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Abstract For promoting the maturation of two embryo-

genic cell lines of Abies cephalonica Loud., the effect of

two sucrose concentrations (87.6 and 175.2 mM) applied

alone (Control) or in combination with activated charcoal

(AC) (1 week) or with polyethylene glycol (PEG1 and

PEG4) (1 or 4 weeks) was studied. The effect of each

maturation medium was tested with four concentrations of

abscisic acid (4, 8, 16 and 32 lM ABA). AC supplement

significantly increased the percentage of embryogenic cell

masses (ECMs) with cotyledonary embryos but did not

affect the average number of embryos per 1 g of ECMs

fresh weight. The highest percentages of ECMs (77.5%)

with cotyledonary somatic embryos and the highest aver-

age number of somatic embryos (36.5 ± 13.4) were found

on media with PEG for 4 weeks. The maturation media

with 87.6 mM sucrose significantly increased the number

of ECMs able to form cotyledonary embryos (66.8%) when

PEG was included in the maturation medium, but did not

affect the average number of somatic embryos. Overall

correlation between proliferation diameter during matura-

tion phase and the number of ECMs with somatic embryos

(r = -0.40) as well as all significant correlations within

individual experimental variants were consistently negative

after 8 weeks of maturation, meaning that proliferation

growth hampers the formation of somatic embryos. The

highest germination percentages 21.6% and 18.2% were

obtained when somatic embryos were maturated on media

with or without AC supplement, respectively. Lowest

germination percentages, 9.1% and 4.4%, were obtained on

maturation media with PEG4 and PEG1.

Keywords Somatic embryogenesis �
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Introduction

Aussenac (2002) considering a climatic scenario, proposed

that Mediterranean firs (e.g., Abies cephalonica Loud.)

could be in danger in some parts of the present range, but,

on the other hand, could also replace other species in more

northern zones with temperate humid climate. In these

climate zones it could replace silver fir (Abies alba Mill.)

which is suffering dieback in a large part of its distribution

range (Larsen 1986). As fir species are generally highly

productive and therefore important for commercial for-

estry, they have traditionally been involved in conventional

tree improvements programmes including interspecific

hybridization (Greguss et al. 1994). In Central Europe,

among the most promising parental combinations were

those where A. cephalonica is the mother tree (Greguss and

Longauer 1996). Quite a lot of effort has been put into the

development of vegetative propagation methods for firs, in

order to rapidly gain the benefits of traditional breeding to
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National Forestry Center, Forest Research Institute,

T.G. Masaryka 22, 960 92 Zvolen, Slovakia

e-mail: jana.krajnakova@uniud.it

Present Address:
J. Krajňáková
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H. Häggman

Department of Biology, University of Oulu,

P.O. Box 3000, 90014 Oulu, Finland

D. Gömöry
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be utilized in reforestation (Greguss et al. 1994). Somatic

embryogenesis, with its potential for mass multiplication

has become a useful technique for large scale propagation

of many coniferous species (Timmis 1998), and in com-

bination with cryopreservation somatic embryogenesis

makes it possible to preserve important genotypes during

field tests (reviewed by Sutton et al. 2004).

Regeneration in the genus Abies via somatic embryo-

genesis has been demonstrated for A. alba Miller

(Hristoforoglu et al. 1995), A. balsamea (L.) Mill. (Guevin

et al. 1994), A. cephalonica (Krajňáková et al. 2008),

A. cilicica Carrière (Vooková and Kormut’ák 2003),

A. lasiocarpa (Hook.) Nutt. (Kvaalen et al. 2005)

A. nordmanniana Lk. (Nørgaard 1997), A. numidica De

Lann. ex Carrière (Vooková and Kormut’ák 2002) and in

several of their hybrids (Salaj et al. 2005).

A common procedure for maturation of high quality

somatic embryos in conifers is the culture of embryogenic

tissue on media supplemented with abscisic acid (ABA)

with decreased osmotic water potential compared to the

proliferation medium. This decrease is mainly achieved by

increasing the concentration of sucrose (Klimaszewska and

Smith 1997), gelling agents (Klimaszewska et al. 2000) or

by supplementing non-plasmolyzing osmoticum (polyeth-

ylene glycol, PEG) (Attree and Fowke 1993). The effect of

PEG mimics the naturally occurring water stress on seeds

during the late stages of maturation. Water stress caused by

PEG and/or increased concentration of sugar together with

ABA is essential to somatic embryo development because

it induces accumulation of storage compounds and inhibits

precocious germination (reviewed by Stasolla and Yeung

2003). PEG enhanced somatic embryo maturation in sev-

eral species, including Picea glauca (Moench) Voss

(Attree et al. 1991), Pseudotsuga menziesi (Mir.) Franco

(Gupta et al. 1993), Picea abies L. Karst. (Bozhkov and

Von Arnold 1998; Svobodová et al. 1999), Pinus sylvestris

L. (Keinonen-Mettälä et al. 1996; Häggman et al. 1999),

P. nigra Arnold. (Salajová et al. 1999), Cryptomeria

japonica D. Don (Maruyama and Hosoi 2007), Abies

nordmanniana Lk. (Nørgaard 1997), A. numidica Carr.

(Vooková and Kormut’ák 2002) and Abies hybrids (Salaj

and Salaj 2003; Salaj et al. 2004).

Activated charcoal (AC) is commonly used in tissue

culture media to darken the immediate media surroundings,

adsorb inhibitory or toxic substances, and plant growth

regulators (PGRs) (reviewed by Moshkov et al. 2008).

Charcoal has been used in all stages of somatic embryo-

genesis to increase initiation frequencies of Pinus taeda L.

(Pullman and Johnson 2002), induce embryogenic tissue on

vegetative shoot apices of mature trees of Pinus patula

(Malabadi and Van Staden 2005), improve yield and

quality of somatic embryos during maturation (Capuana

and Debergh 1997; Carraway and Merkle 1997; Li et al.

1997, 1998; Groll et al. 2002; Pullman et al. 2005; Lelu-

Walter et al. 2006), and most frequently during germina-

tion (Vooková and Kormuák 2001; Salaj et al. 2004;

Andrade and Merkle 2005).

In a previous study, we focused on the effect of carbo-

hydrate source during the maturation of Abies cephalonica

Loud. embryogenic material (Krajňáková et al. 2008). In

the present work our aim was to study the effect of two

sucrose concentrations, PEG and AC supplements, four

ABA concentrations and their interactions on maturation.

Moreover, we investigated the after-effect of maturation

media on germination of somatic embryos.

Materials and methods

Plant material

Embryogenic cultures of Abies cephalonica were initiated

and sub-cultured as described by Krajňáková et al. (2008).

The proliferating cultures were subcultured every 2 weeks

and the cultures were maintained at ?24�C in the dark. The

embryogenic cell lines, 6 and 8, were selected for future

maturation experiments.

Maturation of embryogenic cultures

Embryogenic cell masses (ECMs) between 275 ± 25 mg

in fresh weight were placed on DCR maturation medium

(Krajňáková et al. 2008) with 0.05% (w/v) casein

hydrolysate, 1.7 mM L-glutamine (filter sterilized and

added into the cooled media), and gelled by 0.25% (w/v)

PhytagelTM. pH was adjusted to 5.7. We used 8 different

maturation media which are presented in Table 1.

Medium A included 87.6 mM sucrose and medium B

175.2 mM sucrose but no other supplements. Media C

and D were supplemented with 1% (w/v) activated

charcoal (Experiment 1) and media E, F, G and H

included 5% (w/v) PEG-8000 (Experiment 2). With all

maturation media 4 different concentrations of racemic

ABA (4, 8, 16 or 32 lM ABA) were tested. Chemicals

used in all experiments were purchased from Sigma. Sub-

culturing was done every 4 weeks and the maturation

phase took up to 12 weeks. The cultures were monitored

at the time of sub-culturing and the mature embryos were

transferred to germination medium.

Germination of mature somatic embryos and transfer

into ex vitro conditions

Mature somatic embryos were germinated on half-strength

DCR medium supplemented with 58 mM maltose, without

growth regulators and solidified using 1% (w/v) agar
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(Krajňáková et al. 2008) at temperature 22 ± 2�C and the

light intensity was kept low for the first 2 weeks of ger-

mination (30 lE m-2 s-1, 16 h photoperiod) and then it

was gradually augmented reaching up to 74 lE m-2 s-1,

16 h photoperiod.

The successfully germinated embryos were transplanted

to non-fertilized horticultural peat (pH 3.8, VAPO,

Finland)-perlite (2:1) mixture and they were adapted to

ex vitro conditions by gradually decreasing humidity. After

1 month the plants were transplanted into commercial

fertilized peat (Vapo Oy, Jyväskylä, Finland). During the

growth period, the plants were fertilized once with 0.2%

5-Superex fertilizer (Superex Oy, Kekkilä, Finland).

Experimental design and data analysis

The ability of ECMs, representing cell lines 6 and 8, to

produce somatic embryos were evaluated and the effect of

the following maturation media components were studied:

87.6 and 175.2 mM sucrose concentrations applied alone

(maturation media without supplement, Control) were

compared to media with activated charcoal for 1 week

(AC, Experiment 1, EXP1) or to the media with PEG for 1

or 4 weeks (PEG1 or PEG4, Experiment 2, EXP2)

(Table 1). The effect of each maturation medium was

tested with 4 different concentrations of ABA (4, 8, 16 or

32 lM ABA). The number of ECMs tested varied between

18 and 25 per cell line and maturation media. The whole

experiment was replicated twice.

Maturing ECMs were examined three times at 4-week

intervals. Four characteristics were evaluated: (1) diameter

(in the following classes; \10, 10–14, 15–19,[20 mm) of

ECMs which represents the proliferation growth during

maturation phase; (2) presence or absence of developing

somatic embryos in ECMs, i.e., response of ECMs to

maturation media; (3) the existence of early and late

cotyledonary embryos, and (4) the number of somatic

embryos per 1 g of fresh weight of embryogenic cell mass.

Diameter scores represent an ordinally scaled response

variable. Mean scores were modeled using the GLM pro-

cedure (SAS 1988). The proliferation growth was

monitored after 4 and 8 weeks on maturation media.

The number of ECMs with somatic embryos was

counted after 4, 8 and 12 weeks on maturation medium. At

week 12, the proportion between cell masses with early and

late cotyledonary embryos and cell masses with non-

cotyledonary embryos was determined. The response of

ECM to maturation treatments (presence or absence of

developing somatic embryos, presence of early and late

cotyledonary or non-cotyledonary embryos) were evalu-

ated using generalized linear models. The probabilities of

forming somatic embryos were modeled as linear response

functions using weighted least-square analysis (procedure

CATMOD, SAS 1988). Because of a large number of

sampling zeros at 12 weeks, two partial models were used

for the evaluation at this date: model 1 comprising the

effects of cell line and carbohydrate type and model 2

comprising the effects of carbohydrate type and ABA.

Correlations between proliferation growth and responses of

embryogenic cell masses to maturation media were asses-

sed (Pearson’s correlation coefficients).

The average number of all cotyledonary somatic

embryos per 1 g of fresh cell mass was determined after

12 weeks maturation. The cell masses were divided into

categories 1, 2 and 3 with the total number of embryos

varying from 1 to 9, from 10 to 24 and from 25 to 50

embryos, respectively. The number of somatic embryos per

1 g of fresh weight of ECM was considered a Poisson-

distributed random variable. To normalize the data and to

make the mean independent of variance, we used fourth-

root transformation (Quinn and Keough 2002). Trans-

formed data were analyzed using factorial ANOVA

Table 1 Design of maturation experiments

Statistical testing Maturation media Supplement Concentration of sucrose (mM) Transfers after 4 weeks

on maturation media
Type Duration (weeks)

Control A None 0 87.6 Concentration of sucrose

for all media 87.6 mMB None 0 175.2

Experiment 1 C AC 1 87.6

D AC 1 175.2

Experiment 2 E PEG 1 87.6

F PEG 1 175.2

G PEG 4 87.6

H PEG 4 175.2

The basal medium used for maturation was DCR (Gupta and Durzan 1985). Statistical analyses are performed by comparing AC supplement with

control (Experiment 1), and by comparing PEG supplements and control (Experiment 2). AC, activated charcoal, PEG, polyethylene glycol

AC, activated charcoal, PEG, polyethylene glycol
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(all variants effects were considered fixed). Procedure

GLM (SAS 1988) was used.

For the evaluation of germination percentages general-

ized linear models were used (weighted least-square

analysis, procedure CATMOD, SAS 1988).

Results

Proliferation growth during maturation

Altogether, the response of 632 ECMs from cell line 6 and

775 from cell line 8 were tested. Generally, proliferation

growth of the cell lines decreased during the maturation

phase (data not shown). The smallest average diameter of

ECMs 11.5 and 11.9 mm were observed after 8 weeks

cultivation of cell line 6 on the maturation media B and H

or cell line 8 on medium H, respectively. On the contrary,

the largest average diameter of ECMs being 14.8 and

17.7 mm of cell lines 6 and 8 were found on media A after

8-weeks cultivation.

When media of EXP1 (C, D) were compared with

control media (A, B), the main factors (cell lines, carbo-

hydrate and ABA concentrations) affected significantly

(P \ 0.05) the proliferation diameter of ECMs after an

8-week lasting maturation (Table 2). The interactions

among the main factors (Table 2, 6 out of 11) also affected

significantly the diameter of ECMs. The proliferation

Table 2 Analysis of variance

of the effects of cell lines (6 and

8), carbohydrate concentrations

(87.6 and 175.2 mM sucrose),

ABA concentrations (4, 8, 16

and 32 lM) and maturation

supplements (none, AC for

Experiment 1; none, PEG1

and PEG4 for Experiment 2)

on the proliferation growth

observed after 8-week

lasting maturation

Significance labels

* P \ 0.05

** P \ 0.01

*** P \ 0.001

NS—not significant

Source DF F-value P [ F

Experiment 1

Cell line 1 156.42 ***

AC supplement 1 0.78 NS

Cell line 9 AC supplement 1 0.21 NS

Carbohydrate concentration 1 123.82 ***

Cell line 9 carbohydrate conc. 1 0.34 NS

AC supplement 9 carbohydrate concentration 1 1.06 NS

Cell line 9 AC supplement 9 carbohydrate concentration 1 1.09 NS

ABA 3 11.31 ***

Cell line 9 ABA 3 0.82 NS

AC supplement 9 ABA 3 1.19 NS

Cell line 9 AC supplement 9 ABA 3 8.50 ***

Carbohydrate concentration 9 ABA 3 18.16 ***

Cell line 9 carbohydrate concentration 9 ABA 3 3.79 **

AC supplement 9 carbohydrate concentration 9 ABA 3 10.25 ***

Cell line 9 AC supplement 9 carbohydrate concentration 9 ABA 3 2.87 *

Error 706

Experiment 2

Cell line 1 106.17 ***

PEG supplement 2 32.01 ***

Cell line 9 PEG supplement 2 9.99 ***

Carbohydrate concentration 1 88.91 ***

Cell line 9 carbohydrate concentration 1 0.38 NS

PEG supplement 9 carbohydrate concentration 2 9.88 ***

Cell line 9 PEG supplement 9 carbohydrate concentration 2 1.72 NS

ABA 3 3.10 *

Cell line 9 ABA 3 5.34 **

PEG supplement 9 ABA 6 8.62 **

Cell line 9 PEG supplement 9 ABA 6 6.16 ***

Carbohydrate concentration 9 ABA 3 16.65 ***

Cell line 9 carbohydrate concentration 9 ABA 3 4.50 **

PEG supplement 9 carbohydrate concentration 9 ABA 6 7.01 ***

Cell line 9 PEG supplement 9 carbohydrate concentration 9 ABA 6 2.96 **

Error 1,071
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diameter of cell line 6 (13.1 mm) was significantly

(P \ 0.05) lower than that of cell line 8 (16.5 mm). The

ECM diameters on the media with 32 lM ABA (14.1 mm)

were significantly (P \ 0.05) smaller than the diameters

found on 4, 8 or 16 lM ABA containing media. Active

charcoal did not significantly affect the diameter of ECMs.

The higher concentration of sucrose (175.2 mM) signifi-

cantly (P \ 0.05) reduced the proliferation growth

(diameter 13.3 mm) compared to 87.6 mM sucrose

(diameter 16.4 mm).

In the case of EXP2, (media E, F, G, H were com-

pared with control media A and B) the main factors (cell

lines, supplement type, carbohydrate and ABA concen-

trations) and majority of interactions among them (9 out

of 11) affected significantly (P \ 0.05) diameter of

ECMs after 8 weeks of proliferation (Table 2). Also in

this experiment, the proliferation diameter of cell line 6

(12.9 mm) was significantly (P \ 0.05) lower than that

of cell line 8 (15.5 mm). The lowest diameter (13.1 mm)

was observed when PEG4 was used as a media supple-

ment. Similarly to EXP1, also in EXP2, the higher

concentration of sucrose (175.2 mM) significantly

(P \ 0.05) reduced the proliferation growth (diameter

13.0 mm) when compared to media with 87.6 mM

sucrose (diameter 15.4 mm).

Capability of ECMs to produce embryos on maturation

media

Early pre-cotyledonary embryos i.e., yellowish compact

structures were observed after 4 weeks on maturation

media. The cotyledonary embryos were predominantly

found between the weeks 8 and 10 and onwards. For both

cell lines, 6 and 8, the maturation medium H was the most

successful obtaining 85% and 51% of ECMs with pre-

cotyledonary and cotyledonary embryos, respectively.

Maturation media A and F in the case of cell line 6 and 8,

respectively, had very few ECMs with early and late cot-

yledonary embryos (data not shown).

In EXP1, the capability of ECMs to produce cotyle-

donary embryos was significantly (P \ 0.05) affected by

the cell line, AC supplement, and interaction of cell line by

AC supplement (Table 3, EXP1). Cell line 8 was signifi-

cantly better than cell line 6 in the capacity of ECMs to

produce somatic embryos, being 72.8% and 53.3%,

respectively (Fig. 1a). The lowest capability of ECMs to

form somatic embryos was observed on media with 4 lM

ABA (Fig. 1b). AC supplement significantly increased the

percentage of ECMs with cotyledonary embryos compared

to control being 45.5% and 26.7%, respectively (Fig. 1c).

Media with different sucrose concentrations did not sig-

nificantly differ in the capability of ECMs to form somatic

embryos (Fig. 1d).

In EXP2, cell line, PEG supplement, ABA concentra-

tion, carbohydrate concentration and interaction of cell line

by supplement type and cell line by ABA concentration

significantly (P \ 0.05) affected the capability of ECMs to

produce somatic embryos (Table 3, EXP 2). Cell line 6 was

significantly better than line 8 in the capacity of ECMs to

form somatic embryos (Fig. 2a). Higher concentrations of

ABA (8, 16 and 32 lM) gave the significantly better

number of ECMs with cotyledonary somatic embryos

(Fig. 2b). Four week PEG supplement produced the highest

percentage of ECMs with cotyledonary somatic embryos

(Fig. 2c). On 87.6 mM sucrose medium the percentage of

ECMs with cotyledonary embryos, 66.8%, was signifi-

cantly higher than the corresponding percentage of ECMs,

53.7%, on medium supplemented with higher sucrose

concentration (Fig. 2d).

The analysis of the relationship between proliferation

growth at the maturation phase and the capability of ECMs

to produce embryos is shown in Table 4. The only signif-

icant correlation between proliferation diameter during

maturation phase and the number of ECMs with somatic

embryos (r = -0.47) was found at the 4 weeks time point

on media with 87.6 mM sucrose (data not shown).

Table 3 Weighted least-square analysis of linear response functions

for the effects of Abies cephalonica cell lines (6 and 8), maturation

supplements (none, AC for Experiment 1; none, PEG1 and PEG4 for

Experiment 2), and ABA concentrations (4, 8, 16 and 32 lM) on the

capability of embryogenic cell masses to produce embryos (% of

ECMs with somatic embryos) after 12 weeks on maturation media

Source DF v2

Experiment 1

Intercept 1 a

Cell line 1 7.37**

AC supplement 1 6.12*

Cell line 9 AC supplement 1 4.34*

ABA 3 5.44 NS

Cell line 9 ABA 3 0.29 NS

AC supplement 9 ABA 3 0.66 NS

Sucrose concentration 1 2.71 NS

Experiment 2

Intercept 1 b

Cell line 1 8.59**

PEG supplement 2 69.84***

Cell line 9 PEG supplement 2 92.59***

ABA 3 8.52*

Cell line 9 ABA 3 11.04*

PEG supplement 9 ABA 6 7.75 NS

Sucrose concentration 1 7.02**

a Intercept of 81.01*** and 70.61*** for model 1 and 2, respectively
b Intercept of 198.27*** and 242.44*** for model 1 and 2,

respectively
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However, the overall correlation became significant after

8 weeks of cultivation (r = -0.40), and so were also the

correlations within several individual treatments (cell

line 8, PEG1 and PEG4 supplements, ABA concentration

8 lM, media with 87.6 mM sucrose). Significant correla-

tions are consistently negative, meaning that proliferation

growth (increase of diameter) hampers the formation of

somatic embryos.

Effects of maturation treatments on average number

of somatic embryos

After 12 weeks on maturation media, the total numbers of

early and late cotyledonary embryos were 1,928 and 883 in

cell lines 6 and 8, respectively. The average numbers of

embryos per 1 g of ECM fresh weight are presented in

Table 5. The highest number of embryos per 1 g of fresh

weight of ECM was obtained on the maturation media G

(73.1 ± 25.6), cell line 6. In EXP1, from the main vari-

ables (cell line, AC supplement, ABA and carbohydrate

concentrations), only ABA concentrations affected signif-

icantly (P \ 0.05) the average number of embryos per 1 g

of ECM fresh weight (Table 6, EXP1). However, the effect

of supplement type seems also to depend on the combi-

nation with the other factors (see significant interactions

AC supplement by ABA concentration and cell line by AC

supplement and by ABA concentrations, and AC supple-

ment type by carbohydrate concentration; Table 6, EXP1).

Fig. 1 Statistical evaluation of pairwise contrasts for percentage of

embryogenic cell masses (ECMs) of Abies cephalonica with cotyle-

donary embryos on maturation media supplemented with AC.

Columns with different letters are significantly different (P \ 0.05).

a Pairwise contrast between two embryogenic cell lines. b Pairwise

contrasts among different abscisic acid (ABA) concentrations (4, 8,

16, and 32 lM). c Pairwise contrast between two different maturation

supplements (none, AC). d Pairwise contrasts between two different

concentrations of sucrose (86.7 and 175.2 mM)

Fig. 2 Statistical evaluation of pairwise contrasts for percentage of

embryogenic cell masses (ECMs) of Abies cephalonica with cotyle-

donary embryos on maturation media supplemented with PEG.

Columns with different letters are significantly different (P \ 0.05). a
Pairwise contrast between two embryogenic cell lines. b Pairwise

contrasts among different abscisic acid (ABA) concentrations (4, 8,

16, and 32 lM). c Pairwise contrasts among different maturation

supplements (none, PEG1, PEG4). d Pairwise contrast between two

different concentrations of sucrose (86.7 and 175.2 mM)
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A different situation was observed in EXP2, where the

main variables, cell line, PEG supplement, and ABA

concentration affected significantly (P \ 0.05) the average

number of embryos per 1 g of ECM fresh weight (Table 6,

EXP2). Also the majority of interactions among them were

significant (8 out of 11). Carbohydrate concentrations do

not exhibit any effect, not even in combination with the

other factors (Table 6, EXP2). When PEG was used as a

medium supplement, cell line 6 produced significantly

higher average number of embryos (37.6 ± 15.2) com-

pared to cell line 8 (10.4 ± 6.5) (Fig. 3a). Higher ABA

concentrations (8, 16 and 32 lM) showed significant

differences in average number of embryos for EXP2

(Fig. 3b) and 32 lM ABA was the best (29.8 ± 8.2). From

the tested maturation supplements in EXP2, the highest

average number of embryos per 1 g of ECM fresh weight

was obtained with supplement PEG4 (36.5 ± 13.4)

(Fig. 3c). The average number of embryos per 1 g of ECM

fresh weight on maturation media supplemented with

87.6 mM sucrose was not significantly different compared

to the average number of embryos obtained on higher

sucrose media (Fig. 3d). Altogether, we obtained 1,737

cotyledonary embryos on media with a lower concentration

of sucrose and 1,118 on media with higher sucrose

concentration.

Effects of maturation treatments on germination

percentage of somatic embryos

Germination percentages of somatic embryo plants ranged

from 0.7% to 28.1% depending on the maturation media

and cell line. In EXP1, neither cell line nor AC supplement

affected the germination percentage (statistical evaluation

not shown). In EXP2, cell lines, supplement type and their

interaction influenced significantly (P \ 0.05) the germi-

nation percentage (Table 7). With cell line 8, 14.9%

embryos germinated which was significantly higher than

4.2% germinated embryos of cell line 6 (Fig. 4a). The best

germination percentage was obtained with somatic

embryos which maturated on media with no supplement

added (germination percentage 18.3%). Significantly lower

frequencies were obtained with embryos which maturated

on media supplemented with PEG, being 4.7% and 4.4%

for 4- and 1-week lasting application, respectively

(Fig. 4b). Carbohydrate concentration did not affect ger-

mination rates (Fig. 4c).

Discussion

The complete process of conifer plant regeneration through

somatic embryogenesis encompasses a series of defined

developmental steps, which require the proper execution of

each step for successful completion of the next (Stasolla

and Yeung 2003). Embryo development in conifers is

initiated by arresting cell proliferation through the removal

of auxins and cytokinins (Abies species require only the

presence of cytokinins for ECM initiation) and is continued

by application of abscisic acid (Stasolla et al. 2002).

In Abies species, intense proliferation is observed also

during the maturation period (Find et al. 2002; Salaj et al.

2004, 2005) and represents a serious obstacle for further

improvement of micropropagation technologies. In Abies

nordmanniana (Stev.) Spach, PCIB [2-(p-chlorophenoxy)

Table 4 Correlation analysis for the main factors between ECM

diameter and capability of embryogenic cell masses to produce

somatic embryos

Correlation

coefficient

P

Pooled data -0.40 ***

Cell line 6 0.15 NS

8 -0.50 **

Supplement type 0 -0.02 NS

AC -0.10 NS

PEG1 -0.70 **

PEG4 -0.65 **

ABA concentration 4 -0.51 *

8 -0.74 ***

16 -0.44 NS

32 0.04 NS

Carbohydrate

concentration

87.6 mM -0.59 ***

175.2 mM -0.33 NS

NS—not significant

* P \ 0.05, ** P \ 0.01, *** P \ 0.001

Table 5 Average numbers of early and late cotyledonary embryos

formed per 1 g of ECM fresh weight and total number of embryos

obtained on different maturation media of Abies cephalonica
embryogenic cell lines 6 and 8

Maturation

variant

Average number

of embryos per 1 g

ECM ± SD

Total number of embryos

obtained (early and late

cotyledonary embryos)

Cell line 6 Cell line 8 Cell line 6 Cell line 8

A 4.5 ± 3.6 10.6 ± 8.2 17 131

B 18.5 ± 9.5 15.0 ± 9.1 150 123

C 17.7 ± 8.6 22.5 ± 10.4 133 242

D 4.3 ± 3.6 3.8 ± 2.3 32 30

E 48.9 ± 25.8 10.7 ± 6.4 358 119

F 22.6 ± 12.8 3.9 ± 2.6 180 34

G 73.1 ± 25.6 11.7 ± 6.5 586 123

H 58.9 ± 15.9 10.1 ± 8.6 472 81

The data is collected after 12-weeks on maturation media
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2-methylpropionic acid], an auxin antagonist, was required

to suppress tissue proliferation and promote embryo devel-

opment. Somatic embryos were only able to mature on

medium containing both PCIB and ABA (Find et al. 2002).

In the present work, somatic embryo development was

negatively correlated with proliferation growth (measured

as diameter of ECMs) during maturation phase. We found

that 87.6 mM sucrose, maturation media with PEG (i.e.,

applied for 1 or 4 weeks) and 8 lM ABA significantly

reduced the diameter of ECMs (i.e., proliferation growth)

during maturation. Blanc et al. (2002) suggested that the

slow growth of Hevea brasiliensis cultures during matu-

ration is due to a specific physiological state of the cells

entering the embryogenic pathway.

Recommended concentrations of sucrose in maturation

media vary in different cultures, ranging from 1% to 6%,

and the preference has been shown to be species or even

cell-line specific (Garin et al. 2000; Nørgaard 1997). The

beneficial effect of elevated sucrose levels on embryo

maturation was firstly considered as being partly osmotic

(for review see Lipavská and Konrádová 2004) but studies

of Iraqi and Tremblay (2001a, b) demonstrated a devel-

opmental signalling or regulatory role of sucrose during the

development of conifer somatic embryos.

The deteriorating effect of elevated sucrose concentra-

tions on further development of somatic embryos was

reported for A. nordmanniana (Nørgaard 1997) and hybrid

fir Abies alba 9 A. numidica (Salaj et al. 2004). In our

Table 6 Analysis of variance

of the effects of cell lines (6 and

8), carbohydrate concentrations

(87.6 and 175.2 mM sucrose),

ABA concentrations (4, 8, 16

and 32 lM) and supplement

types (none, AC for Experiment

1; none, PEG1 and PEG4) on

the average number of early and

late cotyledonary embryos per

1 g of ECM fresh weight

formed on embryogenic cell

masses of Abies cephalonica
after 12 weeks on maturation

media

NS—not significant

* P \ 0.05, ** P \ 0.01,

*** P \ 0.001

Source DF F-test P [ F

Experiment 1

Cell line 1 0.15 NS

AC supplement 1 1.85 NS

Cell line 9 AC supplement 1 0.33 NS

ABA 3 3.23 *

Cell line 9 ABA 3 2.14 NS

AC supplement 9 ABA 3 11.15 ***

Cell line 9 AC supplement 9 ABA 3 3.99 **

Carbohydrate concentration 1 1.88 NS

Cell line 9 carbohydrate concentration 1 0.72 NS

AC supplement 9 carbohydrate concentration 1 30.15 ***

Cell line 9 AC supplement 9 carbohydrate concentration 1 3.04 NS

ABA 9 carbohydrate concentration 3 5.96 ***

Cell line 9 ABA 9 carbohydrate concentration 3 6.23 ***

AC supplement 9 ABA 9 carbohydrate concentration 3 8.16 ***

Cell line 9 AC supplement 9 ABA 9 carbohydrate concentration 3 0.45 NS

Error 675

Experiment 2

Cell line 1 183.09 ***

PEG supplement 2 114.42 ***

Cell line 9 PEG supplement 2 97.13 ***

ABA 3 16.77 ***

Cell line 9 ABA 3 9.48 ***

PEG supplement 9 ABA 6 8.97 ***

Cell line 9 PEG supplement 9 ABA 6 5.27 ***

Carbohydrate concentration 1 0.10 NS

Cell line 9 carbohydrate concentration 1 0.41 NS

PEG supplement 9 carbohydrate concentration 2 9.83 ***

Cell line 9 PEG supplement 9 carbohydrate concentration 2 3.11 *

ABA 9 carbohydrate concentration 3 2.48 NS

Cell line 9 ABA 9 carbohydrate concentration 3 1.73 NS

PEG supplement 9 ABA 9 carbohydrate concentration 6 2.23 *

Cell line 9 PEG supplement 9 ABA 9 carbohydrate concentration 6 3.31 **

Error 1,024
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experiments, testing two different sucrose concentrations

(87.6 or 175.2 mM), we have found that the differences in

capability of ECMs to form cotyledonary embryos were

influenced by the supplements used. Capability of ECMs to

form cotyledonary embryos was higher on media with

175.2 mM sucrose, when AC was used as a supplement

(Fig. 1d). On the other hand, the opposite effect of higher

sucrose concentration was observed when the PEG

supplements were tested (Fig. 2d). Sucrose concentrations

in maturation media have not affected the average number

of somatic embryos.

AC has been reported to adsorb auxins, cytokinins,

vitamins, phenolic compounds, Fe-EDTA, copper and zinc

ions and other media compounds (Pan and Van Staden

1998; Van Winkle et al. 2003; Pullman et al. 2005;

Moshkov et al. 2008). The use of AC during maturation is

mainly to adsorb plant growth regulators which were used

during the proliferation period. High levels of ABA used

together with AC have been reported to improve embryo

yields and quality of coniferous and angiosperm species

(Pullman et al. 2005; Lelu-Walter et al. 2006; Carraway

Fig. 3 Statistical evaluation of pairwise contrasts for the mean

number of somatic embryos per gram of embryogenic cell mass

(ECM) fresh mass obtained for ECMs of Abies cephalonica on

maturation media supplemented with PEG. Columns with different

letters are significantly different (P \ 0.05). a Pairwise contrast

between two embryogenic cell lines. b Pairwise contrasts among

different abscisic acid (ABA) concentrations (4, 8, 16, and 32 lM). c
Pairwise contrasts among different maturation supplements (none,

PEG1, PEG4). d Pairwise contrast between two different concentra-

tions of sucrose (86.7 and 175.2 mM)

Table 7 Weighted least-square analysis of linear response functions

for the effects of Abies cephalonica cell lines (6 and 8), maturation

supplements (none, PEG1 and PEG4 for Experiment 2), and sucrose

concentrations (86.7 and 175.2 mM) on the percentage of germination

Source DF v2

Experiment 2

Cell line 1 7.75***

PEG supplement 2 23.56***

Cell line 9 PEG supplement 2 14.36***

Sucrose concentration 1 2.31 NS

Cell line 9 sucrose concentration 1 0.18 NS

PEG supplement 9 sucrose concentration 2 2.60 NS

Cell line 9 PEG supplement 9 sucrose

concentration

2 1.25 NS

NS—not significant

* P \ 0.05, ** P \ 0.01, *** P \ 0.001

Fig. 4 Statistical evaluation of pairwise contrasts for percentage of

germination of Abies cephalonica cotyledonary embryos which

maturated on media supplemented with PEG. Columns with different

letters are significantly different (P \ 0.05). a Pairwise contrast

between two embryogenic cell lines. b Pairwise contrasts among

different maturation supplements (none, PEG1, PEG4). c Pairwise

contrast between two different concentrations of sucrose (86.7 and

175.2 mM)

Plant Cell Tiss Organ Cult (2009) 96:251–262 259

123



and Merkle 1997; Capuana and Debergh 1997). In addition

to mediating the available exogenous pulse of hormone

(Pullman et al. 2005), AC can also alter endogenous hor-

mones. Von Aderkas et al. (2002) quantified plant growth

regulators during early development of somatic embryos of

hybrid larch. Charcoal reduced 2,4-D concentrations of

embryos and affected concentrations of five of the eight

plant growth regulators quantified. In experiments of the

above mentioned authors, AC did not affect embryo yield.

These results are in full agreement with our experiments.

AC supplement did not affect the average number of

somatic embryos but the stimulatory effect of AC was

noticed when the capability of ECMs to form cotyledonary

embryos was considered. Among the Abies species, AC

supplement during the maturation period was used only

with A. alba (Hristoforoglu et al. 1995) and A. lasiocarpa

(Kvaalen et al. 2005).

In recent years, PEG 4000 as a high molecular weight

compound has become an excellent alternative to low

molecular weight sugars and salts (Stasolla and Yeung

2003). Due to its large size, it is excluded from the

symplast and can generate a long-lasting water stress

(Attree and Fowke 1993). The beneficial effects of PEG

were reported mainly for spruce somatic embryogenesis,

where they increased embryo yield, desiccation tolerance,

and accumulation of storage products (Attree and Fowke

1993; Misra et al. 1993; Kong and Yeung 1995). Recent

studies focused on the effects of PEG on gene expression

(Stasolla et al. 2003) and these authors reported changes

in the transcript levels of many genes involved in sucrose

catabolism, nitrogen assimilation and utilization, as well

as the profound alterations in gene expression induced by

water stress (Stasolla et al. 2004). Osmotic stress, through

water depletion is viewed as an important signal in

directing proper embryo development in many plant

species (Von Aderkas and Bonga 2000).

The stimulatory effect of PEG on maturation process

of Abies species was reported for A. nordmanniana by

Nørgaard (1997), for A. numidica by Vooková and

Kormut’ák (2002) and for Abies hybrids by Salaj and

Salaj (2003), Salaj et al. (2004, 2005). In our experi-

ments, the positive effect of a PEG supplement applied

for 4 weeks was seen on the capability of ECMs to form

cotyledonary somatic embryos (Fig. 2c) and on the

average number of embryos per 1 g of ECMs fresh

weight (Fig. 3c). However, the effect of supplement type

seems to depend partially on the combination with other

factors, especially cell line, ABA concentration and

duration of PEG treatment (Table 6).

ABA is commonly used at various concentrations to

improve somatic embryo development of Abies species

prior to plantlet regeneration (e.g., Guevin et al. 1994;

Salajová et al. 1996; Vooková and Kormut’ák 2001;

Salajová and Salaj 2001). The response of ECMs to dif-

ferent ABA concentrations was evaluated either as the

capability of ECMs to form somatic embryos or as the

average number of embryos formed. Both supplements,

AC and PEG, in combination with higher concentrations

of ABA stimulated the capability of ECMs to form

somatic embryos (Figs. 1b, 2b) and the average number

of somatic embryos (Fig. 3b). The different response of

tested cell lines to maturation treatments could be due to

diverse ability of embryogenic tissue to utilize exogenous

ABA as recently proposed by Kong and von Aderkas

(2007).

Von Aderkas et al. (2002) speculated that charcoal

treatment affected plantlet establishment of hybrid larch

(Larix 9 marschlinsii Coaz), long after the charcoal

treatment was stopped. Although charcoal did not improve

significantly the yield or germination performance, it sig-

nificantly improved plantlet establishment and reduced

variability in the embryogenic response. Also Groll et al.

(2002) working with somatic embryogenesis of Cassava

(Manihot esculenta Crantz.) demonstrated that medium

supplementation with activated charcoal had a positive

effect on both differentiation and subsequent germination.

We have obtained the best germination percentage with

somatic embryos which matured on media supplemented

with AC (21.6%).

The lowest percentages were noticed with somatic

embryos regenerated on maturation supplements with PEG,

being 9.1% and 4.4% for 4 and 1 week lasting application,

respectively. Bozhkov and Von Arnold (1998) working

with maturation of somatic embryos of Picea abies

reported that, addition of 7.5% PEG to the maturation

medium significantly inhibited somatic embryo germina-

tion for the vast majority of genotypes. Moreover, even

after ex vitro transfer, both radicle elongation and lateral

root formation were substantially suppressed in those

plantlets produced from PEG-treated somatic embryos.

Ramarosandratana et al. (2001a, b) argued that the devel-

opment of shorter cotyledonary embryos of Pinus pinaster

could not be attributed directly to the presence of PEG, but

depended more on the carbohydrate source.

Salajová et al. (1996) observed low germination fre-

quencies (12%) for fir hybrids, when the germination

occurred without desiccation treatment. The positive

effect of partial desiccation on the germination rate of

A. numidica somatic embryos was described by Vooková

and Kormut’ák (2001, 2006) increasing the germination

frequencies up to 89.5%. Even if PEG has a well-known

negative effect on root cap formation (Bozhkov and Von

Arnold 1998; Svobodová et al. 1999), in the present study,

the lower embryo germination frequencies might be due to

no desiccation and cold treatments having been applied

rather than to a PEG supplement.
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Vooková B, Kormut’ák A (2003) Plantlet regeneration in Abies
cilicica Carr. and Abies cilicica 9 Abies nordmanniana hybrid

via somatic embryogenesis. Turk J Bot 27:71–76
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