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Abstract: Somatic embryogenesis is the latest, and potentially the most efficient, method for the vegetative
micropropagation of plants. Over the past three decades, numerous laboratory studies have investigated
somatic embryogenesis of forest trees, yielding positive results for a number of economically important
tree species. The first test trials were run and plantations were planted with interior spruce in the 90s by
CellFor Inc. (Canada). However, at the beginning of the XXI century, the program to produce spruce and
Douglas fir somatic seedlings was stopped for economic reasons. Thus, currently no operational program is
ongoing except on a small scale in New Brunswick. In order to integrate somatic embryogenesis technology
into operational reforestation programs, the production costs of forest tree somatic seedlings needs to be
reduced, and the awareness of foresters and forest landowners that the material obtained through somatic
embryogenesis is valuable needs to be increased. This awareness would enable implementation of this
technology on a large scale for production and forest management throughout Europe including Poland. In
this review, the importance of somatic embryogenesis in scientific research and in global and European for-
estry is presented. Our main aims are to provide basic information on the challenges in researching somatic
embryogenesis of forest trees and to raise interest in this tree propagation technique in both scientists and
foresters.
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Introduction

Vegetative propagation of forest trees as a meth-
od for the production of new trees via regeneration
from the tissues of the donor tree has increasingly
been used in breeding programmes (Szczygiel &
Hazubska-Przybyl, 2010). This type of propagation
retains desirable breeding traits in the progeny to a
higher extent than sexual propagation. The progeny
obtained vegetatively has the same genotype as the
donor tree, and thus, is its clone. Vegetative progeny

is obtained using various methods of tree propaga-
tion, such as rooting of shoot or root cuttings, layer-
ing or grafting. The effectiveness of these methods is
often dependent on the age and physiological state of
the donor plant. Micropropagation (i.e., propagation
in vitro) by axillary shoot multiplication, organo-
genesis or somatic embryogenesis is in many cases
a more useful method of vegetative propagation of
trees as compared to the traditional ones. As a result
of organogenesis, microshoots prime for rooting are
obtained after the treatment of plant fragments with
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plant growth regulators added to the medium. In so-
matic embryogenesis, vegetative embryos (somatic
embryos) are produced from a single cells of explants
as a bipolar structures with a root and shoot axis, ca-
pable of germination and development into somatic
seedlings (emblings).

Currently, forest areas are quickly shrinking while
the demand for wood continues to increase. To ob-
tain an additional source of raw timber outside the
forest ecosystem’s, large-scale plantations of various
forest tree species were created (Sutton, 1999; Lane,
2004). On these plantations, Douglas fir (Pseudotsu-
ga menziesti), loblolly pine (Pinus taeda), radiata pine
(Pinus radiata), poplars (Populus spp.), and gum trees
(Eucalyptus spp.) predominate, which are character-
ized by rapid growth and high resistance to diseas-
es and pests and are sources of high-quality wood
(Lane, 2004). Although forestry plantations account
for only a small percentage of the forested areas
worldwide, one third of industrial round wood pro-
duction comes from plantations; this trend is grow-
ing (Bonga, 2016). To achieve high productivity of
plantation crops, high quality of the planting stock
must be guaranteed. The genetically improved plant-
ing stock is obtained from high quality seeds from
seeds orchards, both by open and controlled polli-
nation (Bonga, 2016). However, seed orchards have
some limitations (e.g., not all trees produce seeds,
some seeds yield poor progeny because of self-polli-
nation, etc.) (Lelu-Walter et al., 2013). Therefore, in
many cases, vegetative propagation is a better solu-
tion. For instance, good results were obtained after
application of the cuttings of the rootings in species
such as Eucalyptus grandis, Pinus radiata or Picea abies
(Titon et al., 2006; Szczygiel & Hazubska-Przybytl,
2010; Hogberg & Varis, 2016; Bonga, 2016). How-
ever, this technique is often limited to certain clones
because of poor rooting of cuttings (Titon et al.,
2006). Therefore, currently, many forest companies
are interested in applying micropropagation tech-
niques for the production of high quality planting
stock (Adams et al., 2016; Goh & Monteuuis, 2016;
Pinto et al., 2016). In vitro microcuttings were suc-
cessfully applied, e.g., in mass propagation of Tecto-
na grandis (Goh & Monteuuis, 2016) and Eucalyptus
ssp. (Pinto et al., 2016). Somatic seedlings have been
used in commercial propagation of Picea glauca and
Picea glauca (Moench) Voss X P. engelmannii Parry ex.
Engelm. Silvagen Inc. produced over 300 000 seed-
lings in 1997-98 (Grossnickle & Sutton, 1999). This
program increased to produce one million seedlings
as Silvagen Inc. transitioned into being part of Cell-
For in 2001. No production level information has
been published recently.

Within the last thirty years of research on somat-
ic embryogenesis in many forest tree species world-
wide, including Europe, much attention has been paid
to its efficiency in the multiplication of this group
of plants (Bajaj, 1995; Klimaszewska et al., 2007;
Hazubska-Przybyt & Bojarczuk, 2008; Lelu-Walter et
al., 2010; Nawrot-Chorabik, 2012). Although many
protocols have been developed, the practical applica-
tion of this micropropagation method is still limited
to a small amount of forest tree species. Currently,
numerous field tests of somatic seedlings of some
forest tree species in different countries have been
performed in order to introduce somatic embryo-
genesis on a wider scale in forestry and in commerce
(Hogberg & Varies, 2016; Find, 2016; Lelu-Walter et
al., 2016). According to Sutton et al. (2004), nursery
and field trials were ongoing with somatic seedlings
of some spruce species (e.g., Picea mariana, P. abies, P.
glauca, P. glauca x engelmanii complex), pine species
(Pinus taeda, P. radiata) or Pseudotsuga menziesii. Since
2008, comprehensive research on the optimization
of somatic seedling production of Picea spp. mainly,
by J.D. Irving, Limited (JDI), has been undertaken
(Adams et al., 2016). The current use of SE seedlings
in forest programs is being implemented primarily
by Arborgen under the term multi-varietal forestry
(http://www.arborgen.com/pine-varietal-technol-
ogy/); Arborgen purchased this micropropagation
system from CellFor Inc. when CellFor Inc. closed in
2012. Previously, both companies produced conifer
seedlings for the commercial market in North Amer-
ica (Grossnickle & Pait, 2008).

Somatic embryogenesis could be applied to the
propagation of selected high-value genotypes of var-
ious trees species. Further development of research
on somatic embryogenesis would allow the appli-
cation of this system in forestry on a global scale.
Implementation of somatic embryogenesis for the
production of forest trees in the framework of clonal
forestry in the future will enable a greater flexibility
and higher efficiency and production rate of geneti-
cally improved material, as compared to the rooting
of cuttings, thereby increasing the probability of cov-
ering the ever-growing demand for raw timber (Lane,
2004; Lelu-Walter et al., 2010; 2013).

In this review, the basic information on forest
tree somatic embryogenesis is presented in the light
of scientific research and its practical applications in
forestry. Our objective is to explain the challenges re-
lated to research on somatic embryogenesis of forest
trees both on the global scale and in European coun-
tries and to arouse interest in this reproduction tech-
nique in both the scientific and forestry communities.
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Somatic embryogenesis
as a research tool

Micropropagation by somatic
embryogenesis

Somatic embryogenesis is an excellent tool in tree
biology research, enabling the study of tree develop-
ment, physiology, disease resistance, genomics, me-
tabolomics, proteomics, epigenetics, and other areas
of research (Park & Bonga, 2010). Currently, a signif-
icant part of tree somatic embryogenesis research is
focused on tree development, starting from the induc-
tion of somatic embryos and finishing with the accli-
mation of the developed somatic seedlings to natural
conditions. In trees, somatic embryogenesis is a high-
ly complex process (Roberts et al., 1991; Bozhkov et
al., 2002; Hazubska-Przybyt & Bojarczuk, 2008) and
is often difficult to trigger (Hazubska-Przybyt et al.,
2015). Somatic embryogenesis is divided into sever-
al steps: culture initiation, proliferation, maturation
and in vitro germination. It is induced from various
explant types, such as immature or mature embryos
obtained from seeds, buds, needles, leaves (Toribio
et al., 2004; Nawrot-Chorabik, 2012) or shoot apex
explants (San-José et al., 2010). Some explants re-
generate a specific tissue type (embryogenic tissue)
in the presence of plant growth regulators (usually
cytokinins and/or auxins). Embryogenic tissues con-
tain early-stage somatic embryo structures, which are
mostly analogous to particular stages of zygotic em-
bryos present in normal seeds. These tissues may be
maintained for a long time under in vitro conditions
or in liquid nitrogen. Under specific physicochemical
conditions (ABA, BA, light, increased osmoticum),
parts of the tissues are capable of producing somat-
ic embryos (Klimaszewska et al., 2000; Bozhkov et
al., 2002; Hazubska-Przybyt & Bojarczuk, 2008). The

most productive embryogenic tissue lines (clones)
are a source of mature somatic embryos (Fig. 1). Ma-
ture embryos (at the cotyledonary stage), after dry-
ing in high relative humidity (Roberts et al., 1991) or
pre-germination cold treatment (Liao & Juan, 2015)
and finally after transfer onto the germination me-
dium, may convert into somatic seedlings (Fig. 2).
Somatic seedlings are subjected to acclimation to ex
vitro conditions, and finally somatic plants capable
of growth and development in nurseries and planta-
tions are obtained (Grossnickle & Folk, 2007; South,
2009). However, the last step is very difficult because
the transition from a petri plate into a nursery envi-
ronment requires a sophisticated transition handling
process and environmental control. For example, to
obtain good quality somatic seedlings, the somatic
embryo in vitro germination must be done within a
computerized incubation room with precisely con-
trolled temperature, humidity and light. Next, the
germinants must be hand-transported into miniplags
and finally delivered to the forestry nursery produc-
tion within a specific time period. This period of time
is 2-3 months of the calendar year when seedlings
can be transplanted into the soil (Sutton et al., 2004).

Currently, the somatic embryogenesis technique
is highly effective for a small number of tree species
including several larches, spruces, and pines (Bonga,
2016). Until now, mature and immature zygotic em-
bryos as for example for Q. robur (Chmielarz, 1999)
were the most useful explants for the induction of
somatic embryogenesis in many tree species. How-
ever, during the last decade, important advances have
been made in this area, and other explant types (e.g.,
leaves, apices, primordial shoots) derived from old-
er trees were used to induce this process. Toribio et
al. (2004) achieved somatic embryo induction from
leaves derived from mature hundred-year-old trees
of Quercus robur. Although the frequency was low
(0.3-3.6 depending on genotype and collection date),

Fig. 1 Somatic embryos obtained from embryogenic tissue,
originating from a mature zygotic embryo of Picea abies

Fig. 2 Somatic seedlings of Picea omorika under in vitro con-
ditions
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a large number of somatic embryos were obtained
by secondary embryogenesis. In Quercus subet, so-
matic embryogenesis was obtained both from leaves
derived from 2- to 4-month-old seedlings and from
hundred-year-old trees (Toribio et al., 2005). Some
leaves began to regenerate early-stage somatic em-
bryos after approximately 60 days in culture. Corre-
doira et al. (2012) induced somatic embryogenesis
from shoot apices and leaf explants of shoot cultures
derived from 6- to 7-year-old Quercus alba trees. So-
matic embryogenesis induction was obtained for two
out of the three tested genotypes, and its frequencies
ranged up to 3.4% and 50.7% for individual geno-
types. Recently, Klimaszewska et al. (2011) reported
somatic embryogenesis from primordial shoot ex-
plants for Picea glauca excised from the shoot buds
of 10-year-old somatic embryo-derived trees. The
somatic embryogenesis induction frequency ranged
from 7 to 82% for five tested clones using this type
of explant.

One of the current challenges in research on the
somatic embryogenesis of forest trees is to improve
the quality of somatic embryos and to reduce the
costs of somatic plant production to the level that
allows the implementation of this technique to for-
estry production (Lelu-Walter et al., 2013; Thomp-
son, 2014). Thus, the research on the optimization of
the efficiency of forest tree somatic embryogenesis is
still carried out (Krajndkova et al., 2013; Pérez et al.,
2013; Pullman & Bucalo, 2014). For example, some
researches replace the costly solid media, which is
routinely used in the production of somatic embryos,
with liquid media (suspension cultures) or tempo-
rary immersion systems (TIS) (Mallén et al., 2012;
Lelu-Walter et al., 2013; Pérez et al., 2013). Appli-
cation of both the suspension cultures and TIS may
increase the number of embryos that are produced
and considerably improve their quality (Lelu-Walter
et al., 2013; Ballester et al., 2016). According to Dai
et al. (2004), by using a system based on liquid me-
dia, it is possible to produce 24 600 somatic embryos
per 0.5 g of embryogenic tissue of tulip tree hybrids
(Liriodendron tulipifera X L. chinense) that are capable
of germination. However, in gymnosperms, the de-
velopment and maturation of somatic embryos in
liquid cultures is much more problematic despite the
high productivity level of immature embryos (Gupta
& Timmis, 2005).

Application of TIS improved the productivity of
embryogenic cultures in some tree species. For exam-
ple, in the case of the English oak (Quercus robur), it
was estimated that after using the TIS system the pro-
duction of somatic embryos was 85 000/m?, whereas
for semisolid cultures, it was approximately 12 000/
m? (Mallén et al., 2012). It was found that TIS had a
significant effect on somatic embryo synchronization
and on the number of obtained well-developed coty-

ledonary embryos (Mallén et al., 2012). This is very
important because the quality of embryos dictates
their conversion rate in the nursery. Recently, Pérez
et al. (2013) improved the growth intensity and em-
bryogenic tissue productivity of cork oak (Q. suber)
using one of the TIS - RITA® (Recipient for Automat-
ed Temporary Immersion). It was demonstrated that
the fresh weight increase of embryogenic tissues was
much higher in temporary immersion cultures than
in semisolid ones. The number of somatic embryos
that could be obtained was also much higher after
cultivation in a RITA® system.

However, the authors note the need for further
studies to determine the influence of the immersion
frequency on the quality and further growth of so-
matic embryos (maturation, germination). Current-
ly, an important issue to consider is the impact of the
TIS on the final conversion rate in the nursery. Good
results obtained for TIS has already allowed the use
of this micropropagation technique for commercial
production of somatic embryos of some woody crops
such as Coffea canephora (Ducos et al., 2011).

Cryopreservation of embryogenic
cultures

A great advantage of somatic embryogenesis is
that this method does not require the use of nurser-
ies from which the cuttings for rooting are collected.
Instead it allows the long-term storage of embryo-
genic tissue or somatic embryos of the selected lines
of specific genotypes in liquid nitrogen (-196°C; cry-
opreservation), which has been confirmed by numer-
ous studies (Park et al., 1998; Cyr, 1999, Hagmann et
al., 2000) for various tree species, for example: Quer-
cus robur (Chmielarz et al., 2005), Pinus nigra (Salaj
et al., 2007) or Picea abies (Hazubska-Przybyl et al.,
2013).

Good results were obtained, for example, for so-
matic embryos of Quercus robur (Chmielarz et al.,
2005), Picea sitchensis (Gale et al., 2008), and Alnus
glutinosa (San-José et al., 2015) and also for embry-
ogenic tissues of Picea omorika and Persea americana
(Hazubska-Przybyl et al., 2010; Guzman-Garcia et
al., 2013), after application of new cryopreserva-
tion techniques, based on vitrification. Using a pre-
growth dehydration method, almost a 100% recovery
rate was obtained for Picea omorika embryogenic tis-
sue (Hazubska-Przybyt et al., 2010). For Persea amer-
icana, recovery rates from 77.78 to 100% were ob-
tained (Guzman-Garcia et al., 2013) when applying
the droplet-vitrification method. These results sug-
gests that new methods may equal or in many cases
exceed the results obtained for the traditional con-
trolled-rate cooling method. Moreover, Kong and
Aderkas (2011) recently proposed a revolutionary
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method of cryopreservation without using cryopro-
tectants. In this method, the authors induced cry-
otolerance in the somatic embryos of interior spruce
and Douglas fir when embryos were matured or pre-
treated at 5°C for 4-8 weeks. In this way, the em-
bryos were prepared to successfully survive a rapid
cooling process and freezing in liquid nitrogen.

The possibility of the storage of plant material
obtained via somatic embryogenesis in liquid ni-
trogen can prevent the loss of embryogenic poten-
tial by individual lines and lower the risk of genetic
changes (Lopes et al., 2006; Park & Bonga, 2010;
Hazubska-Przybyl et al., 2013). However, some re-
ports revealed that cryopreservation may induce ge-
netic changes in this type of cultures (DeVerno et al.,
1999; Harding, 2004; Krajndkovd et al., 2011). For
example, De Verno et al. (1999) found some genetic
changes in embryogenic cultures of Picea glauca after
2 and 12 months after recovery from liquid nitro-
gen. These changes were not observed in plantlets
regenerated from recovered cultures. The authors
hypothesized that genetic instability might result
from repeated subculturing rather than from cryo-
preservation procedures. Similarly, Krajidkovd et al.
(2011) demonstrated some changes in the RAPD
profiles in embryogenic cultures of Abies cephalonica
that had been cryostored for 6 years. However, the
authors suggest that these genetic aberrations might
be the consequence of long-term cryopreservation or
somaclonal variation during the proliferation stage.
The monitoring of genetic stability in plants obtained
both directly after somatic embryogenesis procedures
and from cryostored embryogenic cultures remains
very important, especially when dealing with forest
trees. The appearance of new research methods that
can estimate changes not only at genetic but also at
epigenetic levels will soon allow better understand-
ing of this problem (Michalak et al., 2014).

Currently, most embryogenic cultures are estab-
lished primarily from young explants as immature or
mature zygotic embryos; cryopreservation enables
the ability to retain the juvenility and regenerability
of these cultures. This technique plays an important
role in the progeny testing of individual genotypes
obtained via somatic embryogenesis in the field to
confirm their superiority (Adams et al., 2016). Cry-
ostorage also enables the characteristics of the ob-
tained embryogenic lines (e.g., their embryogenic
potential). Moreover, it may also be applied for long-
term gene conservation of valuable cultures estab-
lished from selected elite trees in breeding programs
(Hdggman et al., 2000).

Use of embryogenic cultures for genetic
transformation

Somatic embryogenesis is more frequently ap-
plied as an excellent tool for the production of ge-
netically modified plants (Wadenbick, 2008; Vidal et
al., 2010), mainly due to the competence to express
introduced DNA at a high level and to differentiate
plants from single cells (Ellis, 1995). In forestry tree
species, positive results of genetic transformation for
both embryogenic tissues (Salaj et al., 2005; Tere-
so et al., 2006; Shekhawat et al., 2008) and somatic
embryos (Polin et al., 2006; Corredoira et al., 2007;
Vidal et al., 2010) were obtained. The genetic trans-
formation using embryogenic cultures was success-
ful for such species as Picea glauca, P. mariana, P. abies
(Klimaszewska et al., 2001), Pinus radiata (Walter
et al., 1994), P. patula (Nigro et al., 2004), P. nigra
(Salaj et al., 2005), P. pinaster (Tereso et al., 2006),
Pinus wallichiana (Malabadi & Nataraja, 2007), Abies
nordmanniana (Find et al., 2005), Santalum album
(Shekhawat et al., 2008), Castanea sativa (Corredoira
et al., 2007), Quercus robur (Vidal et al., 2010) etc.
The success of a specific method provides a stable
transformation of a particular gene and the ability
to regenerate transgenic plants. In trees the biolistic
method resulted in stable transformation for Pinus ra-
diata embryogenic tissues (Walter et al., 1994). The
authors also achieved the regeneration of transgenic
plants, in contrast to Salaj et al. (2005), who did not
succeed in regenerating of somatic embryos, despite
the positive results of transformation for embryogen-
ic Pinus nigra by this method.

Some reports showed that the efficiency of genet-
ic transformation is related to genotype (Corredoira
et al., 2007; Lin & Zhang, 2005). Polin et al. (2006)
reported that five of six tested lines were trans-
formed by Agrobacterium tumefaciens, but only four
of them were capable of proliferation. Corredoira et
al. (2007) demonstrated that both the genotype and
initial explant type (if somatic embryos were used)
played a crucial role in the successful transformation
of Castanea sativa. The highest transformation rates
were obtained for embryos at the globular stage com-
pared to the cotyledonary stage.

Although positive results for the transformation
of many forest tree species have been obtained, the
implementation of this technology to an operational
program is still in conflict with public opinion, which
is opposed to cultivation of the transgenic trees.
Consequently, all field trials require special permis-
sion from the government in all countries. Experi-
mentation on transgenic trees is carried out under
strict control for research purposes only (Malabadi
& Nataraja, 2007). Today, despite a large number of
limited field trials that have been globally established
(Ahuja, 2009), almost no commercial plantations of
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transgenic forest trees, with the exception of China
where insect-resistant transgenic poplars are culti-
vated commercially, exist (Ewald et al., 2006).

Somatic embryogenesis in global
forestry

As a result of the progress in research on tree so-
matic embryogenesis and the development of the
technology in some countries (Canada, the USA,
Australia, and New Zealand), clonal plantations of
selected coniferous trees, e.g., of the genera Pinus
and Picea, have begun to be established (Lane, 2004).
More than 20 years ago, in the province of New
Brunswick in Canada were created clonal plantations
of Picea glauca, P. mariana, Pinus strobus, and P. banksi-
ana (Park, 2002).

In the last decade, some organizations have been
working on commercialization programs for Picea
ssp., Pinus taeda, P. radiata and Pseudotsuga menziesii,
for example. In North America, CellFor Inc. deliv-
ered varieties of Pinus taeda seedlings to the market
(Grossnickle & Pait, 2008) before it was acquired by
Arborgen. Currently, a forest products company, JDI
in northeastern North America, is also interested
in the vegetative propagation of some conifers spe-
cies through somatic embryogenesis (Adams et al.,
2016).

In New Zealand and Ireland, somatic seedlings are
used as juvenile stock plants for large — scale produc-
tion of cuttings for rooting by some organizations.
This method has been very effective for Pinus radiata
and Picea sitchensis, for example. It enables decreasing
the production costs of a large number of cuttings
that can be harvested several times from the stock
plants during their life (Lelu-Walter et al., 2013).

Currently, the production costs of the tree seed-
lings obtained via somatic embryogenesis still re-
main high; this is the biggest impediment to inte-
grating this technology into forest programs. The
price for the final product is higher compared with
the material obtained using classical vegetative prop-
agation methods (South, 2009), mainly because of
the critical lab to nursery transition stage (i.e., con-
verting a somatic embryo germinant into a seedling).
However, until this issue is solved, somatic technolo-
gy will be too costly for a seedling production system
for standard forest regeneration programs. According
to South (2009), the unit price of somatic seedlings
in North America, depending on the order size and
type of planting material, is approximately 0.28 EUR
when ordering 30 000 bare-root seedlings. Howev-
er, for 2 000 000 seedlings, the cost would decrease
to approximately 0.195 EUR. Thus, few custom-
ers are interested in purchasing somatic seedlings.
High costs of somatic seedling production primarily

come from the need to individually handle embryos/
seedlings during maturation, desiccation, and ger-
mination/conversion of the somatic embryogenesis
process. These costs may be decreased by using a
computer to select quality somatic seedlings and us-
ing robotic handling for the seedlings (Lelu-Walter
et al., 2013). Lelu-Walter et al. (2006) showed that
costs for Pinus pinaster may be reduced by eliminating
the tissue and embryo subculture during the initia-
tion and maturation stages by cryopreservation with-
out using a programmable freezer and by eliminating
the need for acclimatization and further growth of
seedlings in greenhouses. Moreover, the reduction of
costs may also be achieved by applying the “SE Flu-
idics System” (Aiduin & Egertsdotter, 2012) or “ar-
tificial seed” (Lulsdorf et al., 1993). In Europe, the
production cost of somatic spruce and pine seedlings
is between eight and ten times the price of tradition-
ally produced seedlings (Lelu-Walter et al., 2013).
In the US in 2008, the cost for Pinus taeda somatic
seedlings was between five and six times higher com-
pared with traditionally produced seedlings. Howev-
er, the scientific community is convinced that the
production costs of somatic seedlings can be reduced
by improving their quality, automation of production
processes, and increasing the number of valuable
genotypes available on the market due to gene banks
(Park, 2002; Thompson, 2014).

To increase interest in products of somatic embry-
ogenesis, it is important to convince forest owners
and foresters that the material produced using this
technique is valuable and worthy of attention. Fur-
thermore, the somatic seedlings may be a very good
planting materials that meet the defined standards,
which has been corroborated by research evidence
(Grossnickle, 2011). For example, over 20 years ago,
the Forest Biotechnology Centre in Vancouver im-
plemented a programme of somatic embryogenesis
technology into the vegetative propagation of trees
on a large scale (Grossnickle, 2011). Within this pro-
gramme, the quality of somatic seedlings of white
spruce and the Engelmann spruce hybrid (Picea glau-
ca (Moench) Voss X P. engelmannii Parry ex. Engelm.)
were evaluated. It was found that both the zygotic
and somatic seedlings exhibited comparable growth
potential when they were planted in restrictive cold
and drought conditions (Grossnickle & Folk, 2005;
2007). Additional field trials showed that somatic
seedlings of this spruce hybrid demonstrated simi-
lar physiological efficiency in relation to the environ-
mental conditions occurring in the afforested areas
(both in the summer and winter), such that they
would be a suitable materials for the afforestation of
boreal areas (Grossnickle & Major, 1994).
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Somatic embryogenesis in European
forestry?

Many multidimensional studies using somatic em-
bryogenesis technique were performed in most Euro-
pean countries (Lelu-Walter et al., 2013), especially
for species of the genera Picea (Bozhkov et al., 2002;
Wadenbick et al.,, 2008; Hazubska-Przybyl et al.,
2013), Pinus (Salaj et al., 2007), Abies (Krajndkovd et
al., 2011; Find, 2005), and Quercus (Chmielarz, 1999;
Mallén et al., 2012). However, the major objective
of these studies was basic or basic/applied research.
Considerably less attention has been paid to research
concerning implementation of somatic embryogene-
sis to breeding programes. Consequently, this tech-
nique has not yet been implemented both in industry
and in forestry on the old continent (Lelu-Walter et
al., 2013). According to Lelu-Walter et al. (2013) in
Sweden in 2004, several forestry companies showed
interest in somatic embryogenesis, which facilitated
the improvement of the genetic quality of Norway
spruce trees (Picea abies). However, the somatic em-
bryogenesis technique is still too expensive to be
used both commercially and as a tool in breeding. A
similar situation is present in Finland (Hogberg &
Varis, 2016). One of the main solutions is develop-
ment of automated somatic seedling production that
will enable the reduction of plant production costs.
Therefore, scientists have begun conducting research
in this area in both countries (Hogberg & Varis,
2016). In France, somatic embryogenesis has been
used for the production of somatic maritime pine
trees (Pinus pinaster) mainly for field trials. Lelu-Wal-
ter et al. (2013) assumed that commercial produc-
tion of somatic seedlings in this country will begin
probably in 10 years. Thus, somatic seedlings of Pi-
nus sylvestris were used to establish a field experiment
in 2009 in Finland by the Finish Research Institute to
verify the effect of somatic embryo quality on the fur-
ther growth of plants (Aronen, 2016). In Denmark,
Caucasian fir somatic trees (Abies nordmanniana) are
produced as Christmas trees for commercial purpos-
es. Since 2007, clonal trials have been established
with somatic seedlings from this conifer species to
investigate the growth of plants in the field. In 2014,
approximately 4 000 2-year-old plants were planted
in two locations in Denmark to test the effect of en-
vironmental conditions on their growth and develop-
ment. In 2015, approximately 5 000 plants was used
for clonal trials. It was found that the micropropaga-
tion of A. nordmanniana via the somatic method is ef-
fective in laboratory conditions and that the growth
of the plants is comparable to traditional seedlings
(Find, 2016). Regarding deciduous trees, in Spain,
somatic seedlings of cork oak (Quercus suber) were
used to establish the field trials of propagated clones
of this tree species (Herndndez et al., 2011).

In Europe, somatic embryogenesis is still per-
ceived mostly as a tool for research rather than as a
technique that can be implemented in gardening and
forest management. The main reasons remain the
high cost of somatic seedling production, a lack of
appreciation by foresters of the value of the plant ma-
terial obtained with this technique, and the weak in-
terest of potential purchasers of this plant material.
The most important reason is the lack of a well-de-
veloped market for the improved plant material ob-
tained by somatic embryogenesis (Lelu-Walter et al.,
2013). However, it seems that the present state of
knowledge, skills, and improved material in Europe
will enable the implementation of somatic embryo-
genesis technology to European forest management
in the near future.

Somatic embryogenesis research
in Poland

In Poland, studies of somatic embryogenesis of for-
est tree species were initiated approximately a dozen
years ago (Szczygiel & Sutkowska, 1996; Latkowska
et al., 2000; Olszewska, 2000). Using this modern
biotechnological method, somatic seedlings of Picea
abies, P. omorika, Larix decidua, Abies alba (Szczygiet et
al., 2007; Hazubska-Przyby! & Bojarczuk, 2008) and
Quercus robur (Chmielarz, 1999) were obtained. A
high adaptation level to ex vitro conditions for Larix
decidua was achieved, whereas for the other species,
this process has been much more difficult (Szczygiet
etal., 2007). In contrast, attempts to achieve somatic
embryogenesis of broad-leaved tree species, e.g., oak
and beech (Olszewska, 2000; Hazubska-Przybyl et
al., 2015), have not yielded positive results, although
there was recently new information concerning the
initiation of somatic embryogenesis from leaves
derived from in vitro cultures established from the
shoots of thirty-year-old Quercus robur trees (Kotlar-
ski et al., 2015). In some countries, selected species
of oak trees have been successfully propagated using
this method (Wilhelm, 2000; Vieitez et al., 2012);
while in the case of beech, research on somatic em-
bryogenesis has been rarely undertaken (Vieitez et
al., 1992; Naujoks, 2003). The reason is most like-
ly the general difficulty to achieve vegetative repro-
duction of this tree species (Hazubska-Przybyt et al.,
2015).

Recently, Hazubska-Przybyt et al. (2013) have
obtained successful cryopreservation of Picea abies
embryogenic tissues using pregrowth-dehydration
method. Preliminary DNA analysis of Picea abies
embryogenic tissues stored using this method has
shown no changes within 5 tested microsatellite
loci. This finding is very important because this cry-
opreservation method allows for the effective stor-
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age both Picea abies and P. omorika embryogenic tis-
sues (Hazubska-Przybyl et al., 2010; 2013) without
the use of dimethylsulfoxide (DMSO), a substance
that is present in a majority of cryopreservation pro-
cedures and may contribute to genetic, epigenetic
and other changes in cells (Finkle et al., 1985). Cur-
rently, further research on the potential application
of this technique to a greater range of conifer spe-
cies is in progress. Additionally, the simplified cryo-
preservation technique could provide an alternative
method to store embryogenic cultures of conifers in
gene banks, thereby avoiding the negative impact of
DMSO on this type of plant material.

Conclusions

Somatic embryogenesis technique carries a very
high scientific, practical, and economical potential.
Despite numerous research many issues related to
the phenomenon and technique of somatic embry-
ogenesis have not yet been finally clarified and re-
solved. Thus, further research both at the basic and
application level is very important to practical use
of tree somatic embryogenesis in gardening and for-
estry.

The initial issue brought up by foresters was
whether somatic embryogenesis seedlings were
comparable to zygotic seedlings. After this issue
was resolved, the major impediment to integrating
somatic embryogenesis technology into operational
reforestation programs is cost. Once the production
system is created where somatic seedlings costs are
comparable to zygotic seedlings, this technology will
be readily accepted by the forest industry.
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