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Abstract: The objective of the presented study was to compare the effect of osmotic stress, induced by
various concentrations of polyethylene glycol (PEG) MW 4000, on the development, maturation, and con-
version of somatic embryos of Picea abies (model species) and P. omorika (endemic species) into somatic
seedlings. Embryogenic tissue (ET) of P. abies (line A and B) and P. omorika were incubated on a maturation
medium with 20 uM abscisic acid (ABA), 1 uM indole-3-butyric acid (IBA) and PEG 4000 at 0, 5, and 7.5%.
After 5 weeks, the number of somatic embryos produced, and the number of cotyledonary somatic embryos
per 1 gram of ET, was assessed. Cotyledonary somatic embryos were selected and transferred to a Margara
germination medium for two months. Their growth, as measured by hypocotyl and radicle length, was
evaluated after one month, and the somatic embryos were transferred to fresh medium. After the second
month of incubation, the conversion frequency of germinated embryos into the seedlings was assessed. In
general, ETs of both of the tested spruce species cultured on a maturation medium amended with 5% PEG
4000 exhibited a tendency to produce a higher total number of embryos, as well as a higher number of cot-
yledonary embryos. The B line of P. abies produced a significantly greater number of cotyledonary embryos,
relative to the control (no PEG). PEG only stimulated hypocotyl growth in embryos of both lines (A and
B) of P. abies during the germination stage. Somatic embryos of Picea omorika were characterized by poor
growth of both hypocotyls and radicles, irrespective of PEG treatment. The addition of PEG 4000 to the
maturation medium did not improve the conversion frequency of germinated somatic embryos into somatic
seedlings in either spruce species after a month of incubation on Margara medium. The effect of PEG 4000
on somatic embryogenesis efficiency was more evident in the ET of the two P. abies lines, relative to the P.
omorika ET line, during both the maturation and the germination stage. Results indicated that the P. omorika
ET line was almost completely insensitive to all of the PEG concentrations tested.
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Introduction involving fertilization and zygote development. Al-

though SE occurs primarily under in vitro conditions,

Somatic embryogenesis (SE) is a biological pro- it has also been reported to occur in nature in Kala-
cess in which somatic cells develop into embry- nchoé (Fehér, 2006). Utilizing SE to propagate plants
os without going through a reproductive process is an efficient process that allows for the production
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of large numbers of morphologically and genetically
identical embryos from a small number of explants.
In addition, SE also avoids the impact of many en-
vironmental and biological factors such as, climate,
erratic seed production, periodicities in flowering
etc., which can have a major impact on embryo de-
velopment (Lelu-Walter et al., 2013; Smertenko &
Bozhkov, 2014). Moreover, SE can be used to pro-
duce genetically-modified plants and synthetic seeds.
Combined with various cryopreservation technolo-
gies, SE also enables the preservation of valuable or
endangered genotypes of plants ex situ (Aquea et al.,
2008; Ma et al., 2012). Although many conifers (e.g.
Abies, Larix, Pinus, Picea, and Pseudotsuga) exhibit SE
(Chen et al., 2010) there are still problems associ-
ated with the induction of SE and the production of
somatic seedlings. For example, it is still very diffi-
cult to produce embryogenic tissue (ET) from veg-
etative tissues of mature conifers, thus the process
can be very time consuming, costly, and inefficient.
Therefore, immature zygotic embryos isolated from
seeds are typically the source of explants used for
the induction of SE in conifers (Klimaszewska & Cyr,
2002). The ability to obtain zygotic embryos, howev-
er, is limited each year to the short period of time as-
sociated with seed development (Lara-Chavez et al.,
2011; Merkle et al., 2014). The ability to induce SE
in trees is strongly dependent on the genotype of the
explants, while the proper selection of specific PGRs,
their combination and concentrations, have a less-
er effect on the induction of SE (Shoji et al., 2006;
Maruyama & Hosoi, 2012).

The appropriate course of development during the
early stages of the SE process is essential in order for
somatic embryo development to occur. In turn, the
correct maturation of somatic embryos determines
their ability to develop into seedlings. Thus, this stage
of SE is key to the successful production of plants us-
ing this method of micropropagation (Pullman et al.,
2003a; Montalbdn et al., 2010; Merkle et al., 2014).

The addition of abscisic acid (ABA) to the growth
medium during the initial stages of the SE process
triggers developmental changes that enable embryo-
genic tissue to form somatic embryos. Subsequent to
the formation of mature, somatic embryos, however,
only a low percentage of them are converted into so-
matic seedlings (Stasolla et al., 2002). Improvement
in the quality of somatic embryos and their further de-
velopment into somatic seedlings can be achieved by
exposing ETs and SEs to osmotic stress, which plays
an important role in regulating embryo development,
both in vitro and in vivo (Bozhkov & von Arnold, 1998;
Belmonte et al., 2005). Osmotic stress in cultures of
conifer tissues can be induced by the use of several
compounds, such as amino acids, mannitol, or dex-
tran. The addition of polyethylene glycol (PEG) to the
maturation medium, however, has become the most

common method used to stimulate embryo matu-
ration (Belmonte et al., 2005; Heringer et al., 2013;
Hudec et al., 2016). PEG is a non-permeating osmot-
icum that increases desiccation tolerance and induces
the deposition of storage proteins in cells (Attree et
al., 1991; Misra et al., 1993; Heringer et al., 2013).
The positive effect of PEG on embryo maturation has
been reported for many coniferous species, including
Picea abies (Hudec et al., 2016), P. likiangensis (Chen
et al., 2010), P. glauca (Stasolla et al., 2002; Stasolla
& Yeung, 2003), and Cryptomeria japonica (Maruyama
et al., 2007). Hosoi and Maruyama (2012) reported
a 25-fold increase in the number of mature embryos
produced in Pinus luchuensis, relative to the number of
mature embryos produced in PEG-free medium when
embryogenic tissue was incubated on a medium con-
taining 15% PEG. Tret’yakova and Barsukova (2012)
reported that somatic embryos of Larix sukaczewii only
developed and matured on a medium supplemented
with 10% PEG. Substituting 7.5% PEG for maltose in
a maturation medium resulted in faster somatic em-
bryo development in Pinus taeda and the production of
large, bullet-shaped embryos (Pullman et al., 2003b).

The development of ET into mature, somatic em-
bryos is the initial step required for the production
of healthy somatic seedlings with well-developed and
functional root and shoot systems (Hay & Charest,
1999). The development of both a shoot apical mer-
istem (SAM) and a root apical meristem (RAM) in a
somatic embryo is a crucial stage in the production
of somatic seedlings. SAM and RAM formation is es-
sential to both somatic embryo germination and fur-
ther development, since seedling growth is depend-
ent upon both shoot and root emergence. The quality
of somatic embryos can be assessed by monitoring
the development of shoot meristems (Kong & Yeung,
1992). PEG treatment has been reported to contrib-
ute to proper SAM formation and to affect the regu-
lation of embryonic root development in Picea glauca
(Stasolla & Yeung, 2003). The authors demonstrated
that exposure of somatic embryos to PEG resulted
in higher transcript abundance of genes responsible
for the control of organ development and for SAM
and RAM formation in somatic embryos. A higher
abundance of transcripts for these genes indicates
that PEG promoted the induction and development
of shoots and roots in somatic embryos.

The aim of the present study was to compare the
effect of osmotic stress induced by various concen-
trations of PEG 4000 on the maturation and germi-
nation of Picea abies and P. omorika somatic embryos
and their conversion into somatic seedlings. Picea
abies is a widely-distributed spruce species in Eur-
asian forests and is a model species in studies on
SE, while P. omorika is an endemic and relict Balkan
species, cultivated in Europe as an ornamental tree.
In contrast to P. abies, P. omorika is able to grow in a
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variety of climatic and soil conditions, and is tolerant
to the pollution often found in urban environments
(Leljak-Levani¢ et al., 2009). Due to its overall toler-
ance to abiotic stress, this spruce species has the po-
tential to be used to solve many problems connected
with deforestation in the coniferous forests of Cen-
tral Europe (Kolevska-Pletikapi¢ & Buturovié-Deri,
1995). Many protocols have been studied and report-
ed for the induction of SE in P. abies, however, SE
induction in P. omorika has been rarely studied. Bu-
dimir and Vujici¢ (1992), first reported the induction
of SE in P. omorika from seedling explants. Mature
zygotic embryos have also been successfully used
as explants in P. omorika (Kolevska-Pleticapi¢ et al.,
1995). Only a few protocols have been reported for
somatic embryo maturation in P. omorika and their
further development into somatic seedlings (Vujici¢
& Budimir, 1995; Tramisak-Milakovi¢ et al., 1999;
Hazubska & Szczygiel, 2003; Szczygiet et al., 2007;
Hazubska-Przybyl & Bojarczuk, 2008). Therefore,
further research is needed on the induction of SE and
subsequent somatic seedling development in this
spruce species, in order to ensure that this endemic,
relict tree species can be adequately preserved and
propagated.

Methods

Plant material

Somatic embryos were obtained from embryo-
genic tissues (ETs) of Norway spruce (Picea abies)
and Serbian spruce (Picea omorika) derived from ma-
ture zygotic embryos isolated from mature seeds
(Fig. 1A). Seeds of Norway spruce were collected
from trees growing in the experimental forest of
‘Zwierzyniec’ near Kérnik (provenance experiment,
origin of seeds — Kolonowskie) and from a single
tree of Serbian spruce growing in the Kérnik Arbo-
retum (52°15'N, 17°04'E). Explants were incubated
on half-strength Litvay’s medium (Y2 LM) (Litvay et
al., 1985) containing 9 uM 4-amino-3,5,6-trichloro-
picolinic acid (Picloram), 4.5 uM 6-benzyladenine
(BA), sucrose (10 g/1), and Phytagel (5 g/1). The
same medium was used for the proliferation of the
induced ETs. Two lines of Norway spruce (A and
B) and one line of Serbian spruce were used in the
experiments.

Experiment I: Effect of PEG
concentration on somatic embryo
maturation

ET of P abies and P. omorika were transferred
to %» LM medium without growth regulators,

supplemented with active charcoal (10 g/l). After
one week, 2 g of tissue were submerged in 25 ml
of liquid growth medium (LM). The culture tubes
were then vigorously shaken in order to break up
the aggregates of cells. Five ml of mixture of the
medium with tissue was then transferred to filter
paper (70 mm diameter). The remaining medium
was removed from the filter paper with a small vac-
uum pump (KNF Laboport ™ type N 820.3 FT. 18).
The filter paper containing 0.4 g of ET was placed
on Petri dish with %2 LM medium supplemented
with ABA (20 uM), IBA (1 uM), sucrose (34 g/1),
Phytagel (6 g/1), and either O (control), 5, or 7.5%
PEG MW 4000. The placement of the tissue on the
filter paper provided it with even access to the me-
dium during the maturation process. Approximate-
ly 20 ml of medium was used in each 90 mm Petri
dish. The ETs were then incubated for 5 weeks at
22 +1°C under blue-red LED lights (35 uM m=2s).
The number of somatic embryos produced in the
cultures of each spruce species per 1 g of ET, as well
as the number of embryos that had reached the cot-
yledonary stage of development, were assessed as
the proportion in 0.4 g of ET per filter paper. The
experiments conducted on two lines (A and B) of
Picea abies were repeated five and three times, re-
spectively. In the case of P. omorika, the experiments
on the single line of P. omorika were repeated four
times.

In conifers, PEG MW 4000 is considered to be the
most beneficial molecular weight for the induction
of somatic embryogenesis (Bozhkov & von Arnold,
1998; Krajndkovd et al., 2013; Pullman & Bucalo,
2014; Merkle et al., 2014). The use of small molec-
ular weight (200 and 400) PEG has no effect on the
maturation process, most likely because it can dif-
fuse into cells (Attree et al., 1995). In contrast, too
high of a molecular weight (e.g. PEG MW 8000) PEG
has an adverse impact on somatic embryo matura-
tion (Szczygiet, 2005).

Experiment II: Effect of PEG on somatic
embryo germination and seedling
development

Selected somatic embryos at the cotyledonary
stage (Fig. 1B) of both spruce species were placed
on Margara germination medium (Margara, 1977)
lacking plant growth regulators but amended with
supplemental sucrose (20 g/l). The embryos were
cultured for 2 weeks at 22 +1°C in the dark and then
under red-blue LED light (35 uM m=s™!) for an ad-
ditional two weeks. Twenty embryos were placed in
one Petri dish (diameter 90 mm). From 118 to 415
cotyledonary somatic embryos of both spruce species
were tested depending on the ET line and treatment
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Fig. 1. A — Embryogenic tissue (ET) of Picea omorika prior to the transfer to maturation medium amended with differ-
ent concentrations of PEG 4000. Bar = 10 mm; B - Cotyledonary somatic embryos of Norway spruce (Picea abies).
Bar = 5 mm; C - Germinated somatic embryos of Picea abies (line B) cultured on Margara medium after control or PEG
treatments during the maturation stage. Bar = 10 mm; D - functional somatic seedlings of P. omorika with developed
radicles and epicotyls. Bar = 10 mm

variant. After the one-month period of incubation,
the frequency of germination was assessed and the
growth of the somatic embryos was estimated, as
measured by hypocotyl and radicle length. The em-
bryos were subsequently cultured on the same me-
dium for an additional month in order to evaluate
their ability to be converted into somatic seedlings.
Somatic embryos were considered as converted into
a seedling if the length of the hypocotyl and radicle
exceeded 10 and 5 mm, respectively; and if root hairs
and epicotyls had developed.

Statistical analysis

StatisticaTM 10 (Statsoft Poland) software was
used for data analysis. In Experiment I and II, data
were analyzed using the Tukey’s HSD test at a sig-
nificance level of p<0.05. Due to the limited amount
of plant material available, the number of times the
experiment was repeated varied between the lines as
follows: P. abies (line A), n = 5; P. abies (line B), n = 3,
P. omorika, n = 4. The statistical analyses were based
on the averages of the number of embryos obtained
in 2-6 Petri dishes for a single replicate. A separate
analysis of variance (ANOVA) was performed on the
data obtained from each of the studied lines.
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Results
Experiment I

The ET lines of both spruce species varied in their
ability to produce embryos. Line B of P. abies was the
most proficient, producing 398 embryos/1 g ET in
the no-PEG control (Fig. 2). A slightly lower number
of embryos, 310 embryos/1 g ET was produced by P.
omorika (Fig. 2). Line A of P. abies was the least profi-
cient line, producing only 170 embryos/1 g ET in the
no-PEG control (Fig. 2). In both species, all of the ET
lines exhibited a tendency to increase the production
and maturation of somatic embryos when the medi-
um was amended with 5% PEG 4000 (Fig. 2). The
number of somatic embryos in line A of P. abies in-
creased from 170 to 313 embryos/1 g ET, but the dif-
ference was not statistically significant (p = 0.0812).
Additionally, the increased number of somatic em-
bryos produced in the medium amended with 5%
PEG 4000, also did not result in the production of
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Fig. 2. Effect of various PEG 4000 concentrations within
the maturation medium on the total number of em-
bryos and cotyledonary somatic embryos produced in
Picea abies ET lines A and B and P. omorika during the
maturation stage. A Tukey’s test was performed separa-
tely for each line. Values with different letters are signi-
ficantly different at p < 0.05. Mean =+ SE, n = 4-6

a significantly different number of somatic embryos
at the cotyledonary stage, relative to the other treat-
ments. The number of cotyledonary somatic embry-
os in line A of P. abies was approximately 50% of the
total number of embryos that were produced (Fig. 2)
and this percentage was similar to the control and
other PEG 4000 treatments.

Application of 7.5% PEG 4000 decreased the total
number of somatic embryos, as well as the number
of cotyledonary embryos, relative to the 5% PEG
treatment; however, the decrease was not statistical-
ly significant. In contrast, line B was more respon-
sive than line A to the presence of PEG in the mat-
uration medium. The number of cotyledonary-stage
embryos produced in line B was significantly dif-
ferent relative the no-PEG control and the 5% PEG
4000 treatment (Fig. 2). The number of total embry-
os and cotyledonary embryos produced when 7.5%
PEG 4000 was added to the medium was slightly
lower, relative to the 5% PEG 4000 treatment, but
the number of cotyledonary-stage embryos was still
higher relative to the no-PEG control (Fig. 2). Cot-
yledonary somatic embryos accounted for 48 and
52% of all of the embryos obtained on the medium
supplemented with 5 and 7.5% PEG 4000, respec-
tively. These levels were approximately 2-fold higher
than the control treatment where the rate was ap-
proximately 28% (Fig. 2).

In the case of P. omorika, the addition 5% PEG
4000 to the maturation medium also resulted in the
production of a higher number of somatic embryos
(430 embryos/1 g of ET) and cotyledonary embryos
relative to the no-PEG control; however, again the
difference was not statistically significant (Fig. 2).
The level of embryo production in the no-PEG con-
trol and the 7.5% PEG 4000 treatment was similar
and not statistically significant from each other. The
proportion of cotyledonary somatic embryos pro-
duced was similar in all of the tested treatments (0,5,
and 7.5% PEG 4000), reaching approximately 30% of
all of the somatic embryos produced (Fig. 2).

Table 1. Percentage of somatic embryo germination and conversion to somatic seedlings in Picea abies (lines A and B) and
P. omorika cultured on maturation medium amended with 0, 5, or 7.5% PEG 4000

Species Line  PEG 4000 concentration (%) No. of embryos on the medium Germination (%) Conversion* (%)
0 258 99.31+0.70a 3.03=1.24a
A 5 245 100.00a 0.00a
. . 7.5 240 100a 1.06+0.36a
Picea abies
0 57 98.33x1.67a 3.51+1.76a
B 5 152 100.00a 1.14+0.66a
7.5 116 98.41+1.59a 2.38+1.38a
0 415 92.55+0.7a 3.41+1.78a
P. omorika 5 235 96.43+3.05a 1.44+0.92a
7.5 202 95.38+3.73a 0.00a

Mean = SE, n = 4-6. Different letters indicate statistically significant differences (p < 0.05) within a line. * — conversion of germinated
embryos into somatic seedlings was assessed after incubation of embryos on Margara medium for an additional month after assess-

ing germination.
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Experiment II

Cotyledonary somatic embryos of both spruce
species were cultured on Margara medium for one
month and the germination frequency was subse-
quently assessed. Results indicated that germination
frequency (emergence of radicles from embryos) was
92 to 100% across all of the treatments (Table 1).
Hypocotyls and radicles appeared during the first
two weeks of incubation in darkness. Over the sub-
sequent few weeks under light conditions, however,
hypocotyl growth was primarily observed and radicle
growth was generally poor. Somatic embryos in both
lines (A and B) of P. abies that had matured on medi-
um supplemented with both 5 and 7.5% PEG 4000
produced significantly longer hypocotyls, relative to
the no-PEG control (Figs 1C and 3). The longest hy-
pocotyls were observed in somatic embryos that had
germinated on Margara medium amended with 7.5%
PEG, where average hypocotyl length was approxi-
mately 19 mm and 14 mm in lines A and B of P. abies,
respectively (Fig. 3). In contrast, hypocotyl length in
lines A and B in the no-PEG control were 13 and 6
mm, respectively (Fig. 3).

In contrast to hypocotyls, radical length in both
lines of P. abies was similar or slightly shorter in all of
the PEG treatments, relative to the no-PEG control
(Fig. 3). Neither 5 or 7.5% PEG 4000 had any effect
on hypocotyl or radical length in P. omorika. Average
hypocotyl length was approximately 5 mm and av-
erage radicle length ranged between 2.4-3.3 mm in
all of the tested treatments (Fig. 3). In general, hy-
pocotyl growth was less in the one line of P. omorika
in relative comparison to both lines of P. abies. Simi-
lar results were obtained for radicle growth. Overall,
radicle and hypocotyl growth appeared to be more
highly synchronized in P. omorika than in P. abies.
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Fig. 3. Effect of 0, 5, or 7.5% PEG 4000 added to the ma-
turation medium on germination of Picea abies (lines A
and B) and P. omorika somatic embryos. A Tukey’s test
was performed separately for each line. Values with dif-
ferent letters are significantly different at p <0.05. Mean
+ SE, n = 4-6
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The ability to convert germinated somatic embry-
os into somatic seedlings was poor when the germi-
nated somatic embryos were cultured on Margara
medium for an additional month. Only as much as
3.5% and 3.4% of the P. abies and P. omorika embry-
os, respectively, developed radicles longer than 5 mm
along with the initial development of root hairs and
an epicotyl in the no-PEG control treatment (Table
1 and Fig. 1D). As indicated in Table 1, a low level
of conversion was also observed for embryos treated
with 5% PEG 4000 (P. abies line B, P omorika) and
7.5% PEG 4000 (P. abies line A and B).

Discussion

The present study demonstrated that osmotic
stress induced by PEG 4000 had a variable impact on
the maturation and germination of somatic embryos
of two ET lines (A and B) of P. abies. A minor effect of
this osmoticum on the maturation of somatic embry-
os of the endemic spruce species, was also observed;
however, the effect was not statistically significant. In
contrast, no effect of PEG 4000 was observed on the
frequency of somatic embryo germination process in
any of the tested lines of either species, although the
P. abies hypocotyl was significantly improved.

During the maturation step, PEG treatments re-
sulted in a tendency to produce a higher number of
embryos, relative to the no-PEG controls, in all of the
ET lines; irrespective of spruce species during the
maturation stage. Approximately 25% more cotyle-
donary somatic embryos were obtained in line A of P
abies when the medium was supplemented with 5%
PEG 4000, although this result was not significant.
In contrast, exposure of line B of P. abies to 5% PEG
4000 had significant effect on the number of cotyle-
donary somatic embryos produced. Small but no sig-
nificant differences were also found in the number of
cotyledonary somatic embryos produced in the line
of Picea omorika in response to PEG 4000. A distinct
positive effect of PEG on the maturation of somatic
embryos has also been reported by Attree et al.
(1991). In that study, a 3-fold increase in the number
of cotyledonary-stage somatic embryos of P. glauca
produced was observed, relative to the control, when
ETs were placed on a maturation medium supple-
mented with either 5 or 7.5% PEG. Svobodova et al.
(1999) and Find (1997) have also reported a demon-
strable improvement in P. abies somatic embryo qual-
ity and development when ETs were placed on a mat-
uration medium supplemented with either 3.75 or
5% PEG. These studies found that the maturation
process in P. abies was shortened from 5 to 3-4 weeks
and also noted changes in some morphological traits
in PEG-treated somatic embryos. In contrast, no
morphological differences between PEG-treated and
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no-PEG embryos were observed in the present study.
In our study, the maturation process also lasted 5
weeks in both the no-PEG control and PEG 4000
treatments in both of the utilized spruce species. The
ambiguous effect of PEG on embryo maturation in
different lines of Picea abies observed in the present
study are in agreement with results reported by
Szczygiel (2003). In that study, improved somatic
embryo quality was observed in only some of the
tested lines when ETs were placed on maturation
medium supplemented with PEG 3350. Krajiidkova
et al. (2013) also reported a differential response to
PEG in different genotypes of silver fir (Abies alba). In
their study, maturation medium supplemented with
10% PEG 4000 produced better quality somatic em-
bryos. In addition, they also observed a significant
increase in the number of cotyledonary somatic em-
bryos in one line and a completely opposite result in
a second line. These authors stated that a high rate of
maturation was dependent on a combination of sev-
eral factors, including the genotype of the cell lines
and the concentration of ABA and PEG used. In the
case of P. omorika, a general lack of comparative re-
search exists on the application of PEG as a factor
affecting somatic embryo maturation. Hazubska
(2005), however, reported that PEG 3500 had no
beneficial effect on the number or quality of P. omori-
ka somatic embryos produced. Results obtained on
the line of P omorika tested in the present study
agreed with this prior report. In earlier studies of P.
omorika SE, only 12 uM ABA was sufficient to stimu-
late somatic embryos development without the use
of an osmotic agent (Budimir & Vujici¢, 1992). Addi-
tionally, our previous research has also demonstrated
the potential stimulation of somatic embryo produc-
tion in both spruce species by the treatment of ETs
with 10-60 uM ABA, 1 uM IBA, and 3.4% sucrose
(Hazubska-Przybyl & Bojarczuk, 2008; Hazubska &
Szczygiel, 2003). TramiSak-Milakovi¢ et al. (1999)
also demonstrated that 20 or 40 uM ABA in matura-
tion medium supplemented with 3% glucose, su-
crose, or maltose, depending on the ET line, was op-
timal for somatic embryo development. Higher
osmotic pressure resulting from the use of a higher
concentration of sugars (6%) in the medium resulted
in decreasing the production of mature embryos, rel-
ative to media supplemented with 3% of the same
sugars. A similar tendency was also observed in the
lines of both P. abies and P. omorika with the use of
7.5% PEG 4000. Leljak-Levani¢ et al. (2009) also
noted the importance of the concentration of PGRs
in the proliferation medium on the number and mor-
phology of P. omorika somatic embryos during their
development on maturation medium. They found
that previous exposure of ETs to a medium contain-
ing different auxin/cytokinin ratios, or a hor-
mone-free medium supplemented with activated

charcoal, improved somatic embryo maturation on
subsequent ABA-containing medium. A similar ef-
fect was observed in P. abies (Bozhkov et al., 2002).
This approach has also been used in our research on
both spruce species, but its effectiveness was found
to differ between ET lines (Hazubska & Szczygiel,
2003). Many studies have indicated that PEG is an
inducer of both somatic embryo maturation and the
conversion of somatic embryos into functional seed-
lings (Heringer et al., 2013). Supplementing a cul-
ture medium with PEG, a non-permeating osmoti-
cum, simulates the water stress that occurs during
normal seed development and this is believed to af-
fect somatic embryo maturation (Heringer et al.,
2013; Koehler et al., 2013). In mature somatic em-
bryos, PEG stimulates cotyledon development, the
deposition of storage materials, the synthesis of en-
dogenous ABA, and improves desiccation tolerance
(Attree et al., 1995; Find, 1997; Svobodovi et al.,
1999; Stasolla & Yeung, 2003; Shoji et al., 2006). The
current study revealed that supplementing matura-
tion medium with PEG affected the growth of hypo-
cotyls disproportionally to the growth of the radicle
during the germination stage in both lines of P. abies,
but had no effect on the growth of either organ in the
tested line of P omorika. Asynchronous development
of radicles and hypocotyls has also been observed in
our earlier studies on different lines of both spruce
species, irrespective of the concentration of ABA
used in the maturation medium (Hazubska-Przybyt
et al., 2008). We hypothesize that the variable re-
sponse observed in the different lines and species is
due to genetic or physiological differences in the ex-
amined ET lines. According to Park (2002), however,
genetics explains only 3% of the variation observed
in the rate of somatic embryo germination. Regard-
less, some reports have indicated that genotype has a
clear impact on the results obtained in the use of
PEG on somatic embryo maturation (Bozhkov & von
Arnold, 1998). Genetics appears to be the most likely
reason that, in spite of the reported beneficial effect
of PEG on somatic embryo development, several au-
thors have also reported an adverse effect of PEG.
Although maturation medium supplemented with
PEG increases the number and quality of the somatic
embryos produced, somatic embryos treated with
PEG in many cases fail to germinate and develop into
functional seedlings (Kong & Yeung, 1995; Find,
1997; Bozhkov & von Arnold, 1998). As a result, the
overall benefit of exposing embryogenic lines to var-
ious concentrations of PEG in the maturation medi-
um remains controversial (Hudec et al., 2016). So-
matic embryos in many conifer species are partially
dried at high relative humidity or desiccated in the
presence of supersaturated solutions of salt in order
to improve germination and conversion rates (Rob-
erts et al., 1990; Jones & van Staden, 2001; Dronne
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etal., 1997). This approach has also been used in our
recent studies (Hazubska-Przybyt et al., 2015) and
resulted in an improvement in radicle growth in both
P. abies and P. omorika embryos when they were ex-
posed to partial drying at 97% relative humidity for 2
weeks. In the case of P. omorika, however, the extent
of hypocotyl growth was insufficient for obtaining
functional somatic seedlings. In contrast, Budimir
and Vujici¢ (1992) obtained a 51.9% rate of germina-
tion in P. omorika somatic embryos after 3 weeks of
cultivation of cotyledonary stage embryos on a PGR-
free germination medium, and without any addition-
al post-maturation treatments. This approach was
also indicated to be effective by Mihaljevi¢ and Jelas-
ka (2005). We also observed high conversion rates in
a few lines of P. omorika without the drying phase
(Szczygiet et al., 2007). Our more recent experience,
however, has shown that obtaining germinating so-
matic embryos and functional seedlings for most ET
lines is still problematic due to the poor synchroniza-
tion of radicle and hypocotyls development (Hazub-
ska-Przyby! et al., 2008). A 96% germination rate in
P. omorika somatic embryos was obtained when they
were cultured in maturation medium supplemented
with 0.8% agar (Kolevska-Pleikapi¢ & Bu-
turovi¢-Derié, 1995). This observation was the basis
of examining the influence of an osmotic agent, such
as PEG 4000, on the whole process of somatic seed-
ling development.

The highest concentration (7.5%) of PEG 4000 did
not produce a consistent negative effect on the germi-
nation of somatic embryos in either of the examined
spruce species. A slight decrease in root length was
observed in both lines of P. abies, and up to a 50%
increase in hypocotyl length was observed in line B of
P. abies, relative to the no-PEG control, when somat-
ic embryos were exposed to 7.5% PEG 4000. All of
the treatments resulted in poor growth in P. omorika,
which suggests that PEG did not affect the germina-
tion of somatic embryos in this spruce species.

Germinating somatic embryos of Picea abies ex-
hibited poor synchronization between hypocotyl and
radicle growth. Excessive hypocotyl growth, relative
to radical growth, was observed in both lines of P
abies, while weak growth of both organs was found
in the line of P. omorika. After one month of incuba-
tion on Margara germination medium, the PEG 4000
treatments had no effect on the rate of conversion
of somatic embryos into seedlings in either species.
The conversion frequency was similar in no-PEG and
PEG-treated embryos. These results stand in contrast
to the report by Bozhkov and von Arnold (1998), in
which PEG treatment of somatic embryos was found
to suppress radicle elongation and lateral root for-
mation, even after ex vitro transfer of the plantlets.
Hogberg et al. (2001) reported that the inhibitory
effect of PEG on germination disappeared over time.

No significant influence of PEG on the survival or
growth of somatic embryos was observed in P. abies
somatic seedlings after prolonged ex vitro growth
(Hogberg et al., 2001).

In conclusion, the results of the present study in-
dicate that supplementing the maturation medium
with 5% PEG 4000 resulted in greater production of
cotyledonary somatic embryos in P. abies (line B). The
osmotic stress induced by the PEG 4000, however,
did not significantly affect the maturation process in
somatic embryos of P. omorika. A tendency to produce
higher numbers of total somatic embryos and cotyle-
donary somatic embryos in ETs of both species was
observed when maturation medium was supplement-
ed with 5% PEG 4000. The presence of 5 and 7.5%
PEG 4000 in the maturation medium also resulted in
greater hypocotyl growth, relative to the no-PEG con-
trol, in both lines of P. abies during the germination
stage of somatic embryos but had little impact on root
growth. In fact, poor synchronization between root
and hypocotyl growth was observed in germinating
embryos of P. abies. The addition of PEG 4000 to the
maturation medium had no effect on the germination
of somatic embryos in P. omorika. Additionally, PEG
4000 did not affect the conversion of germinating
embryos into the somatic seedlings in either spruce
species. We hypothesize that the data obtained in the
present study are the result of both a genotype effect
and the effect of the physiological state of the ETs.
These physiological and genetic differences result in
a differential response to the presence of PEG in the
maturation medium. Furthermore, the physiological
status of the somatic embryos during maturation and
germination, as determined by the levels of endoge-
nous growth regulators (especially ABA), as well as
water content, may also play a significant role in the
obtained results. Additional research on the physio-
logical and genetic status of ETs will be required in
order to better understand the reasons underlying the
weak response of some ET lines of spruce (especially
P. omorika) to PEG. Such studies would greatly assist
in resolving the problems associated with producing
high-quality, somatic seedlings in recalcitrant conifer
species and lines within a species.
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