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Abstract
Cyathea delgadii is the first fern species for which somatic embryogenesis (SE) has recently been described. With this 
discovery, a new experimental model for exploration of SE was found. In this study, the effect of explant type (stipe and 
internode), length and diameter of the explant-donor frond, and stress treatment (by sucrose and air desiccation) on somatic 
embryo origin and SE efficiency was studied. In control culture, somatic embryos originated from single cells of stipe 
explants, whereas those induced on internodes were of multicellular origin. Although the activation of cell divisions was 
more abundant and the formation of somatic embryos occurred earlier in a culture of internodes than of stipe explants, the 
morphogenic capacity of internodes was much smaller. On their surface, the groups of competent cells formed protuberances 
that give rise to only three somatic embryos per internode. In contrast, almost 92% of stipe explants that were excised from 
the first frond, measuring 10 mm in length and less than 300 µm in diameter, produced an average of 21 somatic embryos. 
Stipes treated with sucrose were not able to SE. More than fourfold increase in SE efficiency was obtained on internodes 
by their treatment with 0.4 M sucrose for 45 min. It was achieved by changing the pathway of somatic embryo differentia-
tion from multicellular to unicellular. These results provide an excellent basis for further research on the mechanism of SE 
induction associated with a single- and multi-cell proliferation, especially that both types of the embryogenic pathway can 
occur on the same hormone-free medium.

Keywords  Air desiccation · Hormone-free medium · Internode and stipe explants · Microscopic analysis · Somatic 
embryogenesis · Sucrose treatment

Introduction

Somatic embryogenesis (SE) is a remarkable expression of 
cellular totipotency, by which plant somatic cells undergo 
reprogramming and acquire the competence to assume a new 
developmental fate. In this process, somatic embryos may 
develop directly from cells of explant, or indirectly with an 
intermediate callus phase (Williams and Maheswaran 1986). 
In direct SE, depending on the relationship between neigh-
bouring cells within the explant, the embryos are able to 
initiate from a single cell (Choi et al. 1998; Mikuła et al. 

2015b) or groups of competent cells (Choi and Soh 1995; 
Taylor and Vasil 1996; Choi et al. 1998; Puigderrajols et al. 
2001; Corredoira et al. 2006). Although SE has been suc-
cessfully achieved in numerous species of seed plants, only a 
few published reports describe this phenomenon in monilo-
phytes, and all these studies were performed on the tree fern 
Cyathea delgadii Sternb. (Mikuła et al. 2015a, b; Domżalska 
et al. 2017; Grzyb et al. 2017, 2018). These investigations 
demonstrated that somatic embryos of C. delgadii are 
formed directly from single epidermal cells. Embryogenic 
cultures of ferns, that represent the closest living relatives of 
spermatophytes (Pryer et al. 2001), promise to be useful in 
the study of some fundamental problems relating to somatic 
embryo initiation and development (Domżalska et al. 2017; 
Grzyb et al. 2017, 2018). However, a better understanding of 
factors that control the somatic embryo origin and improve 
the efficiency of SE in ferns is still required.

The pathway and effectiveness of somatic embryo differ-
entiation depends on various factors (Gaj 2004). The source 
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and physiological state of the explant appears to be the main 
initiator of direct SE (Williams and Maheswaran 1986; 
Merkle et al. 1995; Choi et al. 1998). Generally, somatic 
embryos can be induced from a range of explants and their 
highly differentiated cells, such as those of the leaf (Wang 
and Bhalla 2004; Chung et al. 2007), root (Iantcheva et al. 
2005), glandular trichomes (Kim et al. 2007) or even fully 
differentiated stomatal guard cells (Chen and Hong 2012). 
However, immature and young plant material, such as 
zygotic and somatic embryos, or parts of seedlings, appears 
to be more responsive to in vitro treatments (Williams and 
Maheswaran 1986; Merkle et al. 1995). Its cells require 
minor gene reprogramming and hence, direct SE can be 
readily induced from these (Merkle et al. 1995; Karami et al. 
2009). The initiation of SE can occur simultaneously along 
unicellular and multicellular pathways on the same explant, 
as it was demonstrated for zygotic embryo cultures of white 
clover (Maheswaran and Williams 1985), pearl millet (Tay-
lor and Vasil 1996) and pineapple guava (Canhoto and Cruz 
1996; Canhoto et al. 1996). Alternatively, both pathways 
of SE can be induced independently of each other by using 
various types of initial explants (Choi et al. 1998; Maximova 
et al. 2002) or plant growth regulators (PGRs) (Lee et al. 
1990; Choi and Soh 1995; de Almeida et al. 2012). The 
number of explant cells involved in somatic embryo pro-
duction is important in connection with the genetic chimer-
ism of regenerated plants. Therefore, unicellular origin of 
embryo may be more desirable than multicellular one. The 
embryogenic competence of in vitro-cultured somatic cells 
can also be stimulated by high osmotic pressure. This treat-
ment has been shown to greatly enhance somatic embryo 
production (Kamada et al. 1993; Ikeda-Iwai et al. 2003; 
Karami et al. 2006; You et al. 2006; Mikuła et al. 2011a, b) 
and germination (Attree et al. 1991).

Somatic embryogenesis in ferns was first reported for 
C. delgadii as the most promising tissue culture technology 
to date for the large-scale clonal propagation of these plants 
(Mikuła et al. 2015b). In order to efficiently induce somatic 
embryos in this species on hormone-free medium, the role of 
different endogenous and exogenous factors should be inves-
tigated. Our previous work demonstrated that the source of 
plant material (etiolation and age of donor plants, length of 
initial explants), as well as physical (photoperiod, darkness) 
and chemical (sucrose and mineral salt concentrations in 
the medium) factors affected the efficiency of SE (Mikuła 
et al. 2015a). The basis for the induction of SE in C. delgadii 
is an appropriate hormonal balance in explant cells estab-
lished by etiolation of donor plantlets (Grzyb et al. 2017). 
We also improved the current understanding of physiologi-
cal and molecular processes involved in the induction and 
expression of early SE in this species (Grzyb et al. 2018; 
Domżalska et al. 2017). Our previous achievements have 
been summarised in the latest review article (Mikuła et al. 

2018). The present paper focuses on the effect of explant 
type, length and diameter of explant-donor frond and stress 
treatment on the pathway and efficiency of SE in C. delgadii.

Materials and methods

Plant material and growth conditions

The source of plant material were somatic embryo-derived 
sporophytes of C. delgadii cultured on Murashige and 
Skoog’s (1962) medium containing half-strength of macro- 
and micronutrients, a full complement of vitamins (1/2 MS), 
and 2% (w/v) sucrose. The medium was solidified using 
0.7% plant agar (Duchefa Biochemie). The pH was adjusted 
to 5.8 before autoclaving. Stock cultures were incubated 
in constant darkness, in a climatic chamber at 24 ± 1 °C. 
For induction of SE, only first fronds of 5-month-old plant-
lets were used as a source of stipe and internode explants 
(Fig. 1). The initial cultures were maintained on 1/2 MS 
medium supplemented with 1% (w/v) sucrose, in constant 
darkness.

Fig. 1   Five-month-old, etiolated sporophyte of Cyathea delgadii used 
as a source of stipe and internode explants for culture initiation; I 
internode explant (the part of sporophyte located below shoot apex 
and about 1 mm above basal part of the second frond), S stipe explant 
(the part of first frond located 1  mm above shoot apex), SA shoot 
apex, 1st–4th fronds
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Induction of somatic embryogenesis

To determine whether length and diameter of the explant-
donor frond affects embryogenic potential, stipe explants 
(2.5 mm in length) were excised from the first fronds meas-
uring 5, 10, 15, 20 mm in length, and more or less than 
300 µm in diameter at their base (marked as < 300 or > 300, 
respectively). In the case of internode explants, sections 
measuring 0.5, 1.0, 1.5, 2.0, and 2.5 mm in length were used. 
Their diameter was similar, regardless of length.

The effect of air desiccation on SE was tested by using a 
laminar flow cabinet. The stipe and internode explants were 
exposed to air flow for 15, 30, 45 and 60 min. Also, the 
effect of sucrose on SE was examined by treating the stipe 
and internode explants with an aqueous solution of 0.4, 0.5, 
0.6 or 0.7 M sucrose for 15, 30, 45 or 60 min. Non-treated 
explants were used as the control. Sterile water, that was 
used as an additional control, did not affect SE. Both stress 
treatments were conducted in the dark, at 24 ± 1 °C. Follow-
ing stress treatment, explants were maintained on 1/2 MS 
medium supplemented with 1% (w/v) sucrose, in constant 
darkness at 24 ± 1 °C.

Evaluation of SE efficiency

The efficiency of SE was calculated as the percentage of 
responding explants and the number of somatic embryos 
per responding explant following 1 month of culture for 
internodes, and 2 months of culture for stipes. The somatic 
embryo production capacity index (SEPCI) was calculated 
by multiplying the percentage of responding explants by the 
number of somatic embryos formed per explant and then 
dividing the result by 100. In order to evaluate the embryo-
genic potential of stipe and internode explants, 60 explants 
for each experiment were examined, and each experiment 
was repeated three times.

Microscopic examination

The visualisation of SE on the stipe and internode explants 
was made using an environmental scanning electron micro-
scope (ESEM; FEI QUANTA 200; 0.75 Tr, at a relative 
humidity of up to 100%, and reduced pressure of less than 
10−4 Pa).

The explants were also fixed in 2.5% paraformalde-
hyde (Fluka, Buchs, Switzerland) and 2.5% glutaraldehyde 
(Sigma, St. Louis, USA) in 0.05 M sodium cacodylate buffer 
(Fluka) (pH 7.2; room temperature; 24 h) for microscopic 
analysis. After rinsing in 0.05 M cacodylic buffer, the sam-
ples were post-fixed in 2% osmium tetroxide (Carl Roth, 
Karlsruhe, Germany) in 0.05 M cacodylate buffer at 4 °C for 
6 h. Then the explants were dehydrated in a graded ethanol 
series (30, 50, 70, 90, 96%) for 2 h in each concentration, 

followed by absolute ethanol and propylene oxide. The sam-
ples were infiltrated in a graded Epon epoxy resin (Sigma) 
mixtures for 48 h in total and transferred into flat embedding 
molds; the resin polymerised at 65 °C for 16 h. Semi-thin 
sections (2 µm) were cut using a Leica Ultracut E ultrami-
crotome (Leica, Wetzlar, Germany) and stained with 0.1% 
toluidine blue in 1% borax for 15 min. They were examined 
using a Vanox light microscope (Olympus, Japan) with a 
computer image analysis system (cellSens Standard ver. 1.7).

Statistical analysis

Statistical analyses were performed using Statgraphics Plus 
software. Results were expressed as the mean ± SD. The 
one- or two-way ANOVA analysis of variance and Fisher’s 
least significant difference (LSD) procedure were used. Sig-
nificance was set at the 0.05 level.

Results

Effect of explant type on embryogenic pathway

Depending upon the explant used for culture initiation, the 
uni- or multi-cellular type of the embryogenic pathway was 
observed (Fig. 2). Somatic embryos of single cell origin 
developed on stipe explants (Fig. 2a–d), whereas on inter-
node explants, the embryos arose from groups of neighbour-
ing cells (Fig. 2e–h).

A short period was required for the expression of SE and 
somatic embryo formation. The epidermal cells of the stipe 
began to divide from day 8 of culture (Fig. 2a). Several cell 
divisions perpendicular to the stipe axis (Fig. 2b) led to the 
development of numerous somatic embryos at linear stage 
(Figs. 2c, 3a, b). With increasing frequency of cell divisions 
occurring within the embryo body, its structure changed 
from linear to spatial (Fig. 2d). These structures were able to 
develop a complete functional embryo (Fig. 3c). Neither pro-
liferation of other cells (including the epidermis, cortex and 
vascular bundle), nor their expansion, or the formation of a 
meristematic layer or callus, were observed on the surface 
of stipe explants (Fig. 2c, d) as well as inside it (Fig. 3a, b).

The cells of internodes began to divide at about day 4 of 
explant culture on the induction medium (Fig. 2e). These 
divisions increased over time, and after 6 days of culture, 
many cells of the epidermis were seen to divide on the sur-
face of the explant (Fig. 2f). Together with epidermis, the 
multiple-divided cortical cells formed a proliferation zone 
that was composed of several layers of cells with meris-
tematic features, such as small size and isodiametric shape 
(Fig. 3d, e). Four days later, it was possible to observe 
somatic embryos of multicellular origin (Figs. 2g, 3f) 
whose leaf primordia had begun to split at the tip (Fig. 2g, 
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h). No vascular connection between somatic embryos and 
explants was observed (Fig. 3d–f). Development of early 
multicellular embryos into well differentiated somatic 
embryos was quick and synchronous (Figs. 2h, 3g, h). 
They had a high capacity for embryonic root formation 
(Fig. 3h, i). Numerous trichomes were observed on the 
surface of the embryo body. They were mostly located near 
leaf primordia (Figs. 2d, h, 3c, g, h).

Somatic embryos originating from internode explants 
grew much faster than those formed on stipes. In the early 
stages of development, the somatic embryos were well-
defined and presented a typical early embryogenic leaf 
stage of development in both explant types (Fig. 3c, g, h). 
Both paths of somatic embryo initiation led to produc-
tion of complete plantlets without sign of morphological 
disturbances.

Effect of length and diameter of explant‑donor 
frond on the SE efficiency

The efficiency of SE was dependent on the length and 
diameter of the first frond used as the source of stipe 
explants (Table 1). The greatest percentage of explants 
capable of SE (about 90%) was obtained from fronds 
measuring < 300 µm in diameter, and 10 or 15 mm in 
length. The greatest number of somatic embryos was also 
obtained for these explants (21.4 or 17.9, respectively). 
Explants collected from fronds measuring > 300 µm in 
diameter, regardless of length, were characterised by low 
SE efficiency. The percentage of responding explants was 
no greater than 34.2%, and the number of somatic embryos 
per responding explant was no more than 17.1. The value 
of the SEPCI index was at least threefold greater in fronds 

Fig. 2   Pathways of somatic 
embryo differentiation in 
stipe (a–d) and internode 
(e–h) explants during 21 and 
15 days of culture, respectively. 
Culture conditions: 1/2 MS, 
1% sucrose, constant dark-
ness. a First cell division of 
stipe epidermis; b pro-embryos 
following several cell divisions 
perpendicular to the stipe axis; 
c several somatic embryos at 
linear developmental stage; d 
somatic embryos of single cell 
origin at early embryonic leaf 
stage; e first cell divisions of 
the internode epidermis and 
enlarged image of proliferation 
zone (inset). Epidermal cells 
following one or two cell divi-
sions perpendicular to the axis 
of the internode. Arrows show 
cell walls; f proliferation zone 
formed by numerous dividing 
cells with meristematic features, 
i.e. small size and isodiametric 
shape; g somatic embryos of 
multicellular origin bearing leaf 
primordia; h somatic embryos 
of multicellular origin in 
contact with the basal area are 
typically fused to the origi-
nal explant tissue. Following 
15 days of culture, they have 
fully developed leaf primordia 
that are protected by numerous 
trichomes. Asterisk somatic 
embryo, LP leaf primordium, 
NPZ non-proliferation zone, PZ 
proliferation zone, Se somatic 
embryo, Tr trichome
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Fig. 3   Morphological evidences for uni- (a–c) and multicellular (d–i) 
origin of somatic embryos in Cyathea delgadii. a Transverse section 
of a stipe explant showing divided cells of epidermis that formed 
somatic embryos, 14th day of culture; b longitudinal section of a 
stipe explant showing linear embryo originating from a single cell of 
epidermis, 14th day of culture; c single cell-origin somatic embryo at 
early embryonic leaf stage; d the multiple-divided epidermal and cor-
tical cells of internode explant (transverse section); 6th day of culture; 
e meristematic primordium emerging on internode explant (longitu-
dinal section); 6th day of culture; f embryonic structure formed from 
cells of the epidermal and cortical layers of internode explant; 10th 
day of culture (longitudinal section); g well differentiated somatic 

embryo of multicellular origin showing meristematic zone; h elon-
gation of embryo body. Presence of trichomes indicates the prox-
imity of developing meristem  (cleared in methyl salicilate accord-
ing to Mikuła et  al. 2015b); i somatic embryo-derived sporophytes 
showing the leaf primordia and roots. Semi-thin section of stipe (a, 
b) and internode (d–f) explants, and somatic embryos (c, g) stained 
with toluidine blue. Cultures were maintained in constant darkness. 
Cx cortex, En endodermis, Ep epidermis, Ex explant, Lp first leaf 
primordium, M shoot apical meristem, Mx metaxylem, Pe pericycle, 
Ph phloem, R root, Rp root pole, Se somatic embryo, Tr trichome, Vb 
vascular bundle, 1st first leaf, 2nd second leaf
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measuring < 300 µm than in those measuring > 300 µm in 
diameter.

The efficiency of SE did not depend on the length of 
internode between the first and second frond used as the 
source of explants (Table 2). The percentage of respond-
ing explants in all cases exceeded 91%. A reduced number 
of somatic embryos (2) and the lowest SEPCI index (2.0) 
were observed only for the shortest (0.5 mm) internodes. 
The highest SEPCI index (2.9) was obtained for internode 
explants measuring 1.5 mm.

Effect of stress treatment on the embryogenic 
pathway and SE efficiency

To improve the efficiency of SE in C. delgadii, the effect 
of stress treatment was assessed. When stipe explants were 
subjected to air desiccation for 15–60 min, their capacity 
to produce somatic embryos became highly suppressed 
(Table 3). In internode explants, the SE efficiency increased 
from about three to four somatic embryos following 1 h of 
air desiccation.

The efficiency of somatic embryo formation was depend-
ent on the explant type, as well as on the concentration and 

duration of sucrose treatment (Table 4). When internode 
explants were treated with 0.4 M sucrose for 45 min, more 
than a fourfold increase in the number of somatic embryos 
was obtained. The percentage of explants producing somatic 
embryos compared to that of non-treated internodes was sig-
nificantly lower. By raising the concentration of sucrose and 
subjecting explants to a longer period of stress treatment, 
the SE efficiency became reduced. When stipe explants 
were used in these experiments, they failed to produce 
somatic embryos for any of the sucrose concentrations used 
(Table 4).

The microscopic analysis revealed that somatic embryo 
formation on the surface of internode explants treated with 
sucrose solutions occurs in a distinctive manner (Fig. 4). 

Table 1   Embryogenic capacity 
of C. delgadii stipe explants 
taken from the first fronds 
differing in length and diameter

SE efficiency was assessed after 2 months of culture in darkness
SEPCI somatic embryo production capacity index, ± SD

Basal diameter of the 
first frond (µm)

Length of the first 
frond (mm)

% of responding 
explants

No. somatic embryos/
responding explant

SEPCI

> 300 5 25.8 ± 4.7d 13.0 ± 1.1c 3.4
10 34.2 ± 6.6c 17.1 ± 3.6b 5.8
15 23.3 ± 5.3d 15.5 ± 2.6bc 3.6
20 11.7 ± 3.8e 6.9 ± 2.3d 0.8

< 300 5 51.2 ± 11.0b 16.9 ± 2.3b 8.7
10 91.7 ± 6.2a 21.4 ± 4.8a 19.6
15 88.7 ± 6.8a 17.9 ± 2.3b 15.9
20 61.7 ± 4.5b 11.4 ± 4.8c 7.0

Table 2   Effect of internode explant length on the efficiency of SE in 
C. delgadii after 1 month of culture in darkness

SEPCI somatic embryo production capacity index, ± SD

Length of the 
internode explants 
(mm)

% of 
responding 
explants

No. of somatic 
embryos/responding 
explants

SEPCI

0.5 95.8 ± 3.7a 2.0 ± 1.0b 2.0
1.0 94.2 ± 6.2a 2.5 ± 0.6a 2.4
1.5 93.3 ± 1.3a 3.1 ± 1.1a 2.9
2.0 91.7 ± 3.1a 2.9 ± 0.3a 2.7
2.5 91.2 ± 1.9a 2.9 ± 0.5a 2.6

Table 3   Effect of air desiccation on the efficiency of SE in C. delgadii 

Data were collected after 1 month of culture
Different letters differ significantly at p ≤ 0.05 according to one-way 
ANOVA analysis of variance and Fisher’s least significant difference 
(LSD) test
SEPCI somatic embryo production capacity index, ± SD

Time of air des-
iccation (min)

% of respond-
ing explants

No. of somatic embryos/
responding explants

SEPCI

Stipe explant
 0 86.7 ± 8.6a 18.2 ± 6.9a 15.8
 15 35.0 ± 10.8c 13.5 ± 6.4b 4.7
 30 26.7 ± 12.5c 4.8 ± 1.1c 1.3
 45 58.3 ± 16.5b 5.5 ± 1.6c 3.2
 60 50.0 ± 20.4b 10.0 ± 2.6b 5.0

Internode explant
 0 98.3 ± 2.4b 2.9 ± 0.4c 2.9
 15 100 ± 0.0a 3.7 ± 0.6b 3.7
 30 100 ± 0.0a 3.6 ± 0.5b 3.6
 45 100 ± 0.0a 3.8 ± 0.1b 3.8
 60 100 ± 0.0a 4.3 ± 0.4a 4.3
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As a results of this treatment, somatic embryos of single 
cell origin developed near structures of multicellular origin 
(Fig. 4a, b). There was an obvious reduction in the number 
of somatic embryos of multicellular origin in response to 
the duration of sucrose treatment. Consequently, only the 
unicellular pathway of embryo formation was observed 
when internode explants were treated with sucrose for longer 
than 30 min (Fig. 4c). Subsequently, both types of structures 
developed into mature embryos, thereby increasing the yield 
of this process (Fig. 4d).

Discussion

The pathway and the onset of SE are determined by the 
physiological and morphological maturity of the plant 
material source from which the explant derived (Gaj 2004). 
Initiation of direct SE is restricted to certain responsive 
cells (Quiroz-Figueroa et al. 2002). According to Williams 
and Maheswaran (1986), single initials are characteristic 
of older plant material in which only some epidermal cells 
are still immature. These cells remain in the predetermined 
embryogenic condition. The multiple-cell initiation of SE 
is thought to be a consequence of the explant containing 
several neighbouring cells in the embryogenic state (Puig-
derrajols et al. 2001). In our studies, we provide for the first 

time the structural evidence for the multicellular origin of 
somatic embryos in fern. We demonstrated that the somatic 
embryos of C. delgadii may develop not only from single 
epidermal cells, but also from clusters of rapidly dividing 
cells of epidermis and cortex. The pathway of embryo dif-
ferentiation was closely related to the explant type used for 
culture initiation. Somatic embryos derived from stipes of 
in vitro-grown sporophytes followed a unicellular pathway 
of direct SE, whereas those derived from internodes fol-
lowed a multicellular pathway. We also showed that both 
the activation of cell divisions and the formation of somatic 
embryos occurred earlier in the culture of internodes than in 
that of stipe explants. Such behaviour may be a consequence 
of the different degree of cell maturity of these explants and 
different content of endogenous hormones (Michalczuk et al. 
1992; Centeno et al. 1996; Grzyb et al. 2017). In C. delgadii, 
high frequency of cell divisions in the epidermal and corti-
cal layers of internode explants, and the capability of many 
neighbouring cells to act in a coordinated manner led to the 
differentiation and rapid embryo development. We specu-
late that this may be the main reason why somatic embryo 
formation via the multicellular pathway occurs very quickly.

Although both investigated explant types of C. delgadii 
were able to produce somatic embryos, the morphogenic 
capacity of internodes was much lower than stipes. Almost 
92% of stipe explants excised from the first frond, measuring 

Table 4   Effect of sucrose 
treatment on SE efficiency in  
C. delgadii 

Data were collected after 1 month of culture
Different letters differ significantly at p ≤ 0.05 according to two-way ANOVA analysis of variance and 
Fisher’s least significant difference (LSD) test
SEPCI somatic embryo production capacity index, I internode explant, S stipe explant, ± SD

Sucrose treatment % of responding explants No. of somatic embryos/responding 
explants

SEPCI

Concentration 
(M)

Duration 
(min) I S I S I

0 0 98.3 ± 2.4a 91.7 ± 6.2a 2.9 ± 0.4e 21.4 ± 4.8a 2.9
0.4 15 95 ± 1.1ab 0b 9.3 ± 0.9b 0b 8.9

30 95 ± 1.6ab 0b 6.5 ± 0.8d 0b 6.2
45 90 ± 2.6b 0b 12.1 ± 2.1b 0b 10.9
60 72.5 ± 2.1c 0b 16.6 ± 1.2a 0b 12

0.5 15 100 ± 2.4a 0b 5.9 ± 1.1d 0b 5.9
30 70 ± 1.9c 0b 13.7 ± 1.6b 0b 9.6
45 20 ± 3.1d 0b 19 ± 1.1e 0b 3.8
60 5 ± 1.1e 0b 12 ± 0.1 0b 0.6

0.6 15 90 ± 3.3b 0b 8.5 ± 1.8c 0b 7.7
30 20 ± 2.5d 0b 2.9 ± 1.3e 0b 0.6
45 0f 0b 0f 0b 0
60 0f 0b 0f 0b 0

0.7 15 90 ± 2.6b 0b 10.3 ± 1.1b 0b 9.25
30 15 ± 2.2d 0b 16 ± 0.4e 0b 0.4
45 0f 0b 0f 0b 0
60 0f 0b 0f 0b 0
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10 mm in length and less than 300 µm in diameter, pro-
duced, on average, 21 somatic embryos. As a result of fre-
quent cell divisions, the groups of embryogenic-competent 
cells of internode explants formed protuberances that gave 
rise to a maximum of three somatic embryos. Similarly, a 
lower percentage of explants producing somatic embryos 
was observed for multicellular SE than for unicellular SE 
in Theobroma cacao L. (Maximova et al. 2002). However, 
in this species, the difference in SE efficiency was due to 
severe embryonic malformations that led to the formation of 
abnormal somatic embryos or embryo-like structures. In the 
absence of abnormalities during the development of somatic 
embryos in C. delgadii, it would appear that the competition 
may have prevented further development of some embryo-
genic cells in favour of others, as was proposed by Jones 
and Rost (1989).

In C. delgadii, beside the environmental factors (such 
as the mineral and organic nutrients of culture medium, or 

light), some explant features can affect the efficiency of SE 
(Mikuła et al. 2015a). The key factor to induction of the 
embryogenic capacity is the etiolation of fern sporophytes 
that are the source of plant material (Mikuła et al. 2015a). 
Our previous studies also showed that SE induced on stipes 
can be effectively stimulated by the length of explants 
(Mikuła et al. 2015a), however, the factor is ineffective in 
the case of internode explants. In this study, the donor fronds 
differing in their length and diameter were found to have 
a profound influence on SE of C. delgadii. Short and thin 
fronds were found to be more effective in the production 
of somatic embryos, and it may be related to their age. The 
positive effect of immature tissues or relatively young indi-
viduals on SE as described here is consistent with the earlier 
observations made with Trifolium repens (Maheswaran and 
Williams 1985) or Eucalyptus camaldulensis (Prakash and 
Gurumurthi 2010).

Fig. 4   Modification by sucrose 
treatment of pathways of 
somatic embryogenesis on 
internode explants of Cyathea 
delgadii (scanning electron 
micrographs). a Somatic 
embryos that have developed 
along unicellular and multi-
cellular pathways following 
treatment with 0.4 M sucrose 
for 30 min after 12 days of 
culture and b 20 days of culture. 
c Numerous somatic embryos 
that have developed along the 
unicellular pathway follow-
ing the treatment of internode 
explants with 0.5 M sucrose 
for 45 min (day 12 of culture). 
d Numerous somatic embryo-
derived sporophytes obtained 
from internode explants treated 
with 0.4 M sucrose for 30 min 
after 30 days of culture. Mse 
multicellular origin of somatic 
embryo, Sse single cell origin 
of somatic embryo, 1 juvenile 
sporophyte derived from a 
single epidermal cell; 2 juvenile 
sporophyte derived from several 
explant cells
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Induction of SE on the internode explants of C. delga-
dii can be a good example of stress-related plant response. 
We revealed that stress treatment can alter the pathway of 
somatic embryo differentiation and affect embryogenic 
capacity. The SE efficiency of internode explants was sig-
nificantly improved by short-term treatment (up to 1 h) with 
sucrose. There is evidence in the literature to support the 
hypothesis that osmotic treatment may enhance somatic 
embryo production in two ways: it may cause selection 
of certain cell types, as shown for osmotically dehydrated 
embryogenic tissue of Gentiana cruciata, G. kurroo (Mikuła 
et al. 2011a, b) and Pinus sylvestris (Häggman et al. 1998), 
or alternatively, severe but non-fatal stress treatment may 
lead to the symplasmic isolation of cells (Marzec and Kurc-
zynska 2014). It was demonstrated that disruption of plas-
modesmata between explant cells promotes the somatic-to-
embryogenic transition (Verdeil et al. 2001; You et al. 2006). 
In C. delgadii, changing the pathway of the origin of somatic 
embryos from multicellular to unicellular supports the view 
that the acquisition of embryogenic competence is preceded 
by cell isolation in sucrose-treated internode explants. This 
treatment has enabled the establishment of a new tissue cul-
ture method for inducing efficient SE in C. delgadii.

In summary, the results presented in this paper together 
with earlier studies (Mikuła et al. 2015a) help to broaden our 
knowledge of factors influencing efficiency of SE in monilo-
phytes. They also allow us to trace the pathway of somatic 
embryo origin that is determined by the explant type and 
short-term sucrose treatment. This stress treatment improves 
the efficiency of direct SE by replacing the multicellular 
origin of somatic embryos with unicellular pathway. These 
findings open new possibilities for studying mechanisms of 
expression of embryogenic totipotency associated with a sin-
gle- and multiple-cell origin of somatic embryos, especially 
since both pathways occur via direct SE without involving 
intermediate callus, on hormone-free medium.
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