later, while 
none of the original seedlings had developed flowers. 
 
The movement of metabolites and nutrients towards developing seeds, and their storage 
therein is clearly a core factor controlling the senescence among annual plants (Seth and 
Wareing 1967). A reason for “programmed” senescence and the death of a plant might be 
evolutionary. The parent plants will be replaced by their vigorous offspring; improving the 
survival value of the species (Romberger 1976). 
 
 
1.3.1.  Ageing and the use of juvenile plant portions 
 
Juvenility affects the rooting ability of cuttings the way that young plants produce cuttings 
that are easier to root than the ones from old stock plants (Hess 1961, Hess 1963, Schier 
1980, Tervonen 1981). Ahuja (1983) discovered that explants taken from nursery grown 
aspen plants were easier to grow and multiply in tissue culture than when they were taken 
from older trees. 
 
Ontogenetical ageing is a series of developmental phases from germination to senescence. 
Ontogenetical ageing of the stock plants needs to be understood if plants are used for 
vegetative propagation. Significant also is the fact that the stage of ontogenecy is different in 
different parts of the plant (Fortanier and Jonkers 1976). Maturity is not completely reached 
when a plant ages. Cuttings from the base of the plant root more easily (Ying and Bagley 
1977) and have more vigour in general, either flowering later to those from the top of the 
plant or not at all. Their characteristics are juvenile and their growth is fast. They can be root 
suckers, stump sprouts, and basal epicormic shoots or lower branches of a mature plant 
(Hess 1963). The same phenomenon can be seen when trees are pruned. Grafting or budding 
can improve the capacity of the adult part of a plant to regain the capacity for rooting 
(Fortanier and Jonkers 1976), which means that the amount of juvenility is increased. 
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Some parts of a plant may remain juvenile for years although the plant has reached a mature 
stage. Juvenile root suckers, epicormic shoots, and stump sprouts are superior and easier 
material for micropropagation compared to the adult plant material found at the top of the 
tree (Ballester et al. 1990, Zobel and Talbert 1991). The physiological condition determines 
the adventitious root formation, not the chronological age of the plant. When roots produce 
shoots they are physiologically juvenile and a good source for cutting production, although 
stem cuttings from the same plant may not root (Davies 1983, Fordham 1969). In their 
studies of micropropagation of filbert (Corylus avellana L.) Diaz-Sala et al. (1990) found 
that tissues close to roots were the most responsive to shoot proliferation and rooting. While 
studying Pyrus species Ali and Westwood (1968) discovered that although the production of 
callus was greater in adult cuttings, the juvenile ones rooted better. 
 
The length of juvenility is partially genetically controlled. It can be accelerated towards its 
end by growing the seedling to attain a large size as fast as possible. Grafting a scion on 
dwarfing rootstock may accelerate the process also. Growth regulations have been used to 
induce flowering, as well as ringing, scoring and root pruning (Zimmerman 1972). Ying and 
Bagley (1977) are convinced that differences in rooting ability are largely genetic. 
 
Doorenbos (1965) suggests that there is a fundamental difference between the process of the 
ageing of trees and herbaceous plants. Although the characteristic changes of herbaceous 
plants may be rapid and gradual along the stem, the same process for a tree is much slower. 
External factors affecting the juvenility of herbaceous species are much stronger than those 
affecting woody plants. McGrady and Ewing (1990) observed faster progress in maturity 
when potato cuttings were exposed to short days instead of long days, during which maturity 
took longer to achieve.  
 
 
1.3.2.  Rejuvenation  
 
Rejuvenation is the opposite process to maturation and ageing. It can take place during 
sexual or apomictic seed reproduction (Kester 1983). Shoots produced from roots (Meier-
Dinkel and Kleinschmit 1990), consecutive generations of grafting to seedling rootstock 
(Huang et al. 1992), micropropagation (Feijó and Pais 1990, Lyrene 1981) and specific 
treatments with hormones (Ballester et al. 1990) may also achieve reversion from the mature 
to the juvenile phase. 
 
When plants are severely pruned they can go through a process of physiological 
rejuvenation. To obtain ontogenetical rejuvenation the plant needs to produce new plants 
that are completely juvenile. Ontogenetical ageing is thus the ageing of meristems, which is 
genetically programmed (Fortanier and Jonkers 1976). 
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Cutting production can also be a method to rejuvenate plant material. There is evidence of 
repeated stem cutting propagation increasing juvenility. Hess (1963) suggests that root 
initiation leads to partial rejuvenation and improves rooting of cuttings taken from cuttings. 
New rooted shoots from root cuttings are also physiologically more juvenile and are a better 
source for further plant propagation (Tredici 1996). 
 
Ballester et al. (1990) used methods such as grafting of juvenile rootstock, subsequent 
spraying with 6-benzylaminopurine (BAP), partial etiolation of the stock plant, and 
successive horizontal reculturing of decapitated shoots in vitro to achieve partial 
rejuvenation of oak (Quercus robur), chestnut (Castanea sativa x C. crenata) and camellia 
(Camellia reticulata). Siniscalco and Pavolettoni (1988) have succeeded in their efforts with 
juvenile adult Eucalyptus trees by using a successive grafting technique. They grafted 
mature scions onto young seedlings several times and achieved gradual change in juvenility. 
Huang et al. (1992) got similar results from their Sequoia studies. They managed to improve 
rooting and vigour of the mature shoot tips by using successive grafting on juvenile shoots.  
 
Meier-Dinkel and Kleinschmit (1990) assume that change of phase from juvenile to mature 
is gradual. The change back to juvenility from mature phase may also be gradual and by 
using some of the rejuvenating techniques may result in only a partial rejuvenation. They 
also say that it is difficult to separate true ontogenetic rejuvenation from physiological 
rejuvenation when that in fact can be invigoration. 
 
 
1.3.2.1.   Rejuvenation during tissue culture and micropropagation 
 
It is possible to regain at least some of the lost juvenility and potential morphogenic capacity 
of mature tissues by tissue culturing (Diaz-Sala et al. 1990, Zobel and Talbert 1991). Gupta 
et al. (1981) were not successful with root micropropagated shoots which were from 20-
year-old trees during the first three subcultures, however when subcultures were repeated the 
propagated shoots rooted easily. Diaz-Sala et al. (1990) arrived at similar results. They 
assume that when tissues from mature stock plant go through several subcultures in tissue 
culture it behaves similarly to cultures derived from seedlings. 
 
Lyrene (1981) discovered that micropropagated blueberry shoots (Vaccinium ashei) had 
smaller leaves, shorter internodes, thinner stems and they rooted faster than the shoots taken 
from similar varieties grown in field. He suggests that tissue culture of blueberry can cause a 
reversion to juvenility. Cutting down juvenile and field grown stock plants each winter and 
using the new shoots for cutting propagation could be a way to maintain this juvenility. It 
also has been seen that micropropagated plants have a character of greater branching 
(Zimmerman 1988). This can be an advantage if plants are used as stock plants or if the 
character serves any other purpose such as creating a more ornamental appearance. 
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Castanea sativa is an example of difficult-to-root species that change the characteristic 
during the course of sequential subcultures in vitro. Feijó and Pais (1990) observed that the 
cultures gradually regained the rooting capacity during micropropagation and when 
transferring to soil the shoots were growing as well or even better than seedlings. They 
assume that rejuvenation or general revigoration could be responsible for the changes. 
 
Grafting in vitro can also be a useful tool for plant propagators to improve and fasten the 
propagation. The method simply is to micropropagate stock plants and scion plants, 
followed by grafting them together in vitro (Haapala and Niskanen 1992). Navarro (1990) 
has been using shoot-tip grafting and micro-grafting in vitro to achieve better Citrus plants 
for fruit production. He has not found any signs of rejuvenation in his plants although 
rootstocks used were obtained from seedlings germinated in vitro. 
 
After micropropagation the rooted plants do not usually appear like those that have 
undergone cutting propagation. They are morphologically closer to seedlings. However they 
normally develop morphological maturity characteristics faster than seedlings. Some of the 
typically mature characteristics might return much later. Brand and Lineberger (1992) 
observed this phenomenon in their research of Betula and suggest that rejuvenation might 
take place during micropropagation but not to the level that is equivalent to seedlings.  
 
De Klerk (2002) suggests that two opposite processes may take place during 
micropropagation: rejuvenation and maturation. He believes evidence for a loss in a plant’s 
juvenility and its subsequent movement towards maturity can be seen when those plants lose 
their rooting ability during several subcultures. However there must also be other possible 
explanations for this process. Changes in physical conditions of the cultures including 
exhaustion or the disappearance of some of the gained physiological rejuvenation might be 
another explanation (Meier-Dinkel and Kleinschmit 1990). 
 
 
1.4.   Fractional etiolation and growth in low light intensity  
 
Etiolation takes place always when a plant grows in darkness in which it experiences 
blanching and other physiological and morphological changes to the typical characteristics. 
Etiolation can also be accomplished by wrapping the stem with any non-transparent material 
(Herman and Hess 1963).  
 
Nowadays the term etiolation is used to describe the development of plants grown in the 
absence of light (Hartmann et al. 1997). In the past the term etiolation was sometimes also 
used when describing behaviour of plants grown in low light intensity (e g. Gardner 1937). 
In this work we use a term: fractional etiolation (Christensen et al. 1980), which in this 
context means development of plant in low light intensity and having some of the 
characteristics similar to etiolation. Plants grown in low light intensity are green but less 
green when grown in full sunlight or in high light intensity. Their internodes are longer than 
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when grown in full sunlight but less than when grown in the absence of light. The intensity 
���������������������������������������������² s��¹ (Hartmann et al. 2004). Our experimental 
plants were grown in 80-� ����������² s��¹, which is about 5% of the intensity of that of full 
sunlight. This is why fractional etiolation is a useful term for describing characteristics and 
phenomena of these particular experimental plants. 
 
Etiolation causes clear anatomical changes to cells and tissues of etiolated plant stems.  
However there are other factors attached to etiolation, which affect the rooting process 
(Herman and Hess 1963). Phenols have a significant role in plant lignification and protection 
(Benson 1990). Etiolation has been found to reduce lignification, alter anatomy of the plant 
and increase the concentration of IAA-oxidase inhibitors (Ballester et al. 1990). Lignin is a 
substance made up of phenolic acids. Light is needed for phenolic acid synthesis and when 
there is no light, lignification does not take place. These kinds of soft etiolated cuttings have 
better ability to root than cuttings from the same plant but with a high content of lignin 
(Hess 1963). Some researchers have even found a connection between etiolation and the 
ageing of tissues. Ballester et al. (1990) assume that partial etiolation of their mature oak and 
chestnut stock plants has reduced the physiological ageing of the explants taken from them 
and transferred in vitro. 
 
Nanda and Jain (1971) conclude their rooting studies of etiolated stem cuttings of Salix  
tetrasperma by assuming that there needs to be a proper balance between the nutrition level 
of tissues and regulatory factors, such as auxin hormones, to enhance rooting. It is not 
sufficient if only one of these factors is high while the other is low or absent. Nanda et al. 
(1971) came to the same conclusion when using etiolated stem segments of Populus nigra. 
They found that the segments with a length of 2.5 cm long need leaves to root in water or 
auxin solution. When glucose was added however, the rooting of cuttings without leaves 
also took place. 
 
Etiolation of stock plants has been used to improve rooting of cuttings of several species 
(Eliasson and Brunes 1980, Maynard and Bassuk, 1988, Kawase 1965). Gardner (1937) 
used it to improve rooting of apple varieties, Rowberry and Coffin (1983) for potato 
cuttings. Etiolated avocado shoots root much more frequently and have more roots than 
shoots, which are grown in higher light exposures (Frolich 1961). Herman and Hess (1963) 
have shown clear evidence of etiolation promoting root initiation of Chinese hibiscus 
(Hibiscus rosasinensis L.) and red kidney bean (Phaseolus vulgaris). In their studies the 
etiolated cuttings of beans rooted over five times more successfully in four days than the 
non-etiolated ones. 
 
When Biran and Halevy (1973) reduced the amount of natural light intensity by 50% for 
their dahlia (Dahlia variabilis) stock plants it clearly improved rooting success of the 
varieties, which remained herbaceous in the rooting region. The varieties that remained 
woody did not respond to shading. These hard-to-root cultivars are especially woody. They 
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assume that shading has a positive impact on rooting only if it changes the anatomical 
features of the basal root forming section of the shoots. 
 
Christensen et al. (1980) have used different light intensities and auxin treatment 
combinations when rooting apple rootstock cuttings. They did not succeed in rooting any 
cuttings without auxin treatment. However when auxin was applied, the cuttings that had 
been grown in the lowest light intensities responded best to treatment and rooted best with 
highest numbers of roots. Auxin does not only improve cell division, elongation, 
differentiation and root formation but also helps the plant to mobilise its reserved starch into 
soluble sugars also for the rooting process (Nanda and Jain 1972). The mung bean 
(Phaseolus aureus Roxb.) cutting experiments of Kawase (1965) found that root initiation 
was best stimulated by etiolating the whole plant while rooting was inhibited by etiolating 
the leaves only. Rooting improved when hypocotyls and epicotyls were etiolated. Etiolated 
hypocotyls had more auxin in their tissues than when grown in light. The amount of some 
natural growth inhibitors has also found to be larger in tissues grown in light than in tissues 
of the etiolated kind (Eliasson 1971a, Eliasson and Brunes 1980). 
 
 
1.5.   Selection breeding and asexual propagation 
 
The conventional method of tree breeding is time consuming with controlled transference of 
desirable traits to new offspring. Micropropagation of hybrid seedlings, seedlings from 
controlled crosses or selected elite genotypes delivers a large contribution for the 
improvement of trees (Chalupa 1990). When meristems or meristematic tissues are used for 
tissue culture propagation, the danger of multiplying mutant plants is minor. In 
micropropagation it is essential that the produced plants are genetically identical to their 
stock plants (Vasil 1994). This has been observed in many studies such as that of Christie 
(1978) who claimed that plants micropropagated from aspen buds were identical to the stock 
plants. 
 
The superior ability of juvenile plants to root is a reason for propagators to try to prolong the 
stage. Plant breeders have opposite interests: they wish to get plants to reach maturity and 
the adult phase with the aim to see flowering as soon as possible (Doorenbos 1965). The 
juvenile stage cannot be eliminated but modifying the environment where plants are grown 
can shorten it: such as light intensity, photoperiod, temperature, water supply and nutrition 
(Zimmerman 1972). 
  
The multiplication rate or rooting ability is not the best criteria for breeders to do their 
selection from clones of trees. Quality characteristics are the most important criteria to start 
with. Hybrid aspen is a good example of variation of quality of different clones. Wood 
quality and fibre values differ significantly amongst clones (Yu et al. 2001a, Yu et al. 2002, 
Rautio et al. 2002). This offers good fields for the selection breeding of aspen. Yu et al. 
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(2002) suggests simultaneous selection of aspen clones for different environments to find 
favourable clone-environmental combinations to fulfil the needs of silvicultural practices.  
 
 
1.6.   The studied plant species and their economical importance 
 
We have studied aspen, potato, oaks and several woody ornamental species. Because potato 
and aspen both belong to very important plant families that are intensively studied around 
the world and are asexually propagated we further describe here their origin, use and 
economical importance.   
 
 
1.6.1.  Potato (Solanum tuberosum) 
 
The potato supposedly originates from the Andes. It was introduced into Europe during the 
sixteenth and seventeenth centuries (Fusciante et al. 2000). It has successfully grown 
everywhere but particularly in the Northern Hemisphere (Burton 1966). Nowadays potato is 
one of the most important crops of the world (Fusciante et al. 2000). 
 
Potato contains high quality proteins, vitamins, mineral salts and even medical properties. It 
is a vital part of human diet in many countries (Fusciante et al. 2000, Sonnewald 2001). 
Although potatoes can be used in many ways they are commonly used as fresh tubers. Most 
of the potato production is used for human consumption (Sonnewald 2001). 
 
Potato is the best protein producer per hectare daily among the food crops (Fusciante et al. 
2000). However growing environments such as day length, light intensity, length of growing 
season, temperature, water supply, fertilisation and soil type are the key elements in 
successful production and yield (Burton 1966). 
 
Cultivated potatoes can be diploid, triploid, tetraploid and pentaploid. Tetraploids cultivars 
(2n = 4x = 48) are the most common and the most important in production (Fusciante et al. 
2000). Because potatoes have such an importance among crops, a lot of breeding efforts are 
used to develop them further. Major objectives of breeding are to improve varieties for 
human consumption, industrial processing or for animal feed. Other objectives such as 
adaptation to different kinds of soils and production technologies have also been important 
�!"��#$%�&����'(�	 
 
Potatoes are normally grown from tubers. Single-node (Marinus 1993), leaf-bud (Nagarajan 
and Minhas 1995) or other types of cuttings (Benz et al. 1996a and 1996b, Struik 1999) of 
potato have been used to multiply potatoes, mainly for studies of different aspects of potato 
physiology or production. 
 
Diseases can be a major drawback in growing potatoes and dramatically lower the yield and 
its quality (Ioannou and Vakis 1988, Burton 1966). This makes tissue culture and the 
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production of disease-free planting material very attractive wherever potato is grown. Pests 
can still cause a lot of damage in different stages of potato production (e g. Raman 1987, 
Schöber 1987). 
 
 
1.6.2.  Aspen and hybrid aspen (Populus tremula, P. tremula L. x P. tremuloides Michx.) 
 
Aspen belongs to the section of Populus (formerly the group Leuce) that is one of the five 
groups of the genus Populus (Stetter and Bradshaw 1996) belonging to family Salicaceae 
(Eckenwalder 1996). Aspen and poplars are multipurpose trees, widely grown and 
distributed throughout North Africa, North America and Eurasia (Douglas 1989, Lubrano 
1992, Piirainen 1996). Aspen is dioecious having flowers, staminates and pistillates in 
different trees as drooping catkins. It takes at least 10 years for aspen to flower. Normally 
the flowering and maturing age of Populus is 15 years (Maini 1968). 
 
Aspen fibres are extensively used for printing and packaging. The world fibre consumption 
annually is approximately 350 million tonnes. Aspen fibres are competing well with 
eucalyptus and acacia for their short fibre quality but are much less used and produced. 
Aspen pulp can be processed chemically and mechanically. The produced paper is uniform 
and high quality (Ranua 2002). Aspen is in high demand as a raw material in the paper 
industry. It is a fast growing species with prominent prospects in forestry (Karlsson and 
Holm 2002, Ceulemans and Deraedt 1999). Logs are the most high-priced element of the 
timber. Aspen has a rather high log percentage. The wood is mostly used for wet interiors 
such as benches and panels, and also for packaging, pallets and boats. When heat-treated it 
has better opportunities for use in many different ways in interior and exterior building, and 
furniture (Verkasalo 2002). 
 
Hybrids are crosses of two different species or races. They obtain characteristics from their 
parents and can be better or worse than the parents. Often their characteristics are an 
intermediate combination of the parents. Sometimes hybrids are outstanding and have a high 
potential as stock plants (Zobel and Talbert 1991). Hybrid aspen generally have been found 
to be superior to P. tremula in forestry (Stener 2002).  
 
Aspen and hybrid aspen are easy to micropropagate. Species belonging to poplars have been 
propagated in tissue culture laboratories over the past 30 years (Nadel et al. 1992). Ahuja 
(1983) developed a rapid tissue culture propagation method for aspen using bud, stem, leaf, 
and root tissues for organogenesis. The method of cloning Populus tremula and P. 
tremuloides and their hybrids has later been developed to be easier and simpler (Ahuja 1984, 
Pulkkinen 2002). Aspen shoots can also be propagated from callus tissues (Winton 1971). 
Some researchers are introducing an idea for increasing the efficiency of poplar production 
and reducing its costs by regenerating plantlets from liquid root cultures (Nadel et al. 1992, 
Carmi et al. 1997).  
 



 24 

Micropropagation is not the only method of multiplying aspen. Cutting propagation has been 
found problematic. Flemmer (1961) and Ahuja (1983) claim that it is very difficult or almost 
impossible to root stem cuttings of Populus tremula or P. tremuloides. However rooting is 
achieved when softwood or semi-hardwood cuttings with leaves are used (Douglas 1989, 
Muhs 1992). The best time for rooting aspen cuttings is spring and early summer (Hall et al. 
1989). 
 
Yu et al. (2001b) and Bergez et al. (1989) found that stem cuttings and cuttings from 
coppice of aspen and hybrid poplars can easily be rooted. They state that the method is 
efficient. The easiest way to propagate aspen is to use root suckers (Karlsson and Holm 
2002, Flemmer 1961). 
 
There are still other problems in aspen and hybrid aspen production. Wild animals or 
diseases can damage plantations. All protecting actions are expensive (Karlsson and Holm 
2002, Stener 2002). Stem canker and heartrot, two of several diseases of aspen and poplars, 
can cause serious damages (Stener 2002, Kennedy 1968). Diseases seem to be the foremost 
important factor that restricts the use of poplars (Zsuffa 1993). 
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2.   AIMS OF THE STUDY 
 
The main objectives of the present study were  

• to test methods of avoiding problems in the beginning of the micropropagation 
procedure 

• to test alternative ways of avoiding problems in rooting of micropropagated and 
rejuvenated plant material 

• to test the possibility of using rejuvenated plant material as stock plants 
• to test methods of cloning plant material in a low-tech environment  
• to test a low-light environment for growing stock plants  
• to establish whether there are genotype differences amongst clones regarding their 

ability to multiply and root 
 
Special interest of this work has been to discover if plant material that has been partially or 
fully juveniled by micropropagation can be efficiently cloned in simple low-tech 
environments. It has been especially interesting to see if there are genotype differences, 
which could affect the propagation potential.  
 
Together with our interest in juvenility we have been interested in growing our experimental 
plants in a low-light environment. There are two reasons for this. The first is the fact that 
when plants are grown in basic, simple growing rooms we cannot utilise natural sunlight. 
This gives us a chance to provide a stable and controlled light environment for the plants to 
grow. We can easily avoid extreme heat peaks but also loose an opportunity to use free sun 
energy. Another reason for using a low-light environment is the benefit in saving power. 
Here we have also been interested in studying fractional etiolation which might be a good 
tool for efficient plant propagation. 
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3.   MATERIALS AND METHODS  
 
Material and methods are described briefly. More detailed information can be found in the 
original publications (I-V). 
 
 
3.1.  Plant material 
 
Quercus robur and Q. petraea twigs were collected from Hungary (Szombathely) and from 
Finland (Loppi, Turku and Oulu) for the study I. Donor trees were between 25 and 90-years 
old. Twigs were sterilised and their meristems were removed under sterile conditions for 
experimental purposes of this study. For embryo cultures acorns of Q. robur and Q. petraea 
were collected from the area of Szombathely in Hungary. Seeds were sterilised and their 
embryos were dissected into tissue culture media. 
 
The Botanical Gardens and the Department of Botany of the University of Oulu provided 
plant material for the study II. Species used for the study were Betula pendula, Crataegus 
douglasii, Crataecus x mordenensis ’Toba’, Malus baccata, Prunus cerasus, Prunus 
pensylvanica, Salix ’Blanda’, Sorbus aucuparia, Sorbus x thuringiaca ’Fastigiata’ and 
Viburnum opulus f. roseum. Plantlets were received in sterile tissue culture jars. They were 
further micropropagated in a laboratory in Italy. 
 
Hybrid aspen clones for the study III were obtained from an older experiment at the 
Haapastensyrjä Breeding Station of the Finnish Forest Research Institute. Micropropagated 
aspen explants were planted in soil and once rooted, they were cloned further. The clones 
originated from crosses made during the 1950s. Populus tremula and P. tremuloides were 
crossed and the hybrids were planted at different sites in southern Finland. 24 of the best 
performing clones were selected according to phenotype, wood quality and multiplication 
rate in micropropagation. The donor trees were between 40 and 70 years old. We randomly 
selected 10 clones from them for this study. 
 
Tissue cultured potato varieties Tanu, Sieglinde (Siikli), Timo, Suvi and Nevski used in the 
study IV were provided by the Finnish Seed Potato Center Ltd as sterile cultures in glass 
jars. The microcuttings were planted in soil and were used as donor plants for subsequent 
cutting experiments. Cuttings from the fifth continuous cut were planted in soil and three 
weeks later were used as new donor plants for a new experimental line. Cuttings from the 
sixth cut were rooted and they became donors for another experimental line. One line from 
tissue culture and two lines from different microcutting history were compared.  
 
Five hybrid aspen clones were selected for the study V. Four of the clones were from crosses 
between Populus tremula x P. tremuloides and one clone from crosses between P. 
tremuloides x  P. tremula. Mother trees of the hybrids were from Finland or Sweden, and 
father trees were from Canada. After careful selection 50 clones were taken in for a 
micropropagation programme in the Haapastensyrjä Breeding Station (the Finnish Forest 
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Research Institute). The donor trees were between 18 and 34 years old. 27 clones were easy 
to propagate and from them five clones were randomly selected. Root cuttings of one and 
two years old stock plants were used for the study.  
 
 
3.2.  Methods 
 
3.2.1. Avoiding problems at the start of the tissue culture: Browning and oxidation of 
phenols in oak explant. (Paper I). 
 
Meristems or embryos were transferred in test tubes containing WPM (Loyd and McCown 
1980), SH (Schenk and Hilderbrand 1972) or half-strength MS (Murashige and Skoog 1962) 
media. Different combinations of growth regulators were used together with 30 g/l sucrose 
and 7 g/l agar.  
 
The explants were soaked in ascorbic acid (100 mg/l, pH 2.9), citric acid (100 mg/l, pH 2.5), 
L-cysteine hydrochloride (10 mg/l, pH 3.1) or PVP (polyvinyl pyrrolidone, soluble, 5 g/l, 
pH 4.7) for 30-60 minutes and transferred to the chosen media. Control explants were rinsed 
in water. 
 
For rooting ½ strength of the MS media was used. Shoots were dipped in IBA solution 
before transferring onto the rooting media.  
 
The viability, colour, number of buds or shoots, size, growth, development and the degree of 
vitrification or callusing were observed frequently.  
 
Total phenolic content of the twigs was analysed by Folin-Denis test (Burns 1963) to obtain 
approximate values of range of total phenolic content of in vivo plants.   
 
 
3.2.2. Determination of opportunity for transferring rol-genes into some north European 
woody species and improvement of rooting of difficult-to-root species (Paper II). 
 
Agrobacterium rhizogenes 1855, Agrobacterium tumefaciens LBA 4404-pBIN19:rolB and 
pBIN19:GUS were used as transforming bacteria. They were grown on YEB agar-solified 
medium, harvested from the surface and diluted in WA medium (Haapala and Niskanen 
1992). The woody species were cultivated in vitro and cut into one-node cuttings removing 
any existing auxiliary buds. 
 
Bacteria suspension and about 150 plant cuttings of each species were co-cultured for 30 
minutes. Cuttings were removed from the suspension and cultured on WA medium for three 
days. Then cultures were transferred on WA medium containing up to 350 mg/l 
carbenicillin, 350 mg/l claforan and a kanamycin sulphate concentration suitable for the 
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selection. Optimal kanamycin sulphate concentration had been earlier determined for each 
species.  
 
After a month the cultures were checked for growth and bleaching, and the minimum level 
of antibiotic suitable for the selection was established.  
 
When cultures were treated with Agrobacterium rhizogenes pRi1855 opine, analysis was 
made using the system of Petit et al. (1983). The method of Mc Donnell et al. (1987) was 
used for NPTII analysis when Agrobacterium tumefaciens LBA4404-pBIN19 was used. 
Histochemical GUS activity (Jefferson 1987) was tested when the reporter gene was used.  
 
 
3.2.3. Determination of cutting production potential of hybrid aspen clones in stock plant 
method and successive production method (Paper III) 
 
Cutting production potential of two different propagation methods, stock plant method and 
successive production methods, were compared.  
 
Micropropagated shoots were planted in ten randomised plots using eight shoots from each 
of ten hybrid aspen clones. The length of all rooted plants was measured and the number of 
produced two-node softwood cuttings was counted once every three weeks in the stock plant 
method. 
 
In successive production methods similar number of cuttings with similar design were 
planted and their performance was observed after four weeks. Every time shoots were cut 
down they were used for a new rooting study using the same design as mentioned before. 
After every four weeks the same procedure was repeated. 
 
All experiments were grown in an air-)��������������"���������������������������² s��¹ 
light intensity. The temperature varied between +16 and +22 ºC and the relative humidity 
maintained at 90%. 
 
 
3.2.4. Determination of cutting production potential of fractionally etiolated donor plants 
of potato clones from tissue culture and from cutting origin and survival rate of the donor 
plants (Paper IV) 
 
Microcuttings from tissue culture were planted in a randomised single-plant plot design. 
Five varieties were randomised within each of the 20 plots. The length of the stock plants 
was measured and the number of produced leaf-bud cuttings was counted after every 3 
weeks when the shoots were cut.  
 
Cuttings from the fifth and sixth cuts were used as a source of new donor plants. Their 
performance was followed as above.  
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Growing environments were kept as simple as possible to allow easy replication of the 
procedure under any circumstances and in any location. This includes the use of metal 
stands and shelves, cool-white light tubes, cheap plastic trays with transparent covers and 
soil mix of non-sterilised peat and sand.   
 
Potential virus infections by potato viruses A, M, S, X and Y were tested from the sixth cut 
of the line B and C by DAS-ELISA test. The same test was repeated using similar material 
from the 7th cut of both lines.  
 
Rooting ability of the propagated cuttings was tested at the end of all of the three 
experimental lines by rooting them in soil.  
 
 
3.2.5. Determination of the effect of genotype, age, and treatment of stock plants on the 
production of root cuttings (Paper V) 
 
One and two-year-old stock plants were used. The stock plants were grown in plastic pots 
and later transferred to 10 litre plastic containers.  
 
The two-year-old stock plants underwent one of the following treatments: 
 

• * of the total root mass was cut off in May and in August 
•  ½   of the total root mass was cut off in May and in August 
• 0.25 mM IBA-solution (indole-3-butyric acid, 50 ml) was applied to each pot of the 

stock plants in May and in August 
• 0.025 mM NAA-solution (+-napthaleneacetic acid, 50 ml) was applied to each pot of 

the stock plant in May and in August 
• Control, stock plants were cut down in the autumn when the leaves had fallen off 
• Control, untreated 

 
The one-year-old stock plants were treated as above except that the repeated root cutting or 
hormone applications were absent to avoid stressing the young plants too much. 
 
The experiment started in May at which point the stock plants had grown for one and two 
years. There were four one-year-old stock plants per clone needed to obtain a sufficient 
number of root cuttings for each treatment. Two-year-old stock plants had a much larger 
root system and one stock plant per clone produced enough root cuttings for further studies. 
 
Roots of the stock plants were cut into pieces 4 cm long and 2 mm in diameter, and planted 
horizontally in plastic containers. Sprouting of root cuttings was observed daily, and when 
shoots first emerged the experiment was checked three times weekly. Sprouting here means 
a new growth on a plant and was observed when a new shoot of a root cutting had emerged 
on the surface of the soil. Shoots were transplanted and moved outdoors one week later. 
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3.3.   Statistical analyses 
 
The statistical analyses were performed (III, IV, V) with the SYSTAT general Anova or 
GLM procedures (Anon. 1999).  
 
The data refers to the main effects of: 

 
• cutting generation and clone on number of produced cuttings in both methods (III) 
• methods in their ability to produce cuttings was analysed with a t-test (III) 
• lines, varieties, and different cuts in their ability to produce cuttings (IV) 
• age of stock plant, clone, treatment on sprouting of cuttings (V) 
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4.    RESULTS AND DISCUSSION 
 
 
4.1.  Quercus  – a model for avoiding difficulties at the start of tissue culture (I) 
 
There are several problems to overcome when tissue culture is used for plant propagation or 
when it is used to produce rejuvenated plant material for further conventional clonal 
propagation. Phenol oxidation is one of these problems.  
 
Phenol oxidation is a common problem in tissue culture when plant organs are cut for 
transference to media. It can lead to undesirable wound responses. Explants might blacken 
or get brown and they might leak oxidised products into the media. Free radicals might also 
attack membrane lipids of the plant tissue and cause lipid peroxidation (Benson 1990). 
 
We arrived at promising results using a specific antioxidant  pretreatments (ascorbic acid, 
citric acid, L-cysteine hydrochloride and PVP) for seed embryos and meristems of oak 
(Quercus robur L. and Q. petraea Matt.). This was to avoid oxidation of phenols in the 
tissues. All of the pretreatments showed a positive effect against browning of the explants, 
but the use of ascorbic acid was the most effective and long lasting treatment. The effect of 
citric acid was almost as good as that of ascorbic acid but the viability of the treated 
meristems was lower. We also discovered that the clone or tree age did not significantly 
affect the degree of browning of explants. 
 
The pretreatments had additionally a beneficial effect against bacterial and fungal 
contamination. The degree of contamination of the treated explants was 25% lower than that 
of the control explants. The pretreatments resulted clearly higher viability compared to 
controls.    
 
Soaking explants in antioxidants was more beneficial for the meristems than for the seed 
embryos. The meristems of adult trees produced about 5 shoots and seed embryos 10-20 
shoots per explant in about 15 weeks. Although the viability of pretreated meristems and 
embryos was in every case better than that of untreated material we obtained rooted plantlets 
only from explants of seed embryos and failed to root all of the explants from meristems of 
mature trees.  
 
Oxidative stress in the beginning of the tissue culture procedure is a major problem 
particularly with woody species (Benson 1990). If the problem can be avoided when 
meristem culture is established, the following propagation might be easy to carry out. This is 
particularly true with some woody species, such as Alnus incana and Betula pendula. 
Further multiplication is easy to carry out when oxidative stress is avoided (Haapala and 
Niskanen 1992). 
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4.2.  Use of rol-gene on rooting – a model for difficult-to-root species (II) 
 
The ability of cuttings to form a good root system is an important factor when using a 
cutting propagation or micropropagation scheme for different plant species. There are a 
good number of commercially important species that are difficult-to-root by any known 
methods. The use of rol-gene might be a partial solution to some of these cases. 
 
Tzfira et al. (1996) have managed to harness the rol-genes from Agrobacterium rhizogenes 
to aspen cultures. The propagated plants have an improved root system, increased number of 
roots and a larger root surface area (Tzfira et al. 1998). They assume that the rol-genes may 
be used for improving woody horticultural plants. Rol-genes result in a much shorter rooting 
time for cuttings and a higher root:shoot fresh weight ratio than the non-transformed plants. 
 
Our results indicate that the transfer of rol-genes into the tissue of woody species might 
possibly be a way to induce root formation and to produce a stable root system for a plant.  
 
In prior experiments with the binary vectors we determined the lowest level of kanamycin 
for the successful selection of putatively transformed tissues. The species used differed 
greatly in their responses to kanamycin treatment. The growth of Sorbus aucuparia, Sorbus 
x thuringiaca ‘Fastigiata’ and Crataegus x mordenensis ‘Toba’ were inhibited by 35 mg/l 
kanamycin while the growth of Betula pendula, Malus baccata, Salix ‘Blanda’ and 
Viburnum opulus f. roseum were inhibited by 100 mg/l kanamycin. The other used species 
belonged to an intermediate group and the level of kanamycin needed to select the putative 
transformed tissues was between the mentioned two levels.  
 
Internodal explants from Salix ‘Blanda’ and Prunus cerasus produced a large amount of 
roots on agar surface after being co-cultivated with A. rhizogenes 1855. Opine analysis 
proved the roots to be transgenic. Untreated control explants did not form any roots. Sorbus 
x thuringiaca ‘Fastigiata’ produced a large amount of callus after the bacterial infection. 
This morphological response may be due to the action of rol-genes within the plant cells. 
Similar kinds of results have been reported earlier (e.g. Rinallo and Mariotti 1993). 
 
We observed at the wound site of Malus baccata and Viburnum opulus f. roseum formation 
of slow growing hard callus that was kanamycin-resistant. Both cases showed histochemical 
GUS presence and NPTII activity, which show the callus to be from transformed tissues. We 
got similar kinds of results when using A. tumefaciens as a vector.  
 
The applied protocols failed to regenerate shoots of any resistance to kanamycin of any used 
species despite the initial production of neoformed shoots. However in several cases we 
obtained roots from the wound area or from the surrounding callus which were transgenic. 
This was proved by their kanamycin resistance and the presence of NTPII activity.  
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4.3.  Effect of clone on propagation capacity and rooting (I, III, IV, V)  
 
Many studies indicate the effect of clone on the success of shoot production in 
micropropagation (e.g. Karhu 1995). In our tissue culturing studies of Quercus (I) we 
wanted to know if the level of phenols affects on the success of tissue culturing. Different 
clones had clearly different levels of total phenolic content in their tissues.  However we did 
not find any correlation between the levels of phenols and shooting or rooting success. This 
indicates that selection of clones by their low total phenolic content might not be an efficient 
tool for finding suitable clones for micropropagation or rooting of cuttings.  
 
There are significant differences among different species in their ability to root. There can 
also be great differences among different varieties or accessions and even among individual 
plants of the same species in rooting ability (Hyun 1967, Hess 1963). Schier (1974) found a 
large variation in the rooting ability of softwood stem cuttings amongst clones of Populus 
tremuloides, as well as in sucker production from root cuttings. Clonal differences of 
Populus family in rooting ability have been reported elsewhere also (Ying and Bagley 1977, 
Schier 1980). Dreesen and Harrington (1999) also found clear differences among clones 
when using root cuttings of aspen for propagation. However they also found differences 
among stock plants of the same clone.  
 
Our results in cloning hybrid aspen clones (III) are similar. Clones were significantly 
different in their ability to produce cuttings. In both propagation methods the best clones 
produced far more new cuttings than the poorest ones. The effect of clone on the number of 
cuttings produced was significant in both methods, the stock plant and the successive 
propagation method. It is clear that selection of clones for the kinds of softwood cutting 
propagation methods is essential for the success of propagation. 
  
We found a significant difference among varieties in their abilities to produce cuttings in our 
potato cutting study (IV). The best producing variety produced twice the amount of new 
cuttings in 18 weeks than the lowest producers. All of the cuttings produced in vivo rooted 
and almost all (97%) of the cuttings from in vitro also rooted. The survival of stock plants 
also differed considerably. The best survival remained as high as 90% and the poorest one as 
low as 60% after six cuts and 18 weeks. 
 
Clonal differences were clearly also seen in our aspen root propagation studies (V). There 
was a significant difference amongst the different clones in their sprouting ability and a great 
difference in their ability to produce cuttings. Among the one-year-old stock plants, the most 
productive clone produced twice as many root cuttings as the least productive one. In the 
two-year-old stock plants the most productive clone produced about 60% more cuttings than 
the poorest one. However, only variation between two clones out of five gave statistically 
significant results in paired tests.  
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The selection of clones is a key issue in establishing ways to clone plants. Several 
researchers have found this process of selection very important for the success of 
propagation or rooting different kinds of cuttings (e.g. Yu et al. 2001b, Zsuffa 1993). 
 
 
4.4.  Effect of juvenility on rooting (III, IV, V) 
 
We have good reason to believe that rejuvenation has taken place during the 
micropropagation of our hybrid aspen clones (III). The origin of all of the used clones was 
from clearly mature trees aged between 40 and 70 years. Cuttings from these old trees are 
normally very hard to root due to the lack of any juvenility (Greenwood 1987, Davies 1983). 
Heybrock and Visser (1976) failed to root cuttings from mature Populus tremula and P. 
tremuloides. Both are parent species of the hybrid aspen clones used for our studies 
(Pulkkinen 2002). 
 
Although Eliasson and Brunes (1980) claim that all parts of aspen plants including young 
shoots are difficult to root, 95 % of our micropropagated explants of hybrid aspen rooted and 
85 % of these plants survived over all six repeated, heavy pruning procedures. These good 
rooting results we believe indicate the juvenile nature of our plant material.  
 
Noh et al. (1988) also combined tissue culture and conventional cutting techniques. The 
origin of their cultures differs to ours. Firstly they grew root suckers from mature Populus 
davidiana and used them as a source for tissue culture propagation. Plants grown from the 
propagated tissue cultures were used as a source for conventional cutting propagation. They 
claim that tissue culture in the case of P. davidiana is needed only for the first phase of 
propagation. However the process of rejuvenation that could occur during micropropagation 
is not required because of the juvenile nature of roots (Fordham 1969). 
 
The fact that no rooting hormones were used in our studies shows clearly the juvenile nature 
of our rooted plants. In several studies of other researchers hormones are used with 
significant improvements in the rooting success of aspen cuttings (e.g. Schier 1980). 
 
There was a clear gradual degrease of vigour in our produced hybrid aspen cuttings towards 
termination of the experiment. A reason for the slow decrease of vigour of the cuttings might 
not be the decline of juvenility but the exhaustion of the stock plants. Plants were grown in 
low-light conditions and they were continuously pruned. In the case of successive 
propagation the cuttings intended to become new stock plants were possibly already weak 
when rooted. When Nanda and Jain (1972) attempted to root their etiolated stem cuttings of 
Populus nigra they failed but when sugar solution was applied the cuttings produced roots. 
Declined juvenility, and short of carbohydrates are not the only explanations to the slow 
degrease of vigour of the hybrid aspen cuttings in our experiment. It is also important to 
consider possible seasonal effects. After six months of continuous growth, plants might have 
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a tendency to turn easily to dormancy. Similar kinds of seasonal changes in plant 
propagation have been observed earlier as well (e. g. Nanda and Anand 1970, Hudson 1954).  
 
Potato microcuttings used for our studies (IV) were originally from tissue culture. Almost all 
(97 %) of the cuttings rooted and grew well. Goodwin et al. (1980) arrived at similar kinds 
of results but the rooting results of Goodwin and Brown (1980) were much weaker. Their 
rooting rate varied between 40 % and 70 %. All of our cuttings from stock plants with 
cutting origin rooted and grew well. No rooting or other types of hormones were used in any 
stages of the experiment.  
 
Some other researchers have used cuttings different from the leaf-bud cuttings used in our 
study. Ewing (1978) used potato cuttings, each having one or more leaves. His cuttings were 
from fully-grown potato plants and for that reason, were much bigger than those used for our 
experiments. The behaviour of the plants grown from these kinds of large cuttings with 
normal sized leaves is very different from those of our studies. While these plants exhibited 
a mature performance, ours clearly represented juvenility. Our juvenile plants developed and 
looked like normal potato seedlings. Stock plants and cuttings retained their juvenile 
characteristics throughout the entire experiment. A long photoperiod, as in our studies, 
might also help plants to remain in the juvenile stage. Demagante and Vander Zaag (1988) 
found in their studies that a long photoperiod delayed maturity and tuberization of potato 
plants, and increased their branching and height. Our best stock plants in the cutting 
production were very twiggy. 
 
Escobar and Vander Zaag (1988) found that potato stock plants from tissue cultures were 
best for cutting production and senesced later than stock plants from other origins. Other 
types used were tuberlets, sprouts and cuttings. They suggest that the physiological age of 
the stock plant is important for their productivity and longevity. This is comparable with our 
observations that all of the cuttings originally from micropropagation were excellent in 
rooting and vigour.  
 
A good number of stock plants died while they were repeatedly pruned to procure cuttings 
for the following steps of the experiment. This cannot be counted as senescence or plant 
maturity. There was no tuber formation in any stages or when the experiment was 
terminated. One explanation for the high rate of death is competition among the stock plants. 
They were placed in a very small space with a small quantity of soil. The best cutting 
producer varieties lost many more stock plants than those that produced the least. Heavy and 
continuous pruning possibly lowers plant survival. Slow growing plants or plants in 
dormancy possibly survive much better. 
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Figure 1. Potato cuttings in both propagation methods. Tissue culture (left) and 
microcuttings in vivo (right). They both have the same characteristics, which are not typical 
to normal potato sprouts from tubers. (Photo: Haapala, T. and Heikkilä, S.) 
 
Heybrock and Visser (1976) have discovered that adventitious roots and root suckers of 
Populus tremula and P. tremuloides are juvenile and easy to root. Aspen and hybrid aspen 
root cuttings of our studies (V) were also easy to root. We believe that it clearly indicates the 
juvenile nature of the cuttings. The average sprouting percentage of all of the cuttings was 
quite high. We believe that the reason for the failure of some of the cuttings to emerge was 
not due to their juvenile nature nor its absence but the physiological condition of the stock 
plant of that particular root pieces. Significant differences among the effects of different 
treatments indicate the same results.  
 
Although our stock plants were grown from adventitious roots, which have been shown to 
have juvenile nature, the original clones were from old and mature aspen and hybrid aspen 
trees. The stock plants prior to the experiment were also micropropagated. This has been 
shown to improve juvenility of some plant species (e.g. Diaz-Sala et al. 1990) and might 
have some effect to our results.            
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4.5.  Effect of low-light environment on rooting (III, IV) 
 
A certain level of light is needed for sufficient photosynthesis, assimilation and rooting. 
Aspen softwood cuttings root well in low light intensity but not in darkness nor in a very 
low level of light indicated in the studies of Eliasson and Brunes (1980). They suggest that 
rooting should take place in low light intensity and that further growth should then take 
place in a higher light intensity. Higher light intensity in their experiments possibly caused 
more severe water stress and therefore poorer rooting results. One of their assumptions is 
that light increases the level of rooting inhibitors.  
 
Low light intensity was also used for our hybrid aspen cutting propagation (III). We believe 
that survival rate of cuttings is a good indicator of their rooting ability. The rate was close to 
70% in the beginning of both of the propagation methods. Survival declined to 
approximately 25% towards the end of the experiment. Eliasson (1968) has shown that light 
is needed for root growth of aspen cuttings. He found that the optimal level of light was at 
4000 – 10 000 lux and that lower levels of light drastically reduced success. This has 
relevance to our study regarding excessively lowered levels of light intensity. While the 
lower levels may lead to growth of longer internodes, which makes it easier to handle the 
cuttings produced, the exhaustion of the stock plants is also a risk. 
 
Some researchers are convinced that failure in the rooting of aspen is not caused by 
insufficient carbohydrate reserves. It seems that the rooting of cuttings of aspen in the 
studies of Okoro and Grace (1976) improves photosynthesis and not that photosynthesis 
improves rooting. 
 
When Benz et al. (1996) reduced the amount of sun light by 25 % using shading it improved 
branching of the mother plants of potato and they grew longer internodes compared to the 
control plants. Cuttings taken from these shaded mother plants were more successful in the 
rooting process. If the shade was denser it reduced the branching of mother plants and the 
rooting of cuttings. 
 
Goodwin (1981) observed the best rooting of potato single-node cuttings under 80% shade. 
However the best production rate of new cuttings was under 30-50% shade. His propagation 
system was most similar to that of ours (IV). It was however far more complicated, and in 
our opinion, unnecessarily so.  
 
According to Vander Zaag and Escobar (1990b) low light intensity results thinner plants of 
potato with small leaves, which is an advantage and makes it possible to propagate plants in 
small spaces. In their study the low light intensity did not affect plant survival, and only 
minimally affected the root number. This is a clear advantage for our potato propagation 
system. Many stock plants can be grown in a small space, which makes the system very 
efficient and economic. All of our plants had juvenile characteristics similar to seedlings 
through the whole experiment. From already rooted and grown cuttings all new taken 
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cuttings rooted. The low-light environment did not effect to the vigour of the cuttings 
produced but possible did effect the survival of the stock plants which declined towards the 
end of the experiment.  
 
It has been observed that a long photoperiod increases branching and internode number of 
potato plants, and delays tuberization and maturity. (Demagante and Vander Zaag 1988). 
We also used a long daily photoperiod of 16 hours. Branching of potato stock plants was 
heavy and internodes were long enough to make it easy to handle the produced leaf-bud 
cuttings. No tubers were observed during the six months of the experimental phase. 
Demagante and Vander Zaag (1988) also recommend using shading to improve yield with a 
delay in maturity. However this advice needs to be considered only if the growing season is 
long enough as shading also delays the tuber initiation.  
 
 
4.6.  Replacement of some of the multiplication from a high-tech to a low-tech 
environment (III, IV, V) 
 
 

 
Figure 2. Two-node softwood cuttings of hybrid aspen plants grown in low-tech 
environment and ready to be transferred or to be cut for new cuttings. (Photo: Viirros, R.) 
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Our selected hybrid aspen clones were easily multiplied by the use of tissue culture (III). A 
reason for this could be the rejuvenation achieved or any other physiological phase change. 
Whatever the reason, there is no need to continue using expensive micropropagation 
methods for the multiplication of aspen once this phase is achieved. Our results indicate that 
the selection of clones is still needed. The best clones were significantly better in the 
production of new cuttings than in the weakest ones. 
 
The softwood cuttings of hybrid aspen were easy to root without any rooting hormones. The 
produced cuttings exhibited a high quality and were similar to seedlings. Our aspen stem 
cuttings have not shown any plagiotrophic growth, which means that a new plant has 
characteristics of branches (Schier 1980). Our result differs to some other studies in this 
respect. 
 
Good planting material with much vigour is very important for potato production. This is a 
major obstacle particularly in the tropics where simple and cheap agricultural practices are 
required (Vander Zaag and Escobar 1990b, Uyen and Vander Zaag 1983). Our results (IV) 
show that potato leaf-bud cutting production is an efficient method to multiply virus-free 
planting material for cultivation of potato. 
 
Hossain (1993) produced up to 191 leaf-bud cuttings from one potato plant in his 
experiments in normal light environment when he tried to improve the efficiency of potato 
cloning. Each leaf-bud cutting produced one tuber but apical-bud cuttings as many as 6, all 
weighing more than 20 grams. He claims that the method is 843-fold in multiplying the 
planting material and the conventional method was only 7-fold. Vander Zaag and Escobar 
(1990a) produced 1600 cuttings per 100 stock plants per every ¼ square meter within four 
months. Cole and Wright (1967) managed to produce eight new plants from a tuber. They 
estimated that these plants could produce at least 5000 new rooted cuttings within six 
months.  Goodwin (1981) claims that a single-node-cutting method in which original 
cuttings are obtained from tubers is faster and simpler than the aseptic culture method. He 
managed to produce up to 300 cuttings per tuber within two months and up to 200 new 
cuttings fortnightly for the next two months. Hossain and Vecchio (1999) used a similar 
method but their results were not quite as impressive. Their multiplication rate was 1:107. 
According to them the efficiency of the conventional propagation method is 1:10. Our 
production results have been even better than the ones discussed here. We believe that the 
efficiency of the leaf-bud cutting method under a low-light environment can be comparable 
with the tissue culture method. 
 
He and Vander Zaag (1991) had difficulties in transplanting their rooted cuttings to the field. 
Only 40 % of the plants survived, and their growth was slow. A reason for this might be a 
heavy infestation of mites and thrips. We did not observe any difficulties in transplanting 
our cuttings to the greenhouse or to the field. They all took root and survived during the 
hardening period. 
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This method of using juvenile microcuttings can be utilised in the multiplication of some 
other species also. Kiswa et al. (1995, 1996) saw similar kinds of results in sweet potato 
propagation studies. They grew single-node-cuttings with success and recommend it to be an 
alternative method for mass propagation of pathogen-free material for farming.   
 
There are two disadvantages in using potato tubers for multiplying planting material. Storing 
these tubers exerts a high demand on spatial resources and human effort and tubers are used 
as a stable food for many. These problems are particularly worth mentioning when 
considering tropical regions of the developing world. In the tropics where the growing 
season is long, cutting propagation from disease-free stock plants can be a big advantage 
(Uyen and Vander Zaag 1983, Escobar and Vander Zaag 1988). Potato cutting production 
can be carried out in facilities that are simple and inexpensive. The production potential is 
good enough to fulfil the needs of commercial tuber production. Our experiments were 
carried out only up to the 8th cut. After this point there was still a capacity for all of the 
clones to produce more cuttings for rooting. This further potential should be investigated. 
 
If an inexpensive method is needed for the multiplication of aspen or hybrid aspen, the root 
cutting method is even faster and easier than the stock plant propagation method (V). Our 
clones originated from micropropagation, which might change the phase of the tissues from 
mature to juvenile which has also occurred in other studies (Diaz-Sala et al. 1990, Lyr ene 
1981). This makes it possible to propagate the clones that have desirable characteristics.  
From this point on, propagation of aspen is easy because root suckers have been found to 
have juvenile nature (Ballester et al. 1990, Hess 1963). 
 
Two-year-old stock plants are a particularly efficient source for root cutting propagation. 
The physical condition of the stock plant has a major effect on the success of propagation.  
 



 41 

5.   CONCLUDING COMMENTS 
 
In the beginning of tissue culture with oak harmful oxidation of phenols of explants can be 
avoided to a great extent by soaking the tissues in antioxidants prior to transference onto the 
culturing media. The pretreatments have also a beneficial effect against bacterial and fungal 
contamination. 
 
To overcome problems in rooting woody species the transfer of rol-genes into the tissues 
might be a method to induce their root formation and to produce a stable root system for a 
plant. The applied protocol failed to regenerate transformed shoots. In several cases 
transformed roots were obtained. The protocol might have some limited used for a few 
difficult-to-root species that are particularly valuable such as rootstock clones of fruit trees 
or roses. For most species the method is too complicated and thus expensive. 
 
The aspen softwood cutting method is an easy way of producing planting material. This is 
possible once the original mature plant tissue is micropropagated and the process of  
rejuvenation of the tissues during propagation has taken place. However in a low-light 
environment the method has limitations and can not be run for long time due to the gradual 
weakening of the stock plants and the produced cuttings. Insufficient photosynthesis and 
production of carbohydrates lead to a decline of vigour in the plants.  The root cutting 
method was a much more efficient way of producing hybrid aspen saplings. The method can 
be recommended for a large propagation of aspen and hybrid aspen plantlets. 
 
We discovered that asexual propagation of potatoes using leaf-bud cuttings is a very 
efficient way of producing virus-free plants. Low-light environments are well suited to 
potato propagation. The death of numerous potato stock plants may have been caused by the 
long growing time in dim light and continuous cuts of the stock plants. Although many stock 
plants were lost for the high death rate, the productivity of the best clones remained high. 
Growing potatoes in a low-light environment can be recommended for a large propagation 
of disease free planting material. However the method is not safe enough for keeping the 
nuclear stock plants. 
 
Proper selection of clones with good characteristics is essential for asexual propagation. 
Among clones there are clear and significant differences in the growth of cuttings as well as 
in the rooting ability. However, when selecting clones for propagation, it is not only the 
ability of the clones to root that should be considered. A mistake to avoid is to produce 
clones that are simply easily cloned while overlooking the clones that would be best for 
agriculture or forestry. Another important aspect to consider is the difference between clones 
that produce a large amount of cuttings and those that also have a great ability to root.  
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YHTEENVETO 
 
Vegetatiivisessa eli kasvullisessa lisäyksessä käytetään monia eri menetelmiä monistaa 
emokasvi lukuisiksi identtisiksi jälkeläisiksi. Menetelmien etuna on nimenomaan se, että 
emokasvin valitut arvokkaat ominaisuudet säilyvät juuri samanlaisina myöskin lisätyssä 
jälkeläistössä. Kaikki kasvullinen lisäys on kloonaamista. Menetelmä on tärkeää niin 
maataloudessa, puutarhataloudessa kuin myös kasvinjalostuksessa ja ympäristö- ja 
kasvifysiologisissa tutkimuksissa. 
 
Vanhojen tai sukukypsien kasvien kasvullinen lisääminen on yleensä paljon vaikeampaa 
kuin nuorten kasvien kloonaaminen. On kehitetty erilaisia menetelmiä nuorentaa vanhaa 
kasvimateriaalia, solukkoviljely ja mikrolisäys ovat osoittautuneet näistä tehokkaimmiksi ja 
ne ovat siksi laajalti käytössä. 
 
Vaikka kasvilajin mikrolisääminen hallittaisiinki hyvin voi sen aloittaminen olla 
ongelmallista. Aloitussolukoiden ruskettuminen, mustuminen ja kuoleminen on yleistä. 
Tämä johtuu haavapinnan erittämistä fenoleista ja niiden hapettumisesta. Kokeissamme 
tammen alkioita ja kärkikasvupisteitä, jotka oli otettu vanhoista puista, pidettiin ensin jonkin 
aikaa erilaisissa antioksidantti-liuoksissa. Kaikki tutkitut esikäsittelyt osoittautuivat 
hyödyllisiksi, askorbiinihapon käyttö niistä kaikkein parhaaksi. 
 
Kun kasvit on onnistuttu nuorentamaan ja niiden mikrolisääminen hallitaan, usein nousee 
esiin muita ongelmia. Useiden  lajien mikrotaimia on vaikeaa tai mahdotonta juurruttaa. 
Tutkimme Agrobacterium rhizogenes -bakteerin käyttöä pohjoisten puuvartisten 
koristekasvilajien juurruttamiseen. Tutkimustuloksemme osoittavat, että rol-geenejä, jotka 
aiheuttavat runsaan juurenmuodostuksen, voidaan siirtää joidenkin näiden lajien kasvien 
solukoihin. Menetelmä on kuitenkin monimutkainen ja kallis ja siksipä se ei sovellu kuin 
vain erityisen arvokkaiden lajien ja kantojen taimien juurruttamiseen.  
 
Vaikka mikrolisäys onkin hyvin nopea ja tehokas lisäysmenetelmä, se on kallis. Halvemmat 
menetelmät ovat tarpeen monille kasvilajeille. Testasimme emokasvi- ja jatkuvan 
pistokastuotannon menetelmää kymmenen hybridihaapakloonin lisäämiseen. 
Emokasvimenetelmässä samasta emoyksilöstä leikattiin uusia pistokkaita aina kolmen 
viikon välein. Jatkuvan pistokastuotannon menetelmässä pistokkaat juurrutettiin ja niistä 
leikattiin uudet pistokkaat neljän viikon kuluttua, jotka puolestaan juurrutettiin ja käytettiin 
uusina emoina. Tätä jatkettiin, kunnes pistokastuotanto oli merkittävästi hidastunut. 
Emokasvimenetelmä oli selvästi tehokkaampi vaikka molempia menetelmiä voidaan 
menestyksellä käyttää hybridihaavan puutumattomia varsipistokkaita lisättäessä. Kloonien 
välillä havaittiin merkittäviä eroja niiden taimien kasvussa ja kyvyssä tuottaa uusia 
elinvoimaisia pistokkaita. 
 
Testasimme emokasvimenetelmää myös viidellä perunalajikkeella käyttäen mikrolisättyjä ja 
pistokaslisättyjä lehti-silmupistokkaita lisäyksen aloittamiseen. Lehti-silmupistokkaat ovat 
yhdestä kahteen senttimetriä pitkiä pistokkaita, joissa on pieni nuoruusvaiheen lehti ja 
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hankasilmu varrentyvineen. Eri lajikkeiden välillä oli suuria eroja niiden kyvyssä tuottaa 
uutta lisäysainesta. Nopeimmin lisättävä lajike lisääntyi pistokasmenetelmällä jopa 
nopeammin kuin mitä se lisääntyy kaupallisessa mikrolisäyksessä. Kaikki tuotetut 
pistokkaat lisäyksen eri vaiheista juurtuivat hyvin ja tuotetut kasvit olivat vapaita testatuista 
yleisimmistä perunaviruksista.  
 
Joitakin kasvilajeja voidaan lisätä paloittelemalla niiden juuria, mitkä säilyvät luonteeltaan 
nuorina vaikka kasvi itse olisikin jo vanha. Tutkimme yksi- ja kaksivuotisten 
hybridihaapojen emotaimien kykyä tuottaa juuripistokkaita ja näiden pistokkaiden kykyä 
lähteä kasvuun. Emokasvien erilaiset esikäsittelyt vaikuttivat merkittävästi tuotettujen 
pistokkaiden kasvuunlähtöön. Samoin eri kloonit poikkesivat merkittävästi toisistaan 
pistokkaiden tuottokyvyn, kasvuunlähdön ja siihen tarvittavan ajan suhteen. Genotyyppinen 
valinta on tuotantoteknisesti ja taloudellisesti tärkeää, kun juuripistokasmenetelmää 
käytetään hybridihaavan lisäykseen.  
 
Koko tutkimustyön yksi keskeisiä kiinnostuksen kohteita on ollut löytää tehokkaita 
lisäysmenetelmiä maa- ja metsätaloudelle tärkeille kasvilajeille. Erityisesti huipputekniikan 
osittaista korvaamista yksinkertaisemmilla menetelmillä kasvien lisäämisessä on pohdittu. 
Keskeistä tällöin on se, säilyykö tuotannon tehokkuus myös vaihtoehtoista menetelmää 
käytettäessä. Varsinkin maanviljelijät ja metsän kasvattajat kehitysmaissa ja alueilla, joiden 
infrastruktuuri ei ole kovin kehittynyttä, voisivat hyötyä tutkimuksessa käytetyistä 
edullisista lisäysmenetelmistä, joihin ei tarvita paljon teknistä osaamista ja laitteita.  
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