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Abstract This review on current biotechnological methods

in forestry for in vitro tissue cultures to define the effect of

stress conditions on trees, concentrates on somatic

embryogenesis. Callus tissue, the key product of somatic

embryogenesis, grows over a tree wound under ex vitro

conditions. Callus tissue can be used in research in areas

such as pathogenic susceptibility at the embryonic level,

effect of heavy metals, influence of low temperatures

(cryopreservation), production of secondary metabolites

and transformation of plants. Callus of arborescent plants

can be induced in vitro by fungal elicitors to produce

secondary metabolites for pharmaceutical and cosmetic

industries and are strongly repellant to herbivores and can

thus act to protect forests. Analyses of dual cultures

demonstrated that callus tissue exposed to a pathogenic

fungus responds by synthesizing low-molecular-mass pro-

teins belonging to an immune protein class. Cryopreser-

vation of embryonic callus tissue also has broad

applications, e.g., for valuable plant genotypes in gene

banks. Without strategies to protect forests against stress

factors, forest ecosystems will degrade to the detriment of

all life, including humans. In vitro biotechnological

research using callus tissue contributes to progress in for-

estry and the disciplines of ecology, physiology, phy-

topathology, culture and selection of plants.

Keywords Callus � Environmental stress �
Micropropagation � Tissue cultures � Trees

Introduction

Recently, beside prevention and restoration programs in

forestry to suppress or restrain tree diseases, new methods

of forest protection are being implemented, especially

in vitro biotechnological methods which have been broadly

applied to agriculture (Herdt 2006), horticulture (McCown

2003) and commercial culture of tropical grasses (palms)

(Abul-Soad and Mahdi 2010). Since the second half of the

1980s, new biotechnological research directions have been

applied worldwide in forestry and led to numerous spe-

cialized methods, including in vitro tissue culture via

somatic embryogenesis, designed especially for gym-

nosperm species (Litz et al. 1995; Giri et al. 2004), and

organogenesis for gymnosperms and angiosperms (Ran-

gaswamy 1986). Somatic embryogenesis results in a

potentially high efficacy of micropropagation by yielding

valuable, highly selected plant reproductive material

(Rodrı́guez et al. 2007), enabling research on pathogenicity

at the embryonic stage of plant development (using callus

tissue) (Hendry et al. 1993; Nawrot-Chorabik 2014;

Nawrot-Chorabik et al. 2011, 2016), production of sec-

ondary metabolites (Mulabagal and Tsay 2004), transfor-

mation of plants (Walters et al. 2005), and cryopreservation

of plant material (Misson et al. 2006; Hargreaves and
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Menzies 2007; Nawrot-Chorabik and Sitko 2014). These

broad applications explain the increasing interest in

somatic embryogenesis and its indirect product, callus

tissue.

Callus, a tissue covering wounds in living plants under

natural conditions, can be obtained in vitro from arbores-

cent plants isolates, so called explants. Therefore, labora-

tory obtained callus tissue is an intermediate effect of

embryogenesis of forest trees. Cultured callus tissue is a

mass of unorganized, proliferating, well-hydrated cells of

different colors depending on the type and regenerative

potential (embryogenic or non-embryogenic) and plant

species. The structure of callus can be loose or tight. Callus

cells initiated by somatic embryogenesis are totipotent,

with an unlimited ability to proliferate and differentiate to

regenerate the entire organism.

Research to refine and develop applications for somatic

embryogenesis of economically important trees species are

progressing for Abies (Salaj and Salaj 2003; Nawrot-

Chorabik 2008, 2009), Picea (Mihaljević and Jelaska 2005;

Klimaszewska et al. 2010), Pinus (Klimaszewska et al.

2001; Lelu-Walter et al. 2008), Taxus (Nhut et al. 2007),

Acer (Ďurkovič and Mišalová 2008), Castanea (Corredoira

et al. 2003), Quercus (Toribo et al. 2005), Salix (Naujoks

2007) and Ulmus (Malá et al. 2007; Ďurkovič and Mišalová

2008). Micropropagation of most of these species has

yielded callus to select and generate seedlings with desired

features. Beside micropropagation for commercial pur-

poses, e.g., green twig or Christmas tree production in

Caucasian fir plantations (Misson et al. 2006), protocols

have been established to obtain callus tissue from selected

trees species for use as a base material for pharmaceutical,

medical and cosmetic industries, such as the extraction of

taxol from Taxus sp. (Cusidó et al. 1999; Das et al. 2008),

juglone, one of the most antiseptic compounds in nature,

from Juglans regia (Bolonkowska et al. 2011), and sapo-

nin, the source of substrates to produce steroids and hor-

mones, from Aesculus hippocastanum (Sparg et al. 2004).

Callus tissue in sustained cultures changes the genetic

stability, which is not a significant obstacle for biochemical

research but is not economical for commercial micro-

propagation. Therefore, for the regeneration of plants from

in vitro cultures, long-term observation of growth and

development variables of a vast number of somatic seed-

lings, representing many genotypes without somaclonal

variations, is indispensable (Heinze and Schmidt 1995;

Nawrot-Chorabik 2009). On the other hand, for synthe-

sizing secondary metabolites or doing other biotechnolog-

ical experiments, the composition of the culture media

must be optimized for the selected species, and the tissue

has to be subcultured to proliferate quickly. For ex vitro

and in vitro cultures, in vitro conditions (e.g., external

environment conditions, correct disinfection of plant

material) must generate desirable plants of valuable species

commercial production in laboratories worldwide.

Research on tissue cultures is conducted in numerous

countries, including the United States and Canada, where

in 2001 Park’s team involved in silviculture and forest tree

selection using somatic seedlings of white spruce (Picea

glauca), the most common tree species in Canada. The

production of somatic seedlings is economically prof-

itable and has been successfully applied in many countries

including Great Britain, Israel, Italy, China and France,

where seedlings of Pinus pinaster were used to establish

new forests (Cyr and Klimaszewska 2002). In Poland,

research on micropropagation of trees using somatic

embryogenesis is conducted primarily at the Forest

Research Institute in Warsaw on European larch (Larix

decidua) (Szczygieł 2005) and on genetic variation of wild

cherry (Prunus avium) and wild service tree (Sorbus

torminalis), toward generating valuable lumber (Szczygieł

and Wojda 2008). Moreover, research on somatic

embryogenesis of selected conifers and deciduous trees

species (e.g., Picea or Fagus) (Hazubska-Przybył et al.

2013) and cryopreservation of callus tissue and somatic

embryos (Hazubska-Przybył et al. 2010, 2012, 2013) are

conducted at the Institute of Dendrology of Polish Acad-

emy of Sciences in Kórnik. In the Department of Forest

Pathology, Mycology and Tree Physiology of the Univer-

sity of Agriculture in Krakow, comprehensive biotechno-

logical research includes somatic embryogenesis of Abies

alba (Nawrot-Chorabik 2008), A. grandis (Nawrot-Chora-

bik 2007), A. nordmanniana (Nawrot-Chorabik 2016), and

Pinus sylvestris, P. nigra (Nawrot-Chorabik 2015a) and

Picea abies (Nawrot-Chorabik et al. 2011) and studies on

cryopreservation of callus tissue and somatic embryos

(Nawrot-Chorabik and Sitko 2014) and stress factors

affecting forest trees (Nawrot-Chorabik 2014, 2017;

Nawrot-Chorabik et al. 2016).

Here we review current knowledge and biotechnological

research on ecophysiological aspects of tissue cultures,

with an emphasis on somatic embryogenesis using tree

callus tissue and potential applications for protecting forest

ecosystems. Research on somatic embryogenesis to gen-

erate callus tissue will be discussed, disinfection of plant

material and composition of culture media will be descri-

bed and the role of callus tissue in studying the effect of

environmental stress factors on trees will be considered.

We also discuss relevant directions for future research

on in vitro cultures, emphasizing the contribution of callus

tissue to the study of tree responses to stress. Somatic

embryogenesis is an indispensible alternative to vegeta-

tively propagate trees (Szczygieł 2005), especially to pre-

serve endangered trees species, that are important

economically and ecologically, and to increase forest

productivity.
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Plant material and general sterilization guidelines

Base plant materials derived from forest trees are primeval

explants, and callus cultures are induced from these

explants (other plant cuttings are secondary explants)

placed on solid or liquid media. The preferred types of

primeval explants for somatic embryogenesis are mature

zygotic embryos isolated from ripe seeds of trees,

megagametophytes (i.e., immature seeds from unripe

cones), buds, conifer or hardwoods leaves and cell proto-

plasts. Primeval explants are selected based on the age of

tissues and organs of the parent plant (young parts have

higher developmental potential) and physiological

maturity.

Explants used to start a new culture have to be appro-

priately surface-sterilized using a procedure and chemical

agent that are optimized for the tree species and the type of

primeval explant. Optimizing the sterilization procedure

for trees such as species of Fagaceae can be difficult and

complicated (Kraj et al. 1999) due to their sizeable seeds

and microbial colonization including numerous endophytic

bacteria and fungi (Kowalski and Kehr 1992; Nawrot-

Chorabik and Jankowiak 1999). The entire process can

require up to 2 days. For somatic embryogenesis of species

of Abies, Pinus and Picea (Nawrot-Chorabik 2008, 2016;

Nawrot-Chorabik et al. 2011, 2015a, b), seeds are pre-

cooled in a solution of antioxidants (5.0% v/v ascorbic acid

or polyvinylpyrrolidone in sterile water), for 24 h in 4 �C.

This application of antioxidants is an innovative step,

facilitating isolation of somatic embryos and inhibiting

secretion of phenolic glycosides in seeds that interfere with

callogenesis (Nawrot-Chorabik 2016). Regular shaking

while rinsing and the addition of substances to release

surface tension (e.g., Tween 80) to facilitate penetration

into the sterilized material surface are advised. In specific

cases (e.g., fir), a fungicide(s) or antibiotic(s) is required,

but may decrease the frequency of further callus initiation.

Nawrot-Chorabik (2016) developed a protocol that guar-

antees a high percentage of sterilized explants of Abies

nordmannia capable of morphogenesis. Sterile, horizon-

tally oriented explants are placed gently on the surface of

solid initiation medium to avoid too strong immersion.

Culture media composition

The culture medium for each stage of in vitro somatic

embryogenesis must be modified and optimized for the

intended result, mainly by altering the types and concen-

trations of phytohormones, carbohydrates and other com-

ponents. Media for arborescent plants are rich in macro-

and microelements, vitamins, growth regulatory hormones

and, in some cases, the source of amino acids (enzymatic

casein hydrolysate), as recommended for species of Abies

(Nawrot-Chorabik 2008, 2016). The pH of media for

woody species ranges from 5.7 to 5.8. For gymnosperm

trees under laboratory conditions, solid medium is pre-

ferred, in contrast to liquid medium used in industrial

bioreactors. Macroelements are provided as inorganic salts

at 3000 mg dm-3 to regulate permeability of cell mem-

branes and are involved in building chlorophyll molecule.

Microelements are also provided as inorganic salts but

between 0.03 and 100 mg dm-3. Vitamins (e.g., pyridox-

ine, thiamine, biotin and nicotinic acid, folic acid and myo-

inositol) influence physiological condition of cells and are

indispensable for callus tissue proliferation. Disaccharides

(sucrose and maltose) serve as the carbon source and to

stabilize the osmotic balance by regulating uptake of

compounds determining cell development. Phytagel or

Agargel is added to solidify media. Auxins such as 2,4-D-

dichlorophenoxyacetic acid (2,4-D), indole-3-butrric acid

(IBA), 4-amino-3,5,6-trichloropicolinic acid (picloram)

and cytokinins such as benzylaminopurine (BA), kinetin

(KIN), thidiazuron (TDZ) stimulate callus growth by reg-

ulating gene expression. Auxins are responsible for dif-

ferentiation of primeval explants cells, which leads to

activation of embryogenic potential. Cytokinins stimulate

biosynthesis of nucleic acids and structural and enzymatic

proteins, inhibit ribonucleases and proteases activity, and

actuate cell division (Nawrot-Chorabik 2015b). Growth

regulatory phytohormones are crucial for the differentia-

tion of embryos generated in subsequent phases (globular,

heart-, torpedo- and cotyledon-shaped; Fig. 1a–c) (Nawrot-

Chorabik 2016). Subsequent rooting, then acclimatization

of plantlets and finally, the generation of autonomic seed-

lings represent sizeable problems during micropropaga-

tion (Nawrot-Chorabik 2012). The difficulty of inducing

microcuttings to root is a primary reason that microprop-

agation techniques are not widely used for many important

tree species (Malá et al. 2005).

Phenotypic differentiation of callus tissue to study
stress factors in trees

Callus tissue, which is induced at the initial stage of in vitro

somatic embryogenesis of forest trees (callus initiation)

and cultured during the second stage of culture (prolifera-

tion), is characterized by heterogeneity. Immediately after

initiation of the explant, the tissue demonstrates diversity

in its morphological features. Up to the third week of

in vitro culture, incubation zones of the callus can be

characterized by such properties as color (white, green,

bright cream; Fig. 2a, b), consistency (dense and rare

fragments; Fig. 2c), and structure (viscous, sticky, firm,
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spongy; Fig. 2b, d) (Nawrot-Chorabik 2016). Not earlier

than after first passage (transfer of explants with initiated

callus to a new type of medium, e.g., solid), that is, after

3–4 weeks, callus tissue becomes monolithic. Embryo-

genic callus is transparent to a color between white and

straw-cream, its consistency is soft and hydrated, and the

structure is glutinous, loose and homogeneous (Fig. 3a, b)

(Nawrot-Chorabik 2008, 2015a). Non-embryogenic callus

is transparent or yellow to green, firm and dry, dense and

compact, with a rough to nodular surface (Fig. 3c)

(Nawrot-Chorabik 2015a). Depending on the type, the

callus may be used for different purposes, e.g., trace metal

studies (embryogenic callus), pathogenicity assessment

(embryogenic and non-embryogenic callus), resistance to

low temperature evaluation (embryogenic and non-em-

bryogenic callus), tree micropropagation (embryogenic

callus) and secondary metabolites studies (non-embryo-

genic callus).

Tissue cultures in biotechnological applications
for forest trees

A variety of techniques and analyses are used to improve

plant quality, increase resistance to stress factors and obtain

secondary compounds to benefit humans. Somatic

embryogenesis and organogenesis were first applied to

forestry, supporting pioneer research to develop micro-

propagation techniques for economically important forest

tree species. Techniques were then developed for horti-

culture species, which are less burdensome (e.g., in har-

vesting material). In the 1950s, somatic embryos of carrot

(Daucus carota) were initiated (Steward 1958), and in

1965, the first embryos of a deciduous tree species (sandal

tree, Santalum album) were obtained (Rao 1965). Callus

tissue was then induced in vitro for pioneer conifers in

1985 (Chalupa 1985; Hakman et al. 1985). Ten years later,

callus tissue from suspension cultures was used to study

secondary metabolites (Dörnenburg and Knorr 1995).

Callus as a tissue generated indirectly during embryo-

genesis was used primarily for studies of secondary

metabolites. Callus tissue is cultured on solid or liquid

media (suspension cultures). Among the metabolites syn-

thesized pharmaceutical drugs, natural pigments, fra-

grances and even pesticides (Bourgaud et al. 2001). Since

the 1990s, the experimental importance of tissue cultures

has increased, especially in terms of research on elucidat-

ing the biosynthetic pathway of paclitaxel (Taxol) in Taxus

species (Seki et al. 1995). A high concentration of Taxol is

produced by Taxus chinensis callus cultured in vitro on MS

medium (Murashige and Skoog 1962). Taxol is then

extracted and analyzed using HPLC with a UV detector

(wavelength 227 nm). Samples cultured on medium with

fungal elicitors demonstrated 2.6 times higher efficacy of

Taxol production than in the control without the elicitors

(Wang et al. 2001). Elicitors, both biotic (fungi, microor-

ganisms) and abiotic (UV, freezing, chemical agents such

as herbicides) influence metabolite production. A fungal

preparation derived from Aspergillus niger and Rhizopus

oryzae added to the culture medium for the flowering plant

Plumbago rosea induced 3 times greater synthesis and

secretion of plumbagin (analgesic glycoside) compared

with the control (Komaraiah et al. 2002). Species of Betula,

Salix, and Populus synthesize monoterpenes and iso-

prenoids (birch) and phenolic glycosides (Salicaceae

Fig. 1 Stages of somatic embryo development generated by embryo-

genic callus tissue of Caucasian fir (Abies nordmanniana): globular

(a), torpedo-shaped (b), cotyledon-shaped (c) (scale bar = 10 mm)
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family), important compounds in pharmaceutical and cos-

metic industries, and have strong herbivore-repelling

properties, in culture media (Palo 1984).

Valuable secondary metabolites can also be synthesized

efficiently by endophytic fungi in cultured plant tissue (that

is, in vitro dual cultures of callus and fungus) cultures and

were studied by Schulz et al. (2002) in terms of co-activity

of biologically active metabolites. Endophytic fungi pro-

duce isozymes indispensable for host plant colonization

and grow well in the apoplast of the plant. Endophytes

colonizing roots of larch remain in mutualistic relationship

with the tree, providing protection from herbivorous

insects. If the balance is disturbed by one of the organisms

in this relationship, however, the symptoms of the disease

disclose (Schulz et al. 2002). Secondary metabolite pro-

duction needs to be further studied and developed toward

controlling synthesis in fungal and plant cells and reducing

costs of extraction and purification.

The importance of in vitro dual cultures increases in

terms of the secondary metabolites and fungi as elicitors of

callus tissue. Non-embryogenic callus tissue is usually

indispensable for dual cultures, in which fungi with dif-

ferent trophic properties are also used (Nawrot-Chorabik

2013, 2014). Such studies can be used to obtain cultures of

non-embryogenic callus tissue via somatic embryogenesis,

determine the virulence of a fungus based on their growth

rate and damage to plant (callus) tissue cells, and analyze

proteins (SDS-PAGE) synthesized under stress conditions.

Nawrot-Chorabik et al. (2016) compared fungal species

that have different trophic properties and selected those

that activated specific defence mechanisms in the callus.

Non-embryogenic callus of Pinus sylvestris exposed to

stress factors such as a highly virulent fungus produced

low-molecular-mass proteins, probably belonging to the

plant immune PR (pathogenesis related) protein class (se-

quencing is required to confirm the class). Various geno-

types of callus tissue can be initiated and proliferated by

somatic embryogenesis or clones of selected lines can be

grown (Nawrot-Chorabik 2013) in dual cultures with a

particular pathogen to select and micropropagate plant

genotypes that are resistant to the pathogen (Fig. 4). Such

tests can also be helpful for elucidating metabolic pathways

for secondary metabolite production in plant tissue and

endophytic fungi.

Embryogenic and non-embryogenic callus tissue can

also be used to study the effects of heavy metals on forest

Fig. 2 Phenotypic

differentiation of Abies

nordmanniana callus tissue:

heterogeneity in color (a green;

b cream), consistency (c) and

structure (d) (scale

bar = 10 mm)
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trees. In studies of three genotypes of Abies nordmanniana

callus tissue treated with copper, lead and cadmium, metal

accumulation levels were measured. The analyses con-

firmed high lead accumulation (Pb2?[ 0.30 mM), which

leads to environment degradation and can be harmful for

living organisms including plants and humans (Nawrot-

Chorabik 2017). These results correspond with those of

Agrawal and Sharma (2006) that lead and cadmium cause

more severe disruptions of cell metabolism compared to

other metals.

Embryogenic callus grown via somatic embryogenesis

can also be cryopreserved using liquid nitrogen

(- 196 �C). Cryopreservation is considered the best

method for long storage of in vitro cultures including cal-

lus, somatic embryos, pollen, buds and tree seeds. During

storage at such low temperature, cell division and meta-

bolism are restrained. The method takes little space and is

relatively cheap. Because genetic stocks in gene banks has

been enriched with new, valuable genotypes of endan-

gered, economically or ecologically important trees species

through biotechnology, successful cryopreservation has

become indispensable to increase tissue resistance to

dehydration and redehydration after defrosting. Cells must

be in a non-crystalline state of vitrification to survive

dehydration and freezing. During dehydration stress, lipid–

protein membranes are the most endangered structures due

to the easy peroxidation of the polyunsaturated fatty acids

of the membrane phospholipids. Moreover, during freezing

and defrosting of plant material, spontaneous mutations

and biochemical and structural changes may occur in cells.

Therefore, plant material should be analyzed before and

after freezing using techniques to verify the integrity of the

material such as testing for somaclonal variation of

embryogenic callus (Nawrot-Chorabik 2009).

Cryopreservation can be done in different ways, in cryo-

tubes in a Mr Frosty vessel (Nalgene USA) to decrease the

temperature slowly by 1 �C in an automatic Cryo Bath

apparatus (CryolLogic) equipped with a freezing system

control. In the cryopreservation method developed for

Caucasian fir embryogenic callus by Nawrot-Chorabik and

Sitko (2014), abscisic acid (ABA) was more effective than

dimethyl sulfoxide (DMSO) as a cryoprotectant. Stepwise

changes in temperature during freezing and unfreezing of

callus tissue provide satisfactory results for living callus

tissue, from which physiologically typical embryos can

Fig. 3 Embryogenic callus tissue of Abies alba (a), Pinus sylvestris

(b), and non-embryogenic callus tissue of Pinus sylvestris (c) (scale

bar = 10 mm)

Fig. 4 In vitro dual culture of Fraxinus excelsior callus tissue and the

fungus Valsa cypri
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develop and undergo further organogenesis (Nawrot-

Chorabik and Sitko 2014). Cryopreservation of in vitro

cultures is the only existing method to protect plant tissue

during long-term storage at low temperatures because it

plays a significant role in maintaining profitability of low

hydration in embryo tissue or embryonic axis of orthodox-

category seeds (Berjak and Pammenter 2013). Populus and

Salix species (Nawrot-Chorabik 2015b) are examples of

plants that produce seeds tolerant to dehydration below

5.0% humidity.

Although callus tissue cultures, including tree callus

tissue induced in vitro by somatic emvbryogenesis has

been well studied, many aspects of this field remain

uninvestigated and require detailed analyses. Future

research should focus on optimizing embryogenesis pro-

tocol(s) for a broad range of species and analyses including

the study of proteins produced by callus and the genes

responsible for particular biochemical and physiological

processes. Thus, studies on the selection, culture, physiol-

ogy and molecular biology of forest trees will advance and

be sustained to provide greater benefit in more areas.
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