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Embryogenic cultures of plants are exposed to various stress factors both in vitro and during cryostorage. In order
to safely include the plant material obtained by somatic embryogenesis in combination with cryopreservation for
breeding programs, it is necessary to monitor its genetic stability. The aim of the present study was the assessment of somaclonal variation in plant material obtained from embryogenic cultures of Picea abies (L.) Karst. and
P. omorika (Pančić) Purk. maintained in vitro or stored in liquid nitrogen by the pregrowth-dehydration method.
The analysis of genetic conformity with using microsatellite markers was performed on cotyledonary somatic
embryos (CSE), germinating somatic embryos (GSE) and somatic seedlings (SS), obtained from tissues maintained in vitro or from recovered embryogenic tissues (ETc) and CSE obtained after cryopreservation. The analysis
revealed changes in the DNA of somatic embryogenesis-derived plant material of both Picea spp. They were found
in plant material from 8 out of 10 tested embryogenic lines of P. abies and in 10 out of 19 embryogenic lines of
P. omorika after in vitro culture. Changes were also detected in plant material obtained after cryopreservation.
Somaclonal variation was observed in ETc and CSE of P. omorika and at ETv stage of P. abies. However, most
of the changes were induced at the stage of somatic embryogenesis initiation. These results confirm the need for
Keywords:the genetic stability of plants obtained by somatic embryogenesis and after cryopreservation for both
monitoring
spruce species.

Keywords: microsatellites, somaclonal variations, somatic embryogenesis, spruce
Abbreviations: ET – Embryogenic tissue, ETc – Recovered ET after cryopreservation,
ETv – Embryogenic tissue maintained in vitro, SE – Somatic embryo, CSE – Cotyledonary SE,
GSE – Germinating SE, SS – Somatic seedlings, LED – Light-emitting diode, LM – Litvay’s medium, LN – Liquid nitrogen, 2,4-D – 2,4-dichlorophenoxyacetic acid, NAA – 1-Naphtaleneacetic acid,
Picloram – 4-Amino-3,5,6-trichloropicolinic acid, BA – Benzylaminopurine, ABA – Abscisic acid,
IBA – Indolile-3-butyric acid, SE 3 ETc – 3-week old SE obtained from ETc, SE 5 ETc – 5-week old
SE obtained from ETc, SSR – Simple sequence repeats

INTRODUCTION
Somatic embryogenesis (SE) is a propagation method used for accelerating the development and further mass production of high-value reproductive
plant material. This technique is used successfully
in micropropagation of various forest tree species
of the genera Abies, Picea, Pinus, Quercus and
Eucalyptus (Krajňáková et al., 2013; Mallón et
al., 2012; Salaj et al., 1999; Pinto et al., 2002; von
Arnold et al., 2005). A considerable amount of this
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research applies to various Picea spp., particularly
Picea abies, P. glauca, P. glauca × engelmannii,
P. mariana and P. omorika (Klimaszewska and Cyr,
2002; Mihaljević and Jelaska, 2005). In economic
terms, most of these trees are important forest tree
species for the forest industry (Klimaszewska and
Cyr, 2002) which makes these species especially
important objects for propagation via SE.
Both Picea abies (L.) Karst. and P. omorika
(Pančić) Purk. have their natural range in Europe
and play an important role in the natural forest
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ecosystem and forest industry. Due to this,
the development of efficient tools for SE has
been of particular interest. Generally, conifers
are regarded as very difficult material for
micropropagation (Sarmast, 2016). Research
into the micropropagation of Picea abies via SE
was initiated by Chalupa (1985) and Hakman et
al. (1985), and after decades of research these
methods are still being continued and improved
(von Arnold et al., 2005; Vondráková et al., 2015;
Yakovlev et al., 2014). In the case of P. omorika,
only a few studies on the SE method have been
carried out as of yet (Hazubska-Przybył and
Bojarczuk, 2008; Mihaljević and Jelaska, 2005).
Currently, it is known that both spruce species
can be propagated using this technique, and that
their embryogenic cultures can also be successfully
stored in liquid nitrogen (LN; Hazubska-Przybył
et al., 2010, 2013; Find, 1998). These results will
potentially allow for including Picea abies and
P. omorika SE techniques into forest breeding
programs and ornamental nurseries in the future.
The ultimate purpose of micropropagation
of plants is to produce true-to-type individuals.
Meanwhile, micropropagation of plants via
organogenesis or SE is inextricably linked to the
concept of somaclonal variation (Larkin and
Scowcroft, 1981; Isah, 2015; Sarmast, 2016).
Somaclonal variation may be induced by exposure
of the propagated material to a high concentration
of plant growth regulators and by its long-term
maintenance under artificial conditions, i.e., in
vitro culture (Marum et al., 2009; Sarmast, 2016).
The risk of somaclonal changes to the genome of
the propagated material is especially increased
during SE, when the plant material is maintained
in the form of callus (embryogenic tissue), which
is particularly sensitive to such changes (Kunakh,
1999). Some results have shown that various
changes at the morphological, biochemical, genetic
and epigenetic levels appear not only during in
vitro propagation (Bairu et al., 2011; Etienne and
Bertrand, 2003; Peredo et al., 2006, Bradai et al.,
2016), but also after cryopreservation, probably
because of the routine use of factors with mutagenic
effects, for example DMSO (Aronen et al., 1999).
Genotypic instability during SE or storage in LN
may have a significant influence on the quality of
the material, i.e., clonal individuals obtained via
tissue culture. Reduced quality of in vitro-derived
plant material is often visible at the later stages
of plant development. Therefore, for economic
reasons, the genetic conformity of plant material
should be assessed as early as possible, and is
especially important for long-lived trees such as
conifers, in order to minimize the costs of the
process.

To detect somaclonal variation during somatic
embryogenesis and after the cryopreservation of
embryogenic cultures of trees, various genetic
molecular markers have been used, for example
AFLP (Hornero et al., 2001), RAPD (Krajňáková et
al., 2011) and RFLP (DeVerno et al., 1994). Also,
simple sequence repeats (SSR), also known as
microsatellite markers, are used as the markers
of choice to study the genetic conformity of plant
material obtained via SE and/or stored in LN
(Burg et al., 2007; Hazubska-Przybył et al., 2013;
Helmersson et al., 2004; Lopes et al., 2009; Marum
et al., 2009). Microsatellites are 1–6 nucleotide-long
DNA sequences occurring extremely commonly in
the genomes of Eucaryota in the form of perfect
or near-perfect tandem iterations (Ellegren, 2004;
Lopes et al., 2009). The number of these repeats
may easily change due to various factors including
those directly related to the mutagenic factors
associated with in vitro techniques (Bairu et al.,
2011). SSR markers demonstrate an advantage
over other types of molecular markers mainly
due to their characteristics, i.e., a high degree of
polymorphism because of an intrinsically high
mutation rate, codominant inheritance and a wide
distribution over the genome. Additionally, the high
reliability of this technique in comparison with
other markers derived via random amplification
of genome regions, such as RAPD, renders SSR
a suitable tool for monitoring putative mutation
events during SE (Bairu et al., 2011).
In our previous work, genetic analysis with
SSR markers proved genetic fidelity of the P. abies
material obtained via somatic embryogenesis
and after cryopreservation (Hazubska-Przybył et
al., 2013). However, those studies were focused
mainly on optimizing of the protocol of cryostorage.
Hence, we could not evaluate the influence of
either the time of in vitro culturing or the time
of cryopreservation on the genetic stability of the
plant material. Since both these processes may
induce somaclonal variation (Sarmast, 2016), their
influence needs to be evaluated and the obtained
results might guide the improvement of propagation
protocols. Also, our previous investigations were
limited only to a single genotype which precludes
any general concluding with regard to the intrinsic
factors of somaclonal variation, i.e., genotypespecific propensity to mutate which is also a highly
discussed issue in terms of somaclonal variability
(Sahijram et al., 2003; Marum et al., 2009, Salaj et
al., 2011, Leva et al., 2012, Bradai et al., 2016). In
this work we wanted to asses if the prolonged time
of in vitro proliferation and storage in LN affects the
genetic integrity of genomes of two spruce species,
P. abies and P. omorika.

Genetic changes during Picea sp. somatic embryogenesis and cryostorage

MATERIALS AND METHODS
PLANT MATERIAL

SE was initiated from mature zygotic embryos of
Picea abies and P. omorika excised from seeds
collected from open-pollinated trees. The seeds
of P. abies originated from two trees (population
Kolonowskie – K and Serwy – S) growing in the
Institute of Dendrology Polish Academy of Sciences
experimental forest ‘Zwierzyniec’. The seeds of
P. omorika were collected from two trees growing
in the Kórnik Arboretum (AK1 and AK2) and from
two trees in Dąbrówka Kościelna (DK1 and DK2) in
Poland. The seeds were stored at +4°C. As the control for the genetic stability analysis, needles from
the respective mother trees were used.
ESTABLISHEMENT OF EMBRYOGENIC CULTURES

Embryogenic tissues (ETs) of P. abies and
P. omorika which originated from the Kórnik
Arboretum were initiated at the end of 2009
and in 2010 respectively, whereas ETs of
P. omorika which originated from Dąbrówka
Kościelna were initiated in 2012. Modified LM
medium (½ LM; with ½ of the full concentrations of media recommended by Litvay et
al., 1985), supplemented with auxin (2,4-D,
Picloram or NAA) at 9 μM and cytokinin (BA at 2.2,
4.5 or 8.8 μM) was used as the initiation medium.
ETs were proliferated on the same medium but
supplemented with Picloram (9 μM), BA (4.5 μM),
sucrose (10 g/l) and L-glutamine (450 mg/l). The
medium was solidified with Phytagel (5 g/l) and the
cultures were kept in the dark at 22 ± 1°C.
To stimulate somatic embryo maturation,
ETs of 11 lines of P. abies and 20 lines of
P. omorika (Table 1) were spread over Whatman
Nº 2 filter paper and kept for one week on ½ LM
medium, deprived of plant growth regulators but
supplemented with activated charcoal (10 g/l).
Next, the filter papers with ETs were placed on
the medium with the addition of ABA (20 μM),
IBA (1 μM) and sucrose (34 g/l). The cultures were
incubated at a light intensity of 35 μmol m-2 s -1
(36 W fluorescent lamps) with a 16/8 h day/night
photoperiod. After 5 weeks, a number of somatic
embryos obtained per gram of FW tissue were
estimated to evaluate the embryogenic potential of
the individual ET lines.
To initiate germination, somatic embryos
selected from 10 embryogenic lines of P. abies and
14 lines of P. omorika (Table 1) at the cotyledonary
stage (CSE) were placed on Margara medium
(1977), which was supplemented with sucrose
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(10 g/l) only. Next, Petri dishes with 20–60 embryos
were transferred to darkness for two weeks, and
then for the next two weeks to red and blue LED
light, at an intensity of 35 μmol m-2 s-1. After this, if
possible, three to five properly germinating somatic
embryos (GSE) with a clearly formed hypocotyl
(about 10 mm long) and root (about 5 mm long)
were transferred to Jiffy pots to obtain the somatic
seedlings (SS) after a period of 6 months. For
acclimatization to the ex vitro conditions, GSE of
one line of P. abies and five lines of P. omorika were
used (Table 1).
CRYOPRESERVATION PROCEDURE

Selected ET lines of P. abies (K4) and P. omorika
(AK2.6 and DK1.3; Table 1) were frozen in liquid
nitrogen by the pregrowth-dehydration method
according to Hazubska-Przybył et al. (2013). Briefly,
ETs were subjected to seven days of treatment
on ½ LM medium supplemented with sucrose in
increasing doses (0.25–1.00 M) and abscisic acid
(ABA) at 10 μM. Next, ETs were air-dried over silica gel for 2 h at 25°C, to a water content of about
20% and frozen for 2 weeks in liquid nitrogen (LN).
After this time, the samples were quickly thawed in
a water bath at 42°C, rehydrated on medium containing decreasing doses of sucrose (1.00–0.25 M),
and placed on 1/2 LM proliferation medium, supplemented with sucrose at 10 g/l, Picloram at 9 μM
and BA at 4.5 μM. After two to three months of
proliferation, recovered ETs were placed on the
standard maturation medium for three or five
weeks to obtain somatic embryos of the tested
spruce species.
SSR ANALYSIS OF GENETIC STABILITY

We designed two independent and distant in time
experiments. The first one was dedicated to the
genetic stability of plant material derived from
in vitro culturing and the second one to the genetic
stability of the ETs recovered from LN. Additionally,
the first experiment was performed on the ETs
lines, maintained under in vitro culture shorter
than ETs analyzed in the second experiment. This
allowed for assessing the impact of the culturing
duration on the genetic stability. The control for
both experiments was material obtained from the
mother three. Each of the mother trees (K, S, DK,
AK) was genotyped according to the procedure used
for ET lines (see below). The similarity between the
mother genotype and the derived lines and among
the stages within the lines were calculated with
Jaccard’s similarity coefficient (1908).
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TABLE 1. Picea abies and P. omorika embryogenic tissue (ET) lines of various origin from which plant material was
obtained for genetic analysis.

Species

Origin

Kolonowskie

Picea abies
Serwy

Kórnik Arboretum

P. omorika

Dąbrówka
Kościelna

Maintenance
on
proliferation
medium
(months)

Experiment
number

ET line

Embryogenic
potential

Germination
of SE

Acclimation
of SS in Jiffy
pots

K1v

C

+

–

13

I

K2v

C

+

–

27

I

K3v

C

+

ns

27

I

K4v+ LN

B

ns*

ns*

42

II

S1v

C

+

+

10

I

S2v

C

+

–

10

I

S3v

C

+

–

10

I

S4v

A

+

–

27

I

S5v

C

+

ns

27

I

S6v

B

+

ns

27

I

S7v

B

+

ns

26

I

AK1.1v

B

+

+

12

I

AK1.2 v

C

+

–

12

I

AK1.3 v

B

+

+

12

I

AK2.1 v

B

+

+

11

I

AK2.2 v

B

+

+

11

I

AK2.3 v

C

+

+

11

I

AK2.4v

C

+

ns

26

I

AK2.5v

B

–

ns

26

I

AK2.6v/ v+LN

C

+/ns*

ns/ns*

26/44

I/II

AK2.7v

C

+

ns

26

I

AK2.8v

C

+

ns

26

I

AK2.9v

C

+

ns

26

I

AK2.10v

C

+

ns

26

I

DK1.1v

C

+

ns

3

I

DK1.2v

B

+

ns

3

I

DK1.3v+LN

C

ns*

ns*

18

II

DK2.1v

C

–

ns

3

I

DK2.2v

C

–

ns

3

I

DK2.3v

C

–

ns

3

I

DK2.4v

C

–

ns

3

I

K, S, AK1, AK2, DK1, DK2 – origin of ET lines; successive numbers – line number of the specific origin; SE – somatic embryos; SS – somatic
seedlings. v – plant material used for analysis after in vitro maintenance; v+LN – plant material used for analysis after cryopreservation (italic);
ns – not studied; * – germination and acclimation after LN storage. A = ET lines produced more than 800 SEs per 1g of tissue; B = ET lines
produced between 400 to 800 SEs per 1g of tissue; C = ET lines produced between 100 to 400 SEs per 1g of tissue

Genetic changes during Picea sp. somatic embryogenesis and cryostorage
EXPERIMENT 1. GENETIC STABILITY DURING
SOMATIC EMBRYO MATURATION AND GERMINATION

Plant material obtained from 10 ET lines of P. abies
(origin Kolonowskie and Serwy) and 19 lines of
P. omorika (origin the Kórnik Arboretum and
Dąbrówka Kościelna) was used for SSR analysis
(Table 1). ETs were maintained on the proliferation
medium from 3–27 months, depending on the ET
line. The following samples were used: ETv maintained in vitro, 5-week-old somatic embryos at the
cotyledonary stage (CSE), 1-month-old germinating somatic embryos (GSE) or alternatively needles
from 6-month-old somatic seedlings (SS) in some
cases. Somatic seedlings were the final product of
somatic embryogenesis but, due to high mortality,
this stage was obtained only for some lines. Each
sample of ETs consisted of approximately 100 mg
of FW tissue, while each sample of CSE consisted
of 50 mg FW of embryos. The GSE and SS samples
consisted of three embryos with a properly developed hypocotyl and root or five needles collected
from individual seedlings, respectively. All samples
were stored at -80°C until DNA extraction.
DNA of the sampled material was analyzed
at eight nuclear microsatellite loci designed for
Picea abies. Five of the analyzed loci consisted of
dinucleotide motifs (SpAGC1, SpAGC2, SpAGG3,
SpAC1F7 and SpAC1H8, Pfeiffer et al., 1997;
Suppl. Table S1) and three were of three-nucleotide
motifs (EATC1E03, EATC1D02 and EATC1B02 by
Scotti et al., 2002; Suppl. Table S2).
EXPERIMENT 2. GENETIC STABILITY AFTER
CRYOPRESERVATION OF EMBRYOGENIC CUTURES

ETs and plant material obtained from one ET line
of P. abies (K4) and from two lines of P. omorika
(AK2.6 and DK1.3) after storage in LN were used
for genetic analysis (Table 1). P. abies ET was maintained on the proliferation medium for 42 months
and two P. omorika ETs for 18 and 44 months
before storage in LN. The following samples were
analyzed: ETs maintained in vitro (ETv), ETs recovered and proliferated after cryopreservation (ETc)
and 3- and 5-week-old somatic embryos obtained
from ETc (SE 3 ETc and SE 5 ETc, respectively)
incubated on maturation medium. Genetic analysis was performed with eight SSR loci as in the
previous experiment. We added five additional loci
that we wanted to test for their utility in analysis of genetic stability: EATC2B02, WS0023.B03,
WS0019.M09, WS0022.B15 and WS00716.F13
(Suppl. Table S1) (Scotti et al., 2002; Rungis et al.,
2004). For genetic analysis, the same type of samples was used as in Experiment 1.
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DNA ISOLATION AND SSR ANALYSIS

Total genomic DNA isolation and analysis of genetic stability of the sampled plant material with five
nuclear microsatellite loci: SpAGC1, SpAGC2,
SpAGG3, SpAC1H8, SpAC1F7 were performed
according to the protocol applied in our earlier
studies (Hazubska-Przybył et al., 2013). Three
SSR loci, namely EATC1E03, EATC1D02 and
EATC1B02, were amplified in a PCR-Multiplex
reaction using a Multiplex PCR Kit (Qiagen, Hilden,
Germany) using fluorescently labeled primers with
a “touch down” temperature profile as follows:
pre-denaturation at 94°C for 15 min, followed by
10 cycles of denaturation at 94°C for 30 sec, then
annealing at 60°C for 45 sec (with a 1°C reduction
in the annealing temperature in each successive
cycle) and extension of the amplification product at
72°C for 40 sec. This was followed by 25 cycles consisting of denaturation at 94°C for 30 sec, annealing
at 50°C for 30 sec and extension at 72°C for 30 sec;
the reaction ended with a final extension step of
7 min at 72°C. The amplified loci were separated
on an automated ABI Prism 3130 genetic analyzer
(Applied Biosystems) with GeneScan LIZ-500 as the
internal size standard. Genotypes were scored with
Gene Mapper v. 4.0 (Applied Biosystems). Each
identified somaclonal variation event was verified
by three independent amplification reactions and
analysis on the 3130 Genetic Analyzer (Appilied
Biosystems).

RESULTS
In this study, we detected 114 alleles in total across
the 13 loci and two experiments conducted for
P. abies and P. omorika. Non-fidelity in the amplification profiles was noted in eight loci. In total,
68 different mutations were recorded in the two
spruce species and 31 lines investigated, which on
average gives 2.19 mutation events per line (Suppl.
Tables S2 and S3). However, in 20 cases of suspected mutations the total inconsistency between
the homozygotic mother locus and homozygotic ET
line’s locus may suggest the presence of the ‘null’
allele in the mother locus. In such cases, only the
father allele present in progeny (ET line) will be
expressed leading to mismatch of genotypes at this
locus/loci. Thus, after the correction of the mutation number by the presence of null alleles in mother genotypes, we obtained 52 mutations in total and
1.7 mutations per line.
During Experiment 1, variation in amplification
profiles was detected in six ET lines of P. abies
tested (60%) and in six loci out of the eight used
(62.5%) (Suppl. Table S2). In total, 27 mutation
events were detected of which 17 appeared at
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the ETv stage, six at CSE stage and three at GSE
stage. Most of the mutations from the ETv stage
(15; 88.23%) were maintained at subsequent
stages. Three out of six mutations noted at CSE
stage were not detected at GSE stage at which
again initial genotype from ETv stage was noted
(Suppl. Table S2). In six lines more than one locus
underwent mutation; in lines K2 and S4 four loci
were mutated.
In the case of P. omorika, somaclonal variation
was observed in ten out of 19 ET lines (52.6%)
and in four loci out of eight used (50%) (Suppl.
Table S2). Sixteen mutation events were recorded
in total, of which seven were noted at ETv stage, six
at CSE stage, two at GSE at single at SS stage. The
mutations gained at ETv were generally detected
at the subsequent stages (GSE/SS), and single
reversed mutation into original genotype was also
noted. The gain of another allele was noted also at
the GSE stage (line AK2.8, AK2.9). Lines AK2.4 and
AK2.9 were mutated in more than one locus – three
and two, respectively.
In reference to Experiment 2 aiming at
tracking the possible mutation events induced by
cryopreservation, nine mutations were detected
in total (Suppl. Table S3). Variation in allele size
was recorded in all three lines tested, K4 (P. abies),
AK2.6 and DK1.3 (P. omorika), and in five loci out
of the 13 used (38.5%). Five mutations (55.5%)
were recorded in embryogenic tissue (ETv), and
two mutations (22.2%) in embryogenic tissue
recovered after cryopreservation (ETc). Additionally,
two mutations were detected in two loci in somatic
embryos after 3 weeks (SE 3 ETc) of growth on
the maturation medium (line AK2.6, P. omorika).
However, in the case of P. omorika line AK2.6
mutation gained at ETc was not transferred to
the subsequent stage and the initial genotype was
recovered. An exceptional situation was noted in
P. omorika line AK2.6 at locus SpAGC2, for which
two successive mutation events were noted, one at
the ETc stage and another during the development
of SE on the maturation medium after three weeks
(SE 3 ETc) (Suppl. Table S3). This change was
maintained in SE that matured for further two
weeks.
The estimators of genetic similarity for mother
trees and derived ET lines and for stages within
the respective ET line tested in two experiments
are presented in Table 2. Generally, lower values
of Jaccard’s coefficient of similarity were noted
for derived ET lines and their respective mother
tree than among stages within the line originating
from the single mother tree. For P. omorika lines
DK.1-2 full fidelity was obtained and the lowest
mean similarity was noted for lines K1-K3 and their
mother tree (mean 0.676).

DISCUSSION
Plant material obtained from in vitro cultures and
subjected to cryopreservation should be genetically
stable if used in breeding programs. This implies
the need for normalization of the procedures which
seems to be especially important in the case of
development of new micropropagation protocols
(Thiem and Kikowska, 2008). The essential step in
studies on SE and cryopreservation is the evaluation of the methods used with particular emphasis
on their efficiency. However, the safety in terms of
genetic stability should also be integrated into testing protocols. In this work, we demonstrated the
presence of changes in the genome of both spruce
species that were obtained by the SE method and
stored in LN.
Our previous studies confirmed that P. abies
and P. omorika are capable of micropropagation
via the SE method and that the embryogenic
cultures of these species may be successfully
cryopreserved using the pregrowth-dehydration
method (Hazubska-Przybył and Bojarczuk, 2008;
Hazubska-Przybył et al., 2010, 2013). Using five
SSR loci we also confirmed the genetic stability
of the single line of Picea abies tested (HazubskaPrzybył et al., 2013). The present study, aiming at
testing the genetic stability, was based on much
wider material in order to be able to make more
general conclusions about possible mutagenic
effects of duration of in vitro culturing and storage
in LN. Thus, we designed two experiments with
two spruce species, a larger number of ETs lines
that were maintained under in vitro conditions
for a longer period in comparison to our previous
study, in which in vitro culturing lasted 5 weeks
and cryopreservation only 24 hours (HazubskaPrzybył et al., 2013). Moreover, in this study we
validated additional SSR loci for their routine use
in protocols of testing the genetic stability in these
two spruce species.
Our results showed that all SSR loci were
useful in the detection of mutations in plant
material obtained via SE and after cryopreservation
by pregrowth-dehydration because all loci were
polymorphic. In a few cases, we did not obtain
an amplification product (Suppl. Table S3). This
suggests two possibilities: 1) some inhibitors of
polymerase were present and stopped the reaction
(probably the remains of chemical compounds
used during the in vitro propagation procedure)
or 2) some mutation might occur in the primer
binding region and resulted in lack of amplification.
Additionally, the fact that lack of amplification
was noted exclusively in P. omorika suggests
some problems with cross-amplification because
the primers used in this study were originally
generated for P. abies. Cross-amplification of SSR
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TABLE 2. Jaccard’s similarity coefficients for lines derived
from P. abies and P. omorika seeds.

Jaccard’s coefficient
Within
the line

Mother
tree

DK2.1

0.555

1.000

DK2.2

1.000

1.000

DK2.3

1.000

1.000

DK2.4

0.777

0.888

Mean

0.833

0.972

1.000

0.733

AK2.6

0.862

0.652

DK1.3

1.000

0.857

Experiment I

Jaccard’s coefficient
Within
the line

Mother
tree

K1

1.000

0.600

K2

0.733

0.502

K3

0.851

0.926

Mean

0.861

0.676

S1

1.000

1.000

S2

1.000

1.000

S3

1.000

0.600

S4

1.000

0.333

S5

0.921

0.454

S6

1.000

0.777

S7

0.851

0.718

Mean

0.967

0.697

AK1.1

0.851

0.777

AK1.2

1.000

1.000

AK1.3

1.000

1.000

Mean

0.950

0.926

AK2.1

1.000

1.000

AK2.2

1.000

1.000

AK2.3

0.851

0.925

AK2.4

1.000

0.454

AK2.5

1.000

0.777

AK2.6

1.000

0.777

AK2.7

0.921

0.851

AK2.8

0.812

0.851

AK2.9

0.851

0.851

AK2.10

1.000

1.000

Mean

0.945

0.866

DK1.1

1.000

1.000

DK1.2

1.000

1.000

Mean

1.000

1.000

Experiment I
P. abies

P. omorika

Experiment II
P. abies
K4
P. omorika

loci is frequently applied in closely related species,
but may result in low success rates and/or the
presence of the null alleles (Boratyński et al., 2014;
Sękiewicz et al., 2015).
Currently, SE together with cryopreservation
are the biotechnological methods applied on a large
scale in some countries for production of seedlings
of some trees species both for forest management
and commercial horticulture (Lelu-Walter et al.,
2013). This method also seems to be a valuable tool
in conservation activities concerning the protection
and improvement of gene pools of an endangered
species (Maruyama et al., 2007) or plants with
medicinal properties (Karamian and Ghasemlou,
2014). Protocols for seedling reproduction via
SE have been developed for many trees species
so far (Corredoira et al., 2013) and ongoing work
aiming at optimizing and improving SE process
in many tree species is still being reported
(Krajňáková et al., 2013; Pullman and Bucalo,
2014). However, these new procedures frequently
involve new forms of stress, side effects such as
induction of genetic changes in the SE-derived
and cryopreserved plant material. The examples of
these new stress-inducing factors can be Picloram
or NAA added instead of 2,4-D to proliferation
medium or strong drying of ETs after application
of the pregrowth-dehydration as a cryopreservation
method (Hazubska-Przybył and Bojarczuk, 2008;
Hazubska-Przybył et al., 2010). The long-term
proliferation of ETs of both spruce species on
the medium supplemented with Picloram during
their maintenance under in vitro cultures was
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used in our present study. We hypothesized that
both procedures used could negatively affect the
genetic stability of plant material. Several studies
have reported somaclonal variation in embryonic
cultures both after in vitro cultivation and after
cryopreservation (Burg et al., 2007; DeVerno et al.,
1999; Helmersson et al., 2008; Nawrot-Chorabik,
2009; Isabel et al., 1996; Krajňáková et al., 2011;
Dey et al., 2015). In this study we report substantial
genetic instability in SSR genotypes of the studied
material as 52 different mutation events in total
were detected.
In our analysis, changes were detected in
the SSR-assessed genotypes of plant material
obtained from ETs of P. abies and P. omorika
maintained in vitro. The mutation distribution
was not random with regard to stage, as most of
the changes were noted in DNA of embryogenic
tissue maintained in vitro (ETv) (3–27 months in
Experiment 1 and 18–44 months in Experiment 2)
and somatic embryos exposed for the maturation
medium (CSE) (Suppl. Table S2). In reference to
the first stage (ETv), it seems that the initiation of
the culture tissue is the most stressful procedure
that generates the mutations. Most of the genetic
changes gained at this very initial stage are
stored at the subsequent stages. This resulted in
a generally lower level of genetic similarity between
the mother tree genotype and derived somatic
lines but higher for within lines estimations
(Table 2). The changes noted at CSE may result
from a long-term proliferation/maintenance of
ETs on the Picloram-containing medium (or
from the stress caused by the conditions applied
during maturation of somatic embryos, i.e., high
osmoticum and the presence of ABA. The induction
of somaclonal variation during SE is frequently
ascribed to different physicochemical factors to
which unprotected genetic material is exposed
and reduced selection in the culture environment
that enables the maintenance of mutated genomes
(Bairu et al., 2011; Dey et al., 2015). Our results
are consistent with the opinion that the cultivation
period and conditions in which somatic embryos
mature are likely the factors inducing somaclonal
variations (Evans and Sharp, 1988; NawrotChorabik, 2009; Dey et al., 2015). Long-term
maintenance of embryogenic cultures in vitro
was indicated as a possible factor of detected
somaclonal variation in olive (Leva et al., 2012;
Bradai et al., 2016).
Genotype-based propensity to mutation needs
to be accounted also in discussion on the variability
in the level of somaclonal variation. In this study,
in eight lines of ET (K1, K2, S3-S5, S7 – P. abies
and AK2.2, AK2.9 – P. omorika) and the ET line
recovered after cryostorage (AK2.6 – P. omorika),
mutations occurred at more than one locus

which suggests generally lower stability of their
genomes. Other studies also indicated genotypedependent occurrence of somaclonal variation
(Marum et al., 2009, Salaj et al., 2011, Leva et al.,
2012). A recent study of Bradai et al. (2016) on
somaclonal variation in olive plants revealed clear
relationship between genotype and susceptibility to
the morphological and physiological alternations
of regenerated plants. It is known that the genetic
make-up plays an important role in tolerance to
different kinds of stress, including this induced
with the SE procedure and so some genotypes
may be less stable under conditions of tissue
cultures (Karp, 1994). Frequently, the causal
factors are transposable elements that are normally
epigenetically silenced by DNA methylation (Zhang
et al., 2014), and growth regulators present in
regeneration medium are indicated as one of the
factors affecting the methylation level and activation
of the transposons (Sarmast, 2016).
In the case of the cryopreserved plant material,
somaclonal variation was detected in recovered
ETc in one out of the two tested embryogenic lines
of P. omorika (AK2.6). In a single embryogenic
line of P. abies, K4 mutation occurred before
cryopreservation procedure at the stage of ETv,
which corresponds to the results of Experiment 1
indicating that initiation of SE and prolonged
cultivation are the main factors of somaclonal
variation noted. Some genetic changes were
not further transferred to subsequent stages,
but others were. In our previous analysis of the
genetic stability of P. abies embryogenic tissues
after cryopreservation, we reported no changes
in the genotypes assessed with the set of five SSR
loci but this study was based on a single ET line
(Hazubska-Przybył et al., 2013). The discrepancies
between the current and previous studies may
simply stem from including in this experiments
a higher number of ET lines which increased the
overall probability of revealing the mutation events.
Additionally, as expressed previously, different
genotypes may present different sensitivity to
mutagenic factors (Marum et al., 2009). However,
in our opinion, the most significant factor inducing
the changes observed in ET lines is likely the longterm maintenance of embryogenic cultures on the
proliferation medium – 42 months for P. abies
and 44 months for P. omorika (Table 1). Also, the
previously cryopreserved single P. abies ET line
was cultured for 12 months (Hazubska-Przybył et
al., 2013). In our opinion, long-term contact of ETs
with plant growth regulators (Picloram and BA)
in the proliferation medium could increase their
sensitivity to the stress caused by the following
procedure of cryopreservation. Additionally,
the mutation discovered in the material after
cryopreservation referred to the line AK2.6, which
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was generally less genetically stable as it gained
mutations in three loci and at more than one stage.
Somaclonal variation may entail the induction
of genetic chimeras (Burg et al., 2007; López et al.,
2004; Marum et al., 2009) when a subpopulation
of cells avoids mutation and maintains nonmutated allele(s) along with mutated cells. In
both experiments, we detected such chimeras.
The inability to detect a mutation at later stages
clearly suggests that these cells were not able to
proliferate further in contrast to non-mutated cells.
According to DeVerno et al. (1999), SE tissue may
be composed of subpopulations of mutated and
non-mutated cells, of which only those possessing
genomes not affected by mutations survive and are
capable of further development.

CONCLUSIONS
The results obtained in this work suggest that
somaclonal variation may be quite frequent in SE
and that cryopreservation may also have an impact
on genetic stability, although to a lesser extent.
Some of these changes were transferred to a subsequent stage and some were not, which implies that
individuals with non-stable genomes may be disposed from the population of regenerated plants at
later stages of the development. In fact, some of the
mutated lines were not able to develop into seedlings (Suppl. Table S2). Hence, even if our results
clearly indicate somaclonal variation during SE, we
suggest that observations in later developmental
stages should be included. Additionally, incorporating more than one system of genetic markers and
other levels of genome organization are required for
deep analysis of genome stability and potential consequences of changes during the process of SE. Our
results call for more studies concerning the factors
contributing to the occurrence of mutation events
and the processes controlling their maintenance or
loss. The non-random distribution of mutation suggests that individual propensity to mutations may
play an important role. The detailed knowledge of
the somaclonal variation process would contribute
to more efficient and reliable SE and cryopreservation protocols.
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