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Abstract: Somatic embryogenesis (SE) is an important method for the vegetative propagation of
trees. SE is the developmental in vitro process in which embryos are produced from somatic cells.
This method can be integrated with other biotechnological techniques, genomic breeding and cryop-
reservation, which enables commercial-scale sapling production of selected high-yielding genotypes
in wood production combined with fast breeding cycles. The SE is potential tool to improve plant
stock in comparison with seed orchards. It can be useful for ecologically and economically important
species, such as Norway spruce (Picea abies L. Karst.) and Scots pine (Pinus sylvestris L.), ensuring
stable production in the era of climate change and biodiversity crisis. In this review, we summarize
the current state of research on problems associated with somatic embryogenesis in P. abies and
P. sylvestris.

Keywords: Norway spruce; Scots pine; somatic embryogenesis

1. Introduction

The demand for wood products is predicted to increase in response to a growing
population and its needs [1]. This demand results from wood being a versatile, ecological
and renewable resource used as an energy source, building compound or raw material
in many industries [2,3]. Unfortunately, forest areas are still shrinking not only as a
consequence of wood harvesting but also as a consequence of large-scale land operations,
such as rapid urbanization and agriculture [4,5]. Deforestation leads to fragmentation of
forest ecosystems, and the result is population division and modification of interspecies
interactions [6]. This phenomenon generates both microclimate changes [7,8] and global-
scale modifications of climate conditions [9–11], and consequently, the risks to biodiversity
decrease [12,13]. Therefore, to obtain economically important timber without damaging
natural forests, high-yield plantations have been established [2,14]. However, successful
and efficient plantations need to be based on high-yielding genotypes of native timber
species. This approach can be supported by genomic selection and somatic embryogenesis
(SE), together with cryopreservation. Using vegetative propagation (e.g., SE) can possibly
accelerate the breeding process around 20–30 years in comparison with seed orchards [15].
Integrating these methods can help in the near future with the climate crisis, providing
clonal forests with new varieties of trees adapted to changed environmental conditions [16].

Two of the most important timber species in Europe are Norway spruce (Picea abies
(L.) H. Karst) and Scots pine (Pinus sylvestris L.). Both belong to the Pinaceae family
and are the primary species in forest management in many European countries (Sweden,
Finland, France, Poland and the Baltic States). P. abies is distributed in the boreal forest
zone covering Scandinavia to the Ural Mountains and in the mountainous areas of the
temperate zone [17]. This species is also cultivated outside its natural range in warmer
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and drier regions of Europe for commercial purposes due to its valuable wood and is
harvested mainly for production of cellulose and use by the construction industry. P. abies
is wind-pollinated, monoecious and matures between 25–65 years of age. The species can
be self-pollinated, although flower positioning on the trees and shift in flowering time
minimize the process. In plantations, a strong relationship between the number single
tree progenies and the probability of allele losses has been observed [18]. P. sylvestris is
a very valuable forest tree species with a broad natural range that covers a large area of
Eurasia [19]. Similar to spruce wood, pine wood is an important building material. It is also
a source of cellulose and is used as fuel. P. sylvestris grows very well in poor habitats; thus,
it is important as a foundational coniferous species commonly used in the reforestation
of degraded lands and former arable lands [20,21]. Similarly to P. abies, P. sylvestris is
wind-pollinated with male and female flowers present on the same tree. It mature between
25–30 years. Populations are genetically variable, due to effective geneflow and high
mobility of pollen [22]. Unfortunately, over the past few decades, climate change has had a
significant impact on the condition of Europe’s boreal forests and forestry [23–25]. P. abies
and P. sylvestris are among the species most threatened by the effects of climate change.
Their distribution is modelled to decline over the next few years in Europe [26].

To ensure the desired breeding characteristics are retained in the offspring, propagation
based on the use of vegetative methods is needed. A root cutting method is routinely used
for the vegetative propagation of P. abies, e.g., in Finland and Sweden. However, due to high
production costs, this method has not been introduced into mass plant production [27]. Such
possibilities are potentially offered by the SE. SE is potentially the most efficient method of
vegetative propagation of trees that could be used for breeding and selection of forest trees
on a commercial scale, however its use is still usually limited to juvenile explants [28–30].
This technology is particularly useful both for tree species that are difficult to propagate
using conventional methods and for vegetative propagation of valuable varieties [31].
It enables the production of many somatic seedlings in a relatively short time from the
induction of embryogenic cultures [28]. Moreover, embryogenic tissues can be stored in
liquid nitrogen (LN; −196 ◦C) in the juvenile stage for potentially hundreds of years, while
the somatic seedlings obtained from them may be planted whenever necessary.

The SE has been intensively developed for spruce and pine species. Although the costs
of somatic seedling production are still high, it is expected that the future automation of the
process will allow a significant reduction in the costs generated and the implementation of
SE in large-scale forest tree production. P. sylvestris is recalcitrant to vegetative propagation,
and attempts to propagate it based on rooted cuttings have thus far not yielded satisfactory
results [19,32]. SE may be the only way to obtain vegetative progeny for this coniferous
species; hence, the development of propagation protocols based on this method seems
justified. Unfortunately, although the SE system is advanced for many conifers (including
spruces and pines), its extensive use for practical propagation is strictly limited due to
its application to only a few selected genotypes and to high somatic seedling production
handling costs. Therefore, it is still necessary to resolve several challenges so that SE could
be used universally [33–35]. In this review, we summarize the current state of research on
the problem of SE in P. abies and P. sylvestris. The efficiency of the SE process varies greatly
from one stage to the next, so developing universal protocols for different tree species is a
great challenge. Studies undertaken in recent years from both biochemical and molecular
aspects to better understand the mechanisms controlling the SE process in conifers, as well
as efforts aimed at improving the conditions for somatic embryo development, germination
and acclimatization, give hope for the development of increasingly efficient protocols for
these economically important forest tree species. We expect that it could result in the
implementation of SE in European breeding programmes in the near future and will help
the forest sector overcome the problems caused by climate change and market demands for
wood products.
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2. Explants and Initiation of SE

P. abies was the first conifer in which SE was successfully performed using mature
zygotic embryos as explants [36]. However, for some coniferous species, including pines
and common juniper (Juniperus communis L.), it is possible to induce SE only when zygotic
embryos at the polyembryonic cleavage stage are used [37–39]. This is very inconvenient
from a practical point of view because explants at this stage must be taken within a strictly
defined, narrow time period. In contrast, mature explants may be used even from seeds
stored in seed banks for many years, although the risk of lowering their SE induction
potential increases over time [40].

In Picea spp., embryogenic cultures are usually induced from immature or mature
zygotic embryos, but in most cases, the SE induction frequency is higher for the immature
embryos [34]. The induction and proliferation media contain 2,4-dichlorophenoxyacetic
acid (2,4-D) or rarely 1-naphthaleneacetic acid (NAA) or 4-amino-3,5,6-trichloropicolinic
acid (Picloram) at 9.0–10.0 µM and benzyladenine (BA) at 4.5–5.0 µM [41–44]. In contrast,
other explants derived from old trees are recalcitrant to SE induction. The oldest vegetative
explants from which induction of embryogenic tissue has been achieved thus far were
primordial shoots derived from 2- to 10-year-old white spruce (Picea glauca (Moench)
Voss) [45] and 4- to 6-year-old trees obtained via SE [46]. Of the 17 clonal trees of P. glauca,
five clones induced SE, while for, 5% of genotypes from 39 clonal trees tested had a positive
response to this explant type [45,46]. For comparison, explants from trees of zygotic origin
are much less susceptible to SE induction. Earlier, Ruaud et al. [47] demonstrated that
in P. abies, explants of zygotic origin showed a significantly lower ability to induce SE
(10%) than explants from SE-derived plantlets (80%) at the same age. The cause of these
differences is not well understood. Klimaszewska et al. [45] hypothesized that during the
first stages of SE, the capacity for this process undergoes permanent fixation, which is
primarily associated with changes at the epigenetic level.

In many studies, it has been highlighted that the physiological state of the explant
may be a major determinant of its ability to induce SE. Rutledge et al. [48] suggested that
the underlying cause of this explant resistance is not a lack of activity of specific genes or
other SE determinants but a potential activation of biotic defences that can work against
this process. Based on the gene expression profile of shoot primordial explants originating
from adult trees of P. glauca, for responsive and nonresponsive genotypes, high activity
levels of the four candidate genes in the nonresponsive genotype were demonstrated. All
these genes encoded proteins similar to angiosperm proteins, whose high activity over
a prolonged period is associated with activation of the biotic defence response. At the
same time, a more moderate response was obtained for the responsive genotype, indicating
adaptation to stress conditions. This means a potential relationship between biotic defence
and SE induction recalcitrance. Recently, Aronen et al. [49] drew attention to the possible
connection between telomere length and SE induction, embryogenic tissue proliferation
period and somatic embryo regeneration of P. abies. Telomeres are fragments of DNA with
a repeating sequence that are found at the end of chromosomes. They have a specific
structure; in plants, they are usually repeated DNA sequences of (TTTAGGG)n, and their
role is to protect and stabilize DNA during cell division. However, telomeres may be
shortened under the influence of various factors, such as exposure to stressors, chemicals
or pollutants, pathogen attack, dietary patterns and weather harshness [50]. Under in vitro
culture conditions, oxidative stress may be a significant contributor to telomere damage.
The consequences of telomere shortening are changes in gene expression and cell cycle
function, which ultimately lead to ageing and programmed cell death [49,50]. Analyses
conducted for P. abies showed a clear correlation between maximum telomere length in
explants and SE induction frequency [49]. It was found that the longer the telomeres are,
the higher the ability of explants to regenerate embryogenic tissue. Changes in telomere
length were probably the result of multiple stress factors that acted at the SE induction
stage on the explants (wounding, harsh conditions and chemical treatments), inducing
oxidative stress, which was a direct cause of telomere shortening. Interestingly, telomere
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shortening was not observed in either induced embryogenic tissues or somatic embryos
that regenerated from these tissues [49]. However, prolonged in vitro multiplication of up
to one year significantly affected telomere shortening, which as a consequence, could result
in a decrease in the level of tissue productivity.

On the other hand, P. sylvestris is more recalcitrant to SE processes than the other
pine species [19]. The first successful SE for P. sylvestris was reported in 1996 by Keinonen-
Mettälä et al. [51]. In the beginning, it was assumed that the SE methods developed for
spruce species would also apply to other coniferous species. However, it turned out that
pines require significant modification. The most important differences result from the
difficulty in obtaining SE initiation from mature zygotic embryos and from the quality of
somatic embryos as determined by higher ABA concentration and higher osmolarity in
the maturation medium [52–54]. Generally, in Pinus spp., SE induction is limited to the
first weeks of zygotic embryo development, when the embryo is in a cleavage stage [39,51]
or before it reaches the cotyledonary stage [55]; however, induction was also obtained
from mature embryos [56]. According to Aronen and co-workers [57], the best explant
type for this pine species is the intact gametophyte with immature zygotic embryo. The
induction frequency was relatively low, reaching a maximum of 42%, and dependent
on the mother tree [55,58]. Recently, Trontin et al. [59] induced embryogenic-looking
tissues using slices from developing shoot buds. Only a low number of induced cell
lines are able to proliferate and regenerate high-quality mature embryos. According to
Abrahamsson et al. [60], this proliferation may be associated with the cleavage stage and the
degeneration pattern of early and late embryos, which occur in a different way in normal
and abnormal cell lines. In embryogenic cultures of P. sylvestris, a significant proportion of
embryos at these stages degenerate. Studies have shown that in normal-cotyledon embryos
regenerating cell lines, degenerating embryos are eliminated, as are subordinate embryos
during zygotic embryogenesis. In contrast, in abnormal embryos regenerating cell lines,
there is continuous degeneration and differentiation of new embryos [60]. According to
the authors, this phenomenon already occurs during the initiation of the SE process and
leads to an increased risk of producing abnormal embryos by lines induced from early
zygotic embryos (at the cleavage polyembryony stage). To eliminate this risk, the authors
suggest further exploration of other sources of explants for SE induction in pines. A recent
analysis on the molecular regulation of somatic embryo development from these two
types of P. sylvestris lines showed that there are differences in the expression patterns of
selected transcripts. These were associated with phenomena such as the transition from
morphogenesis to maturation, embryo degeneration or apical-basal polarization. Several
genes probably related to the cleavage process were also differentially expressed during
the development of somatic P. sylvestris and P. abies embryos. For example, upregulation
of the SERK1 gene stimulated lobing of the embryonal mass, the first step of the cleavage
process in P. sylvestris, which does not occur in P. abies [61].

Generally, embryogenic cultures both P. abies and P. sylvestris are induced and prolifer-
ated on the solid or semisolid media [51,52,62], although embryogenic tissues of P. abies
had the ability to multiplication in liquid cultures [34,63]. For P. sylvestris, such attempts, to
our knowledge, have not yet been undertaken. However, studies for black pine (Pinus nigra
J.F. Arnold) conducted by Salaj et al. [64] showed such possibility in Pinus spp. Embryo-
genic cultures of P. abies are usually induced and maintained at 20–24 ◦C [62,63,65] and at
24–25 ◦C for P. sylvestris cultures [52,57]. For spruce SE, the most commonly used media are
recommended by von Arnold and Eriksson [66] (LP) and by Litvay et al. [67] (LM); for pine
SE, the most useful media are described by Gupta and Durzan [68] (DCR), Becwar et al. [69],
Litvay et al. [67] (modified to contain half-strength macroelements; 1

2 LM), Smith [70] and
Teasdale et al. [71] (modified). According to Aronen [19], in the case of P. sylvestris, the most
useful are modified Litvay’s [67] and Gupta and Durzan’s [68] media. In contrast to spruce
species, induction of SE in pines usually requires a higher or lower concentration of auxin
and cytokinin or a lack of these PGRs, plus supplementation of the induction medium with
ABA and amino acids [42,72–74]. For example, Lelu-Walter et al. [52] applied 9.0 or 2.2 µM
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of 2,4-D and 4.4 or 2.3 BA to the induction medium with lower concentrations of PGRs in
the proliferation medium. Induced ETs began to lose their potential for SE very quickly,
even at 6 months of subculture [54]. For P. nigra, the potential for induction lasted slightly
longer—2 or maximally 3 years [68]. To improve the multiplication rate of ETs filter paper
discs were used [19,52].

Research conducted recently by García-Mendiguren et al. [74] for Monterey pine
(Pinus radiata D. Don) showed that a lower initiation temperature (18 ◦C) promoted the SE
process compared to that for the cultures incubated at 28 ◦C, indicating that the initiation
stage has a long-term effect on embryogenesis in this species. The initiation rate was the
highest at 18 ◦C (17%) and did not differ from the control variant 23 ◦C (13%), but was
significantly lower at 28 ◦C (4%). The proliferation of embryonal masses initiated in 18 ◦C
and 23 ◦C (54%) was higher as compared to 28 ◦C (15%). Moreover, the highest percentage
of embryogenic cell lines was obtained at these lower temperatures as compared to 28 ◦C.
Earlier, Montálban et al. [75] demonstrated that cold storage of cones for over 1 month
increases SE initiation frequency. On the other hand, Gao et al. [76] proved that the success
of the induction step in some pine species is also dependent on the family origin and
collection date of explants. Open-pollinated cones of three families with explants were
collected from June to July 2015. The age of each family was 28 years. The dates of seed
collection were 23 June, 30 June, 6 July and 13 July (representing explants in four phases).

In chir pine (Pinus roxburghii Sargent), the role of salicylic acid (SA) in SE induction
has been considered. SA could promote the inhibition of ethylene biosynthesis, which
acts in plant differentiation, or by inhibiting enzyme detoxification of H2O2 [77]. ROS
concentration and subcellular distribution in plants are carefully regulated, as imbalances
cause redox state disturbances that have crucial effects on cell fate [78]. The steady state
of ROS in cells is maintained through ROS-scavenging enzymes, including superoxide
dismutases (SODs), ascorbate peroxidases (APXs), catalases (CATs), glutathione peroxidase
(GPX), glutathione transferase (GST) and antioxidant molecules, such as glutathione and
ascorbic acid [78].

An attempt to perform SE with explants derived from old trees for P. sylvestris was
made by Trontin et al. [59]. Slices from developing shoot buds were used as explants,
from which embryogenic tissues containing primordia were induced. However, only a few
cell lines were able to proliferate and regenerate somatic embryos, but these were of poor
quality and unable to germinate.

3. Maturation of Somatic Embryos

The lack of sufficient synchronization of the development of early somatic embryos
(proembryos, PEMs) is still a serious factor reducing the efficiency of regeneration of somatic
embryos in Picea spp. from embryogenic tissues. Only properly formed early somatic
embryos develop into fully mature embryos, while others are eliminated. Synchronized
embryo development is dependent on both the culture conditions and the inherent ability of
the embryogenic cell lines to generate specific types of early somatic embryos [79]. During
the maturation step, the multiplication process of early somatic embryos is stopped, and
the accumulation of storage reserves (starch, proteins and lipids) in developing embryos
starts. As a result, somatic embryos grow and go through successive, specific stages of
development (globular, heart, torpedo, early cotyledonary and cotyledonary stages). The
maturation of spruce somatic embryos is conditioned by the presence of abscisic acid (ABA)
and their exposure to the osmotic stress provided by saccharides [80,81]. According to
Varis et al. [62] the best ABA concentration for P. abies somatic embryos maturation was
30 µM. It was also proven that high-molecular-weight compounds such as polyethylene
glycol (PEG) 4000 had a positive effect on somatic embryo quality and increased the
number of mature spruce embryos [80,82,83]. However, their impact on post-maturation
development is still unclear, and further investigations are needed [80,84]. An alternative
to osmotic stress treatment during the maturation stage may be reduced glutathione
(GSH) application to the medium [85] or low-temperature treatment [86,87]. Earlier, it
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was shown that P. glauca somatic embryos after treatment with GHS during maturation
were characterized by improved shoot:root conversion and a higher frequency of embryos
generating functional roots and shoots [85]. Additionally, they were able to develop
into properly growing plants to a greater extent than the germinated control embryos.
However, low-temperature treatment of mature somatic embryos has proven to be an
effective approach in P. abies. Research results published by Varies et al. [88] indicated
that treatment of mature somatic embryos of P. abies with a temperature of +4 ◦C did not
interfere with their proper germination. Recent studies have shown that cold storage of
mature embryos before their germination positively influences their further development
during germination and conversion into plants, which could then be planted after a nursery
period one year earlier than that of the control variant [87].

Despite the many protocols available, somatic embryo maturation in pines is not
always successful [89]. The main reasons for this include asynchronous embryo production,
abnormal morphology or poor root development. As in most pine species, the development
of mature somatic embryos in P. sylvestris is dependent on the presence of high concentra-
tions of ABA (80–90 µM) and osmoticum (9–10 g/L gellan gum) in the medium [52,57].
Recently, Salo et al. [90] demonstrated on the basis of changes in polyamine metabolism
in this pine that ABA + PEG treatment may act in different ways on the cells in embryo-
producing lines and in lines unable to produce somatic embryos. In the former, it is
recognized as a signal to trigger the embryogenic pathway; in the latter, it is perceived
as osmotic stress, which leads to the activation of stress defence mechanisms in the cells.
Therefore, manipulation of the stress response pathways seems to be a promising solution
for improving the somatic embryo production of recalcitrant P. sylvestris lines.

Some studies have revealed that when using improved protocols, up to 95% of es-
tablished embryogenic cell lines of P. sylvestris are able to produce properly developed
somatic embryos capable of germination [91]. Aronen [57] reported a germination rate
greater than 90% if well-developed somatic embryos were used. The protocol developed at
the Finnish Forest Research Institute allowed the production of high-quality P. sylvestris
saplings, which were tested in the field [19]. Despite this, many genotypes remain resistant
to propagation procedures through SE, and further research is needed in this area.

As previous studies have shown, SE is a good micropropagation system for P. sylves-
tris [52,57,91]. However, the need to develop efficient protocols and the lower demand for
improved forest regeneration material in this species slow down the application of SE in
breeding practice and for forestry purposes.

4. Growth Conditions
4.1. Nutrients

A prerequisite for the correct development of somatic embryos of P. abies (and other
coniferous species) under in vitro culture is that they are provided with an adequate dose
of both carbon (C) and nitrogen (N) in the medium. Under natural conditions, during
the development of the zygotic embryo in the seed, these components are supplied by
the surrounding megagametophyte [92], which do not occur during the SE process. Some
studies have revealed that N and the form in which it is applied to the media have a
significant influence on the maturation and germination of coniferous somatic embryos and
further on the survival rate of somatic seedlings [92,93]. N is added to the nutrient solution
either in inorganic (NH4

+ and NO3
−) or organic forms (Gln or casein hydrolysates) or as

mixtures [92]. In Picea spp., enrichment of the medium with organic nitrogen additionally
improved the frequency of initiation, multiplication of embryogenic tissue and the quality
of mature somatic embryos [65,94,95]. Carlsson et al. [96] demonstrated the importance
of Gln in P. abies PEM multiplication, suggesting that it is a significant source of N for
germinating somatic embryos. This hypothesis was confirmed in recent studies, which
showed that 50% of assimilated N was supplied by Gln [92]. Therefore, it must be assumed
that manipulation with this medium component may be crucial for improving SE efficiency
in some coniferous species. SE is a complex process affected by many factors, and over
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time, research has shown that stress factors play an important role during SE [97]. Several
stress treatments, such as low or high temperature, osmotic stress, and heavy metals, may
be key factors for inducing the SE process, even without the presence of PGRs in the
medium [98]. In turn, studies on Japanese larch (Larix kaempferi (Lamb.) Carr.) SE have
revealed that addition of ABA to the medium led to induction of this process not only in
the presence of high H2O2 levels but also with increasing levels of CAT, SOD, and APX
gene expression [99]. This indicates that oxidative stress conditions with high levels of
ROS are needed for SE induction rather than low concentrations of ROS, as was previously
considered in the context of the messenger role of ROS under physiological conditions, e.g.,
in seeds.

4.2. Light

Light is one of the main determinants of somatic embryo morphogenesis in conifers.
Its presence or absence, intensity, spectrum and photoperiod are essential for the efficiency
of embryogenic cultures. While SE induction, ET proliferation and/or somatic embryo
maturation in coniferous species require darkness [41,100], the presence of light promotes
germination and root growth [62,101]. Detailed research concerning light intensity and its
spectra, using various light sources, on the particular stages of SE in P. abies was published
recently by the research group from the LUKE Institute in Finland [62]. Low-intensity LED
light was found to have little positive effect on the basic parameters of ET growth and
somatic embryo production and survival. The proliferation of ET exposed to green light
resulted in an increase in embryo productivity, but the quality of the germinating embryos
was lower than that of embryos obtained from ET proliferated under far red light or in
darkness. However, maturation under green light had a positive effect on root and shoot
growth. The effect of blue light on the proliferation of ET was negative, similar to previous
findings reported by Latkowska [102]. During maturation no or low intensity light was
applied [41,63,65]. However, for the further growth of P. abies somatic seedlings the light
intensity was increased for example from 5 µmol m−2 s−2 to 100–150 µmol m−2 s−2 at
20 ◦C during germination and plant regeneration [65]. However, different laboratories
used various germinating conditions in this spruce somatic seedling development. In the
case of P. sylvestris Lelu-Walter and coworkers [52] reported good results after treatment of
mature cotyledonary embryos with darkness for 10–14 days at day/night temperatures of
24/21 ◦C and then with 10 µmol m−2 s−2 at the same temperatures scheme.

Additionally, germination performed under blue light resulted in shorter shoot and
root development in this study. Generally, the spectral type and light intensity applied
during germination had a significant influence on both shoot and root growth and somatic
seedling survival. A beneficial effect on shoot growth was observed in the presence of red
light. In previous investigations, it was reported that this light spectrum promoted somatic
embryo maturation and germination in P. abies and in some Pinus spp. [101,103]. In turn,
research results revealed that low-intensity red light favoured N storage during P. abies
somatic embryo germination [92]. Based on the results presented by Varis et al. [62], it
can be expected that maintaining an adequate balance between the different light spectra
and the optimal light intensity will enable the effective control of the final stage of conifer
somatic seedling production.

5. Germination and Acclimatization

At the germination and conversion stages PGRs are usually omitted in the media,
both in Picea and Pinus spp. [41,52,65,87]. However, germination and acclimatization of
saplings still remain major constraints for somatic embryos of spruces and pines due to
low hypocotyl growth and subsequent abnormalities in growth [104]. These can lead to
significant losses, as germination and acclimatization are the last stages of high-cost tissue
culture. However, the successful production of high-quality saplings is highly dependent
on previous steps of SE. Genotype, maturation method, duration of maturation and embryo
quality have all been proven to influence the performance of somatic saplings [57]. Unbal-
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anced root: shoot growth during germination may be a response to redox stress suffered by
explants during the previous stages of SE [105]. The role of the redox state in the SE process
was studied in white spruce and loblolly pine [106,107]. The addition of a low level of GSH
during P. glauca somatic embryo formation led to higher production of embryos and root
growth during the postembryonic phase. At higher concentrations, GSH inhibited these
processes. When glutathione disulfide (GSSG) was added at a high concentration (1 mM),
better-quality embryos were produced according to the control treatment. Supplementation
of medium with GSSG led to a 20% increase in conversion frequency during postembryonic
development [106]. A similar result was obtained for loblolly pine, where the addition of
GSSG to germination medium led to an increase in SE germination. These results suggest
that the level of oxidative stress during SE is high and that the process of oxidation of
glutathione is very important [107].

In many spruce and pine species, desiccation of mature somatic embryos has been
proven to considerably increase germination [108]. It is especially important in embryos
matured in medium with the addition of PEG. Although PEG is beneficial to embryo
maturation, it can inhibit later germination. For example, 2–3 weeks of desiccation was
reported to be beneficial for egg-cone pine (Pinus oocarpa Schiede ex Schltdl.), increasing
germination. Without this treatment, germinated embryos produce abnormal saplings
incapable of further growth [109]. Apart from desiccation, additional cold stratification was
proven to increase germination in slash pine (Pinus elliottii Engelm.) [110], Taiwan spruce
(Picea morrisonicola Hayata) [111] and Fraser fir (Abies fraseri (Pursh.) Poir.) [112].

Saplings grown in vitro generally show altered morphology, physiology and anatomy,
which result in their high mortality in field conditions. In vitro saplings have large stomata
with changed shapes and structures, which result in increased transpiration. Their guard
cells have thinner cell walls and contain more starch and chloroplasts [113]. In contrast,
successfully acclimatized saplings generally have increased leaf thickness and decreased
stomatal density. Subsequent development of cuticles, epicuticular waxes and effective
stomatal regulation of transpiration leads to stabilization of transpiration in saplings [114].
Therefore, to ensure successful acclimatization, saplings should be exposed to ex vitro
conditions slowly at high light intensity and low humidity. Additionally, carbohydrate
accessibility plays a significant role in the acclimatization process as saplings change
conditions from heterotrophic to autotrophic [115]. Biotization of micropropagated plants
with either endophytic bacteria or mycorrhizal fungi promotes plant growth, survival and
general persistence. Mycorrhizal inoculation has been proven to increase the survival rate
and mean number of branches and roots, as well as the root length of stone pine (Pinus
pinea L.) [116].

6. SE—The Future of Forestry?
6.1. Applied Biotechnology and SE

Elite trees with characteristics desired for forest management can be grown on planta-
tions as part of breeding programs with strictly defined assumptions. For example, in New
Zealand, the tree improvement program is based on the levels of genetic advantage gained
by using previous generations of tree breeding [117,118]. Improved clones that allow for the
commercial deployment of clones to plantations are an excellent opportunity for realizing
higher genetic gains for breeding by applying genomic selection (GS). Benefits from the ge-
nomic methods implementing GS and its integration with SE are significant. They include
reductions in identification errors, accurate estimates of relatedness and improved accuracy
in genotyping for better control of breeding values. GS allows shortened breeding cycles
and therefore results in greater flexibility than conventional conifer improvement, which is
characterized by long breeding cycles necessary to make selections and reach the produc-
tion stage [119]. It is likely that a drastic reduction in breeding cycle time while maximizing
genetic gain is possible with the integration of GS selection and SE. This integration will
lead to high synergies for implementation in the near future of multi-varietal forestry—the
tested tree varieties in plantation forestry—and will be an effective way of maintaining
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the productivity and adaptation capacity of conifer plantations [119–121]. This solution to
tree improvement will allow the deployment of genetically improved reforestation stock
for long-living conifers, such as spruces. It is very important, especially in the face of
climate change and the changing needs of wood product markets, to improve planting
material for the various needs in a short time. In forest practice, tree breeding programs
combine clonal testing with progeny testing to achieve the best selection accuracy [122].
In the case of plant material obtained via SE, such testing would be greatly facilitated by
significant shortening of the breeding cycle and the possibility of long-term cryostorage of
embryogenic cultures. The clonal populations will show the greatest gains for traits having
low heritability, and the progeny will allow testing of large numbers of individuals for traits
with higher heritability. Relatedly, a new strategy of breeding applied by New Zealand and
New South Wales includes an elite population of P. radiata tested both as progeny and as
clones [118].

The long-term breeding program of Sweden aims to adapt trees to different conditions
(current and future), including changing climatic conditions, to conserve genetic diversity
and to improve tree features important to timber production [123,124]. The main advantage
of using vegetative reproduction in Sweden compared to seed orchards is the elimination
of the 20–30 year time delay from breeding progress to the distribution of nursery material,
which will increase breeding profits but also increase the stability of crops grown under
different environmental conditions because of replication of the breeding program field test
system [15]. In Finland, where the increased planting of P. abies and fluctuating seed yields
caused shortages of improved regeneration material [125], SE may be a promising method
for clonal propagation of conifers on a large scale to offset this lack of improved seeds [34].

Apart of GS, genetic engineering is also expected to be included on a larger scale
in breeding programs in forestry management in the future [126]. It is considered that
the combination of SE and genetic transformation will allow for the rapid and precise
introduction of desired features into breeding material and, consequently, to improve
production efficiency of species used in clonal forestry. However, the introduction of
foreign DNA into the tree genome and subsequent regeneration of transformed plants is
very difficult. A crucial factor determining successful genetic manipulation is the choice of
explants competent for transformation and regeneration [127,128], such as embryogenic
tissues, embryogenic suspensions and mature somatic [129–131]. The most convenient
plant material is embryogenic tissue, which can multiply in vitro over a longer period of
time and provide an excellent basis for experiments. In the case of somatic embryos, their
availability may be limited [132].

Currently, several reports concerning the genetic transformation of P. abies embryo-
genic cultures are available [133–136]. Most studies were carried out on embryogenic tissues
using Agrobacterium tumefaciens-mediated transformation. For example, Wenck et al. [133]
obtained over 100 transformed embryogenic cell lines after their co-cultivation with Agrobac-
terium strains containing additional copies of virulence genes (either a constitutively active
virG or extra copies of virG and virB, both from pTiBo542). Additionally, Briža et al. [136]
reported 70 transgenic lines, which were transformed with Agrobacterium tumefaciens. In
this experiment the modified versions of Cry3A gene of Bacillus thuringiensis, with the
increased toxicity against spruce bark beetle, were introduced into embryogenic tissues.
For comparison, when using the biolistic method, the authors obtained only 18 transformed
cell lines. Earlier Walter et al. [134] obtained stable integration of uidA and nptII into
the P. abies genome using also the biolistic transformation technology. Transgenic plants
of P. abies were obtained after transformation of embryogenic cultures with an antisense
construct of the P. abies gene encoding cinnamoyl CoA reductase (CCR), one of the genes
that regulates lignin biosynthesis. The underexpression of the sense CCR gene in transgenic
plants resulted in as much as an 8% decrease in lignin content, and stable expression was
maintained in the plants for over five years [137]. Literature concerning the P. abies somatic
embryos genetic transformation is very scarce due to difficulty in obtaining transgenic
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callus. In a study conducted by Pavingerová et al. [135], only one of the nine tested lines of
cotyledonary somatic embryos were able to produce transgenic callus.

Until now, no studies were performed on the genetic transformation of P. sylvestris em-
bryogenic cultures, although such attempts were carried out for its transformed pollen [138,139]
and for other pine species [64,133,140,141]. Grace et al. [140] reported the regeneration of
transgenic P. radiata plants transformed with the cry1Ac gene, which improved the level of
resistance to larvae of the painted apple moth. For comparison, Salaj and coworkers [64]
demonstrated the expression of the uidA reporter gene in five transgenic embryogenic
tissue lines of P. nigra after one year of culture; however, poor or no transgenic plantlets
were obtained.

Molecular studies have identified some genes regulating the process of SE. These
include SERK, LEA, LEC, YUC, AUX/IAA, BBM or WOX genes. The activity of these genes
was also detected during SE of trees. Introducing of these genes into explants (for example
zygotic embryos, primordial shoots) or embryogenic tissues with low embryogenic poten-
tial would presumably improve induction and further embryo development of coniferous
species somatic embryos. Thus, this research area is worth further exploration.

6.2. Possibility of Automation

The utilization of SE tissue culture protocols to produce millions of somatic seedlings
for forestry with the aim of forest regeneration requires a long time because it is a multistage
process. In most laboratories, conifer somatic embryo production is carried out on solid
media. However, this system does not allow for the generation of large numbers of high-
quality embryos and is expensive due to the considerable labour involved [33]. The solution
to this problem may be to scale up by culturing in liquid media in suspension cultures or in
bioreactors [142]. To achieve cost-efficient mass propagation, automation of SE is necessary,
which will be possible via temporary immersion system bioreactor-based culture solutions.
The choice of scale-up in bioreactors is possible thanks to the application of a multiplication
step in liquid medium, which is feasible for most species [143]. However, although the
use of suspension cultures improved the level of synchronization of the development of
differentiating somatic embryos, the development of embryos at later stages in coniferous
species remains problematic [33,64], and many more studies are needed in this area. To
reduce the cost of somatic seedling production, investigations on bioreactors based on
SE for some tree conifer species have been undertaken [144–147]. In the 1990s, perfusion
bioreactors and regular immersion bioreactors were effective in the maturation of somatic
embryos of several Picea spp. and Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) [148].
However, in the last decade, TIS bioreactors have been successfully applied for Caucasian
fir (Abies nordmanniania Spach.) [145] and P. abies [144,149]. The promising results of somatic
embryo production after testing a TIS bioreactor platform for P. abies were demonstrated
by Välimäki et al. [147]. It was found that both embryo production and survival were
dependent on the frequency of bioreactor aeration and the support pad material used as
a base. Moreover, the post-maturation desiccation of the mature embryos enabled the
improvement of final somatic seedling survival rates. Embryo maturation in TIS was the
most efficient on filter papers on plastic netting with 20 min/4 h aeration and when the
mature embryos were desiccated at +2 ◦C for 5 wk on nested plates. However, the authors
emphasize that to enable mass use of bioreactors for P. abies sapling production, it is still
necessary to optimize the SE process in this spruce species.

The fluidics-based technology recently proposed by Swedish forestry companies is
another promising solution for massive SE plant production [143]. In this approach, a
special temporary immersion bioreactor model was designed for P. abies embryogenic
cultures, allowing improvement of the quality and synchronization of the development
of produced embryos. After reaching maturation, somatic embryos are harvested with
the SE fluidics system; each embryo is documented individually and sorted by an image
analysis system according to its morphological measurements [34,150]. It is important that
the automation of maturation, germination and planting steps in this system enables the
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significant reduction of production time and costs of the SE process. Temporary immersion
bioreactors may have advantages over other types of bioreactors based on total immersion
and mixing of the culture. They provide support for the growth of culture by promoting the
directional growth of PEM and the formation of polarized embryos at an early stage. In the
case of SE coniferous cultures, reproduction and maturation can occur sequentially in the
same bioreactor without disturbing the culture [143]. It is expected that the development of
appropriate criteria for the selection of somatic embryos will allow for the rapid production
of valuable material on a large scale. Therefore, it seems that P. abies SE process automation
will be realized in the near future. If it can be carried out for one species, it will only be a
matter of time before it can for others.

7. Concluding Remarks

In the last decade, significantly more research has been conducted to understand
the mechanisms controlling tree embryogenesis and in vitro cultivation. SE still remains
as a method with an unfulfilled potential. Despite being used commercially in some
instances, application of SE in forestry is not well developed. Still, the main limiting
factors appear to be the costs and difficulties in establishing cultures from some genotypes.
However, in order to rapidly accelerate many tree improvement programs, an effective
and practically reproducible technique must be developed to produce somatic plants from
adult vegetative material (Figure 1). Especially in the era of climate change as well as
biodiversity collapse possibility of combining SE with other biotechnological methods,
cryopreservation, genome sequencing or genetic modification is an asset, which cannot be
overestimated. It is especially helpful in trees that are generally characterized as having a
long life span and therefore, slow reaction for changes.
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Amongst the challenges is to improve the general quality of mature somatic embryos
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saplings. This last part is especially significant, as losses in the number of received saplings
increase the overall cost of their production. Improvements at each step of the SE process
will contribute to the final success rate.
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