
ORIGINAL ARTICLE

Plant Cell, Tissue and Organ Culture (PCTOC) (2023) 154:161–175
https://doi.org/10.1007/s11240-023-02524-4

Introduction

The genus Asplenium belongs to the family Aspleniaceae 
and consists of approximately 700 epiphytic or saxicolous 
species that grow in both tropical and north-temperate areas 
(Smith et al. 2006; Lin and Viane 2014). Asplenium cunei-
folium Viv. is an example of an epipetric fern, which is char-
acteristically restricted to serpentine rocks in Europe from 
the Mediterranean to Norway and from Greece to Spain 
(Bucharová et al. 2010). It is a rare species that merely 
forms small populations across its range. In Poland, it only 
grows in Lower Silesia, in scattered and isolated localities, 
mainly in the Ślęża massif (Szczęśniak 2006). According to 
the Polish Red Data Book of Plants, A. cuneifolium has a 
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Abstract
Asplenium cuneifolium Viv. is an endangered fern species restricted to European serpentine rocks, which face a risk 
of being easily damaged by both natural and anthropogenic agents. Establishing a comprehensive system of effective 
micropropagation and long-term storage of this species is therefore desirable. Freshly collected spores of A. cuneifolium 
were subjected to direct storage at 5 °C and in liquid nitrogen (LN). The viability of spores stored at 5 °C decreased by 
10% after 1 year, whereas storage in LN did not change the initial spore viability even after 3 years. For the initiation of 
the gametophyte culture, disinfected spores were sown onto half-strength Murashige and Skoog medium (½MS) supple-
mented with 0.06 M sucrose. Following 6 months, abundant proliferation of secondary gametophytes was achieved. For 
the cryopreservation of gametophytes, encapsulation-vitrification and encapsulation-dehydration, were compared. Of these 
two methods, encapsulation-vitrification ensured survival of gametophytes of 64.5–93%, while encapsulation-dehydration 
guaranteed their 100% viability. The acceleration of syngamy on secondary gametophytes was achieved using a medium 
with macro- and micronutrients reduced to the 1/8 of the MS free of NH4NO3 and vitamins. The syngamic sporophytes 
could be multiplied by somatic embryogenesis (SE) induced on etiolated stipe explants in an ½MS medium devoid of 
any plant growth regulators. Adding 0.3  M of sucrose to the medium almost quadrupled the efficiency of the SE. The 
genetic stability of gametophytes after cryopreservation, as well as sporophytes obtained from them, was confirmed by 
flow cytometry, amplified fragment length polymorphism, and inter-simple sequence repeat markers.

Key message
Protocols for the long-term storage of spores, proliferation, and cryopreservation of gametophytes, induction of syngamy, 
and multiplication of sporophytes through somatic embryogenesis have been developed for Asplenium cuneifolium Viv.
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category ‘endangered’ (EN; Kaźmierczakowa et al. 2016), 
which makes it the object of interest for both in situ and ex 
situ conservation efforts.

Tissue culture techniques, such as micropropagation and 
in vitro slow growth storage, along with cryopreservation, 
are well-established methods of ex situ conservation. These 
include short-, medium-, and long-term strategies that sup-
plement the preservation of genetic resources in the natu-
ral environment (Bunn et al. 2007; Mehltreter 2010; Pence 
2014; Coelho et al. 2020). In exceptional cases, they can 
be even the last resort for species that face a risk of extinc-
tion. Small subpopulations of A. cuneifolium, due to their 
specific habitats of exposed rocks, can be easily damaged 
by both natural and anthropogenic agents, like persistent 
drought, torrential rain or uncontrolled dumping of waste in 
old quarries (Szczęśniak 2006). Ex situ protection of their 
genetic variability permits a prospective reintroduction of 
such subpopulations if they disappear from their natural 
environment (Szczęśniak 2006).

Despite Asplenium is the most species-rich genus of ferns 
(Xu et al. 2020), only seven species were investigated for 
propagation in vitro and cryopreservation. Most of the stud-
ies concerned multiplication of the ornamental epiphytic 
species, bird’s nest fern A. nidus L. (Higuchi and Amaki 
1989; Fernandez et al. 1993; Fernández et al. 1997; Khan 
et al. 2008; Menéndez et al. 2011). Basic in vitro cultures of 
widespread maidenhair spleen wort A. trichomanes L. were 
established by Aldea et al. (2016). More detailed protocols 
for the micropropagation of gametophytes and sporophytes 
were published for four endangered or vulnerable epilithic 
ferns, namely A. adulterinum Milde, A. adiantum-nigrum 
L., A. cuneifolium Viv., and A. septentrionale (L.) Hoffm. 
(Marszał-Jagacka et al. 2005; Kromer et al. 2006; Somer et 
al. 2010; Marszał-Jagacka and Kromer 2011). For A. adul-
terinum and A. cuneifolium, conditions of the slow growth 
culture of prothalli were also developed, which enabled 
their one-year-long storage without subcultures (Kromer et 
al. 2006). However, longer-term storage strategies, based on 
cryopreservation of gametophytes, were established only 
for two, differing in ploidy, varieties of A. scolopendrium, 
European diploid A. scolopendrium var. scolopendrium 
(Mikuła et al. 2011) and American tetraploid A. scolopen-
drium var. americanum (Fernald) Kartesz & Gandhi (Pence 
2015). For the latter variety, cryopreservation of clusters 
of sporophytic nodular tissue was also undertaken (Pence 
2015). All these works focused on ensuring the viability of 
the plant material, without further analysis of its true-to-
type status.

Most tissue cultures of Asplenium species were initi-
ated from disinfected spores (Fernandez et al. 1993, 1997; 
Marszał-Jagacka et al. 2005; Kromer et al. 2006; Somer 
et al. 2010; Marszał-Jagacka and Kromer 2011; Mikuła et 

al. 2011; Pence 2015) sown onto Murashige and Skoog’s 
medium (MS; Murashige and Skoog 1962) of various min-
eral salt concentrations. In the case of A. nidus, they ger-
minated into gametophytes within a week (Fernández et 
al. 1993, 1997), but for the rest of Asplenium species after 
about a month (Marszał-Jagacka and Kromer 2011; Pence 
2015). Although culturing and multiplying Asplenium 
gametophytes usually posed no serious problems and could 
be carried out either in liquid or on solid media (Fernandez 
et al. 1993; Marszał-Jagacka et al. 2005; Kromer et al. 2006; 
Somer et al. 2010; Marszał-Jagacka and Kromer 2011), 
the spontaneous formation of sporophytes via syngamy 
often proceeded with low efficiency (Kromer et al. 2006; 
Marszał-Jagacka and Kromer 2011). A limited number of 
male gametophytes developing antheridia in culture were 
reported for A. adulterinum, A. cuneifolium, and A. septen-
trionale. This could be the reason for inefficient fertilization 
and development of sporophytes (Kromer et al. 2006). Dur-
ing the culture, the time needed for a new sporophyte to be 
evident varied from at least 2 months for A. adulterinum, 
A. septentrionale, and A. cuneifolium (Marszał-Jagacka and 
Kromer 2011) to 3 months for A. adiantum-nigrum (Somer 
et al. 2010).

Several approaches were established to accelerate and 
improve the efficiency of sporophyte propagation, however, 
most of them were based on the use of rhizomes treated with 
6-benzylaminopurine (BAP; Higuchi and Amaki 1989; Fer-
nandez et al. 1993; Somer et al. 2010) or low concentrations 
of 1-Naphthaleneacetic acid (NAA) and kinetin (Marszał-
Jagacka and Kromer 2011). Furthermore, homogenization 
of sporophytes was proposed, however, in this case the for-
mation of not only sporophytes, but also aposporous game-
tophytes was reported (Somer et al. 2010; Fernandez et al. 
1993, 1997).

Somatic embryogenesis (SE), described for the first time 
for ferns in 2015 by Mikuła et al., seems to be a very attrac-
tive alternative for micropropagation of fern sporophytes 
(Mikuła et al. 2022b). The protocol is quick and effective, 
and, more importantly, it does not require the application 
of exogenous plant growth regulators (PGRs; Mikuła et al. 
2015b), minimizing the risk of somaclonal variation. Thus, 
it would be desirable to implement SE for other fern species, 
both ornamental and those in danger of extinction. How-
ever, this process has been reported only for the tree fern, 
Cyathea delgadii Sternb.

The objective of this study was to develop a simple and 
comprehensive system for in vitro micropropagation and 
efficient long-term ex situ conservation of the endangered 
serpentine fern A. cuneifolium Viv. exploiting the phenom-
enon of SE and applying cryopreservation techniques.
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Material and method

Plant material

Spores from one frond of A. cuneifolium were obtained 
from the herbarium of the Institute of Environmental Biol-
ogy, University of Wroclaw, Poland.

Spore storage, disinfection, and sowing in vitro

A portion of the spores was put in airtight cryovials and 
placed at 5 °C (fridge) and − 196 °C (liquid nitrogen; LN). 
After 12, 24, and 36 months, the spores from LN were 
quickly re-warmed by immersing cryovials in a water bath 
at 38  °C for 3  min. Spores from all temperature regimes 
were tested for their viability by sowing in sterile distilled 
water (5 ml) in glass Petri dishes (Mikuła et al. 2015c).

The remaining spores were wrapped in a piece of filter 
paper, which was folded to form a small packet (Barnicoat 
et al. 2011). The packet was treated with 70% (v/v) ethanol 
for 30 s, then with 5% (v/v) commercial bleach (Domestos) 
for 20 min and finally washed 3 times with sterile distilled 
water, 5 min each time. The spores were blotted from the 
packet onto a Petri dish with growth medium (GM; ½MS 
macro- and micronutrients + MS vitamins + 0.06 M sucrose, 
pH = 5.6) and left to germinate in a tissue culture chamber 
at 22 ± 1 °C, under a 16/8 h photoperiod and at a light inten-
sity of 3.5 µM m− 2 s− 1. The young primary gametophytes 
developing from spores were transferred separately onto the 
fresh GM for proliferation. Secondary gametophytes were 
subcultured every 6 months onto the same medium.

Cryopreservation of gametophytes

Encapsulation/vitrification  Primary gametophytes at the 
heart stage were encapsulated in alginate beads (Mikuła et 
al. 2009) and exposed to the vitrification loading solution 
(LS; 2 M glycerol + 0.4 M sucrose) for 20 min. Subsequently, 
they were treated with plant vitrification solution 3 (PVS3; 
Nishizawa et al. 1993) for up to 3  h, transferred to 2-ml 
cryovials (15 beads per cryovial) and plunged directly into 
LN and maintained for 3 days. The vials were then removed 
from LN and rapidly re-warmed in a water bath at 38 °C for 
3 min. After rewarming, beads were treated with an unload-
ing solution (US; 1.2 M sucrose) for 15 min, put on GM for 
2 days in darkness, and then exposed to a 16/8 h photope-
riod. Encapsulated gametophytes treated with PVS3, but not 
cryopreserved, were designated as controls.

Encapsulation/dehydration  In the second approach, 
encapsulated gametophytes were put on the preculture 
medium (PM; ½MS macro- and micronutrients + MS 

vitamins + 0.25  M sucrose + 10 µM abscisic acid; ABA, 
pH = 5.8) for 2 weeks. After preculture, the beads were 
transferred to 250 ml Erlenmeyer flasks and exposed to 
3-day-long osmotic dehydration by treatment with 0.5, 0.75 
and 1.0 M sucrose solution for 24 h at each concentration. 
Following osmotic dehydration, beads were harvested, sur-
face-dried by air in a laminar-flow chamber at room tem-
perature for 5 h, put into cryovials and immersed into LN 
as described above, and then in the same way re-warmed 
and cultured. Alternatively, cryopreservation via encapsula-
tion-dehydration without preculture was tested as a way to 
shorten the time of the whole cryopreservation procedure.

Sporophyte culture and SE

Syngamy followed by the development of sporophytes 
occurred spontaneously on gametophytes cultured in GM. 
To accelerate this process, the reduction of the macro- and 
micronutrients to the 1/8 of the MS medium (1/8 MS) 
along with the complete withdrawal of ammonium ions 
and vitamins was applied (Makowski et al. 2016). Young 
sporophytes were transferred to jars with GM and exposed 
to a 16/8  h photoperiod and a light intensity of 20 µM 
m− 2 s− 1 for further growth, or transferred to constant dark-
ness for etiolation and induction of SE. To regenerate pri-
mary somatic embryos, 2.5-mm-long stipe fragments were 
excised from the two youngest fronds and placed on induc-
tion medium (IM; ½MS macro- and micronutrients + MS 
vitamins + 0.03 M sucrose, pH = 5.8). They were cultured at 
24 ± 1 °C in constant darkness. Secondary SE was induced 
on the stipes of etiolated somatic embryo-derived sporo-
phytes that had developed 2 or 3 fronds, according to Tomic-
zak et al. (2018). To improve the efficiency of regeneration 
of secondary somatic embryos, an increase in pH up to 7.8 
and a sucrose content in the basal medium up to 0.3 M were 
tested. The efficiency of SE was evaluated by calculating 
the percentage of responding explants and the average num-
ber of somatic embryos per explant after 2, 3, and 4 months 
of culture. Further growth of sporophytes obtained via SE 
proceeded in the same manner and under the same culture 
conditions as those obtained via syngamy.

Sporophyte acclimatization

Acclimatization was performed using sterile de-acidified 
peat as a substrate (pH = 6.5). Plantlets were grown in pots 
covered with jars under room conditions (22 ± 2 °C; RH ca. 
60–80%). They were exposed to the laboratory environment 
for a period of 4 weeks before being transferred to green-
house conditions. Following that, they were transferred to 
the outdoor field collection of the Botanical Garden.
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Whole gametophytes or young leaves of sporophytes of A. 
cuneifolium were chopped simultaneously with leaves of S. 
cereale using a sharp razor blade in 1.0 ml of nuclei-isola-
tion buffer (200 mM Tris, 4 mM MgCl2·6H2O, 0.5% Triton 
X-100; pH = 7.5), supplemented with 50 µg ml− 1 propidium 
iodide (PI) and 50 µg ml− 1 RNase A. After chopping, the 
suspension was passed through a 50-µm mesh nylon filter. 
For each sample, 5000–7000 nuclei were analyzed using a 
CyFlow SL Green (Partec GmbH, Münster, Germany) flow 
cytometer, equipped with a high-grade solid-state laser with 
green light emission at 532 nm, as well as with SSC and 
FSC scatters using linear amplification. Histograms were 
analyzed using the FloMax software (Partec GmbH, Mün-
ster, Germany). The nuclear DNA content was calculated 
using the linear relationship between the ratio of the G0/G1 
peak positions of Asplenium and Secale on the histogram 
of fluorescence intensities. Mean DNA contents calculated 
for each plant group were compared using Tukey’s test, at 
P = 0.05, using Statistica ver. 6.0 (StatSoft Polska Sp. z o.o., 
Poland).

DNA analysis with molecular markers

Cryopreserved and non-cryopreserved gametophytes as 
well as sporophytes obtained from both gametophyte types 
were also subjected to molecular DNA analyses. Total 
genomic DNA was extracted from about 100 g of gameto-
phytic or sporophytic tissue using the DNeasy Plant Mini 
Kit (Qiagen, Hilden, Germany), according to the manufac-
turer’s instructions. The quantity of DNA was determined 
using a GeneQuant 1300 spectrophotometer (GE Health-
care), whereas its quality was assessed by electrophoresis 
on 1.0% agarose gel.

Amplified fragment length polymorphism (AFLP) analy-
sis was performed as reported previously (Tomiczak et al. 
2017). Briefly, DNA digestion with EcoRI and MseI restric-
tion enzymes was followed by adaptors ligation and pre-
selective PCR reaction. For selective PCR reaction, 6 primer 
combinations were used (Table 1). Products of amplification 
were analyzed on 7% polyacrylamide gels and visualized by 
silver staining.

For inter-simple sequence repeat (ISSR) analysis, 12 
primers were used (Table 2). Amplification of DNA frag-
ments was performed in a volume of 10 µl 1× PCR Incom-
plete Reaction Buffer (BIORON GmbH, Ludwigshafen, 
Germany), 1.25 mM MgCl2, 0.2 mM dNTPs, 1.0 µM of 
primer, 0.5 U SuperHotTaq DNA polymerase (BIORON 
GmbH, Ludwigshafen, Germany), and 15 ng of template 
DNA. Initial denaturation at 94 °C for 3 min, was followed 
by 35 cycles of 30 s denaturation at 94 °C, 30 s annealing 
at 53–60 °C (depending on the primer) and 90 s extension 
at 72  °C, ending in 10  min final extension at 72  °C. The 

Microscopic preparation

The method of plant material clearing in methyl salicylate 
(Young et al. 1979) was used to document the first devel-
opmental stages of somatic embryos. For this purpose, 
explants were fixed overnight in FAA (37% formaldehyde : 
glacial acetic acid : 70% ethanol; 1:1:18 v/v) and dehydrated 
in a series of ethanol solutions of increasing concentration, 
i.e. of 70% (2 h), 80% (2 h), 90% (2 h) and 100% (three 
changes, 2  h per each). After clearing for 2  h in each of 
the following solutions, i.e. ethanol : methyl salicylate (1:1 
v/v), ethanol : methyl salicylate (1:3 v/v), and 100% methyl 
salicylate (two changes), explants were examined under 
an epifluorescence microscope (Vanox AHBT3; Olympus, 
Tokyo, Japan) in blue-violet light (400–440  nm). Addi-
tionally, the visualization of SE on the stipe explants was 
made using an environmental scanning electron microscope 
(ESEM; FEI QUANTA 200; 0.75 Tr, at a relative humidity 
of up to 100%, and reduced pressure of less than 10− 4 Pa).

Statistical analysis

Each in vitro culture experiment was repeated three times. 
Three Petri dishes with 15 alginate beads or 20 stipe explants 
per each combination of culture conditions represented each 
replicate. Statistica ver. 6.0 (StatSoft Polska Sp. z o.o., 
Poland) was used for statistical analyses. One- or two-way 
analysis of variance was performed. Means were compared 
using Tukey’s honestly significant difference (HSD) test, at 
the 0.05 level of probability.

Flow cytometry

Flow cytometric analysis was carried out for gameto-
phytes cryopreserved by encapsulation-dehydration and 
for non-cryopreserved (control) ones as well as for sporo-
phytes obtained from both gametophyte types. From each 
group, 12 individuals were chosen randomly to estimate the 
nuclear DNA content. Secale cereale ‘Dańkowskie’ (16.19 
pg/2 C; Doležel et al. 1998) served as an internal standard. 

Table 1  AFLP primers used in selective PCR reactions and the distri-
bution of DNA fragments amplified by their use in control and cryo-
preserved gametophytes and sporophytes of A. cuneifolium
No. of 
primer 
pair

Eco/Mse primers No. of 
bands

No. of 
polymorphic /
unique bands

% polymor-
phism

I E-ATC / M-CAA 61 2/0 3.3
II E-AGA / M-CAG 73 17/6 23.3
III E-ACC / M-CGT 27 2/1 7.4
IV E-AGT / M-CTC 45 10/2 22.2
V E-AAA / M-CCC 106 7/0 6.6
VI E-ACG / M-CGG 28 4/0 14.3

total 340 42/9 12.3
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distilled water. The 1-year-long storage of spores at 5  °C 
ensured their viability in 80%, whereas storage in LN did 
not change it at all. Further 2-year-long storage in LN also 
allowed to maintain the initial viability of spores (Fig. 1).

Spores disinfected with 5% Domestos started to germi-
nate after 2 weeks from disinfection and sowing on GM 
(Fig. 2a). A few days later, young gametophytes developed 
(Fig. 2b-e). In the following weeks, the entire surface of the 
medium was covered with primary gametophytes (Fig. 2f), 
which proliferated easily and formed abundant clusters of 
secondary gametophytes within 6 months (Fig. 2g).

Gametophyte survival after cryopreservation

The encapsulated, but non-frozen gametophytes of A. cunei-
folium withstood PVS3 treatments, showing 100% survival 
regardless of treatment time (Fig. 3a). Cryopreservation sig-
nificantly decreased the survival rate, which ranged from 
64.5 to 93% depending on the time of previous incubation 
of gametophytes in PVS3. The highest survival of gameto-
phytes was noted for 3-hour-long incubation (Fig. 3a). The 
recovery of gametophyte culture took about 5 weeks.

The use of the encapsulation-dehydration technique for 
cryopreservation of gametophytes resulted in their 100% 
survival, either with or without preculture (Fig. 3b). How-
ever, without the preculture step, only limited gametophyte 
cells survived (Fig. 3c), whereas the implementation of the 
preculture reduced tissue necrosis (Fig. 3d) and shortened 
the time needed for regeneration of gametophytes (Fig. 3e) 
from 5 to 4 weeks.

Sporophyte formation via syngamy and SE

While growing on GM, gametophytes of A. cuneifolium 
proliferated but hardly ever produced sporophytes. The 
syngamy and development of the first sporophytes (Fig. 4a) 
were observed after 6 months of culture, and were more 
intense in senescent 12-month-old cultures maintained 
in the same medium without subculture. The reduction of 
macro and micronutrients in the medium combined with the 
complete withdrawal of NH4NO3 and vitamins allowed for 
a significantly faster sporophytogenesis. The appearance of 
sporophytes was evident after 5 weeks from the transfer of 
secondary gametophytes onto 1/8 MS medium (Fig.  4b). 
After cryopreservation, the reproduction of sporophytes 
proceeded similarly to that of control gametophyte cultures.

In the SE, which was induced on stipe explants collected 
from young leaves of etiolated juvenile sporophytes, somatic 
embryos originated from epidermal cells, which started to 
divide within 2 weeks of the culture (Fig.  4c). After sev-
eral first cell divisions perpendicular to the polar axis of the 
explant leading to the formation of the linear pro-embryo 

products of amplification were separated on a 1.6% (m/v) 
agarose gel, and bands were detected by ethidium bromide 
staining.

Amplified AFLP and ISSR fragments were scored as 
present (1) or absent (0) and recorded as binary matrices. 
XLSTAT Version 2016.01.26779 software (Addinsoft, 
Paris, France) was used to assess genetic variability between 
gametophytes and sporophytes before and after cryopreser-
vation. The UPGMA dendrograms were constructed using 
Jaccard’s dissimilarity coefficient.

Results

Spore germination and gametophyte development

Freshly collected spores of A. cuneifolium germinated 
on average in 90% within 5 days from sowing in sterile, 

Table 2  Sequences of primers used for ISSR analysis and the distribu-
tion of DNA fragments amplified by their use in control and cryopre-
served gametophytes and sporophytes of A. cuneifolium
Primer code Sequence 

5’−>3’
No. of 
bands

No. of 
polymorphic /
unique bands

% polymor-
phism

UBC-814 (CT)8 A 12 2/1 16.6
UBC-818 (CA)8G 13 2/1 15.4
UBC-824 (TC)8G 14 1/0 7.1
UBC-835 (AG)8YC 16 4/1 25.0
UBC-840 (GA)8YT 17 0/0 0.0
UBC-845 (CT)8RG 18 2/0 11.1
UBC-846 (CA)8RT 15 4/2 26.7
UBC-880 (GGAGA)3 16 0/0 0.0
SBS-808 (AG)8 C 12 0/0 0.0
SBS-811 (AC)8 C 14 0/0 0.0
SBS-861 (ACC)5 7 0/0 0.0
SBS-861 (AGC)5 13 2/0 15.38

total 167 17/5 10.2

Fig. 1  The effect of the storage type and time on the survival of A. 
cuneifolium spores
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Fig. 3  Cryopreservation of A. 
cuneifolium gametophytes: the 
effect of PVS3 treatment time 
on the survival of gametophytes 
in encapsulation-vitrification 
technique (a); the effect of the 
preculture on the survival of 
gametophytes in encapsulation-
dehydration technique (b); 
limited portion of gametophyte 
surface that survived cryopreser-
vation via encapsulation-dehydra-
tion without preculture (c); large 
portions of gametophyte surface 
which survived cryopreservation 
via encapsulation-dehydration 
with preculture (d); the recov-
ery of gametophytes in post 
rewarming culture, 4 weeks after 
cryopreservation (e). Values fol-
lowed by the same letters are not 
significantly different at p < 0.05 
(HSD test)

 

Fig. 2  Germination of disinfected A. cuneifolium spores and devel-
opment and multiplication of gametophytes: germination of a single 
spore after 2 weeks from sowing (a); subsequent cell divisions lead-
ing to development of a young gametophyte (b-e); culture of primary 

gametophytes on GM medium (f); intense proliferation of second-
ary gametophytes but without the appearance of sporophytes after 6 
months of culture on GM medium (g)
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Fig. 4  Development and multiplication of A. cuneifolium sporophytes 
via syngamy and somatic embryogenesis: very young sporophytes 
which developed via syngamy on gametophyte (a); numerous young 
sporophytes obtained via syngamy after 5 weeks of culture on GM 
medium devoid of ammonium ions and vitamins and with reduced 
macro- and micronutrients (b); etiolated stipe explant with first divi-
sions (arrows) of epidermal cells perpendicular to the polar axis of the 
explant (c); successive cell divisions (arrows) leading to the forma-
tion of a linear pro-embryo from epidermal cells of stipe explants vis-
ible in ESEM (d) and epifluorescence microscopy (e); a multicellular 

pro-embryo which developed following several anticlinal, periclinal 
and inclined cell divisions of single epidermal cell of stipe explant (f); 
a stipe explant with several immature somatic embryos in the early 
embryonic leaf stage after 6 weeks of growth (g); somatic embryo in 
the early embryonic leaf stage with trichomes located on one side in 
epifluorescence (h) and ESEM microscopy (i); differentiation of the 
embryonic leaf in the late embryonic leaf stage of somatic embryo (j); 
secondary somatic embryo-derived juvenile sporophytes showing the 
first leaf and primordium of the second leaf (arrow) in ESEM (k) and 
stereo/dissecting microscopy (l)
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responding explants and the number of somatic embryos per 
explant by half (Fig. 5a-b). Furthermore, the enhancement 
of the sucrose concentration in the medium up to 0.15 M did 
not influence the SE effectiveness (Fig. 5c-e). The increase 
in the number of somatic embryos regenerated from a sin-
gle explant was observed only on the medium with sucrose 
concentration elevated to 0.3  M. The number of embryos 
per explant was almost 4-time greater than for other con-
centrations (Fig. 5d). However, a reduction in sucrose con-
centration from 0.3 to 0.06 M after 2 months of culture was 
essential to achieve further proper sporophyte development 
(Fig. 5f). Young sporophytes grew slowly and produced cal-
lus tissue at the base when left on the medium with 10% 
sucrose (Fig. 5g).

(Fig.  4d-e), cells begin to divide anticlinally, periclinally 
and inclinally. As a result, a multicellular structure devel-
oped (Fig. 4f-g). In the next step, trichomes appeared on one 
side of the immature, multicellular somatic embryo and the 
differentiation of the embryonic leaf began (Fig. 3h-i). Soon 
after the first frond was formed (Fig. 4j), the primordium of 
the second leaf became visible (Fig. 4k). Within 6 months, 
young sporophytes with two or three leaves developed. Sec-
ondary SE was easily induced on stipe explants collected 
from such sporophytes (Fig. 4l).

In control conditions on IM, the percentage of respond-
ing explants was over 96% (Fig. 5a), however, the number 
of somatic embryos regenerated per one explant was low 
and amounted on average 2.5 (Fig.  5b). The increase in 
pH to 6.8 did not significantly affect the efficiency of SE, 
whereas the higher pH (7.8) reduced both the percentage of 

Fig. 5  The influence of pH and 
sucrose concentration in the 
culture medium on SE efficiency: 
the effect of pH on the percentage 
of A. cuneifolium stipe explants 
exhibiting somatic embryo-
genesis (a) and on the average 
number of somatic embryos per 
explant (b); the effect of sucrose 
concentration on the percentage 
of A. cuneifolium stipe explants 
exhibiting somatic embryogene-
sis (c) and on the average number 
of somatic embryos per explant 
(d); young sporophytes obtained 
on stipe explants of A. cuneifo-
lium after 4 months of culture on 
the medium containing 0.03 M 
sucrose (e), after 2 months of cul-
ture on 0.3 M sucrose followed 
by 2 months on 0.06 M sucrose 
(f), and after 4 months of culture 
on the medium containing 0.3 M 
sucrose (g). Values followed by 
the same letters are not signifi-
cantly different at p < 0.05 (HSD 
test)
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Molecular analysis of gametophytes and 
sporophytes after cryopreservation

For all DNA samples, all AFLP and ISSR primers gave 
scorable and reproducible band patterns (Online Resource 
1a-b). Total 340 and 167 bands with an average of 56.7 and 
13.9 per primer pair / single primer were obtained for AFLP 
(Table 1) and ISSR analysis (Table 2), respectively.

Both analyses revealed that there was little genetic vari-
ability among most of the DNA samples. AFLP proved to be 
a bit more powerful in generating polymorphic fragments, 
than the ISSR (12.3% of average polymorphism for AFLP 
vs. 10.2% for ISSR; Table 1). However, both marker sys-
tems showed similar levels of general sequence variation. 
Moreover, on either AFLP or ISSR dendrograms, six groups 
of individuals were recognized (Online Resource 2a-b).

Based on the results of AFLP analysis, the greatest dis-
similarity was noted for one of the sporophytes obtained 
from cryopreserved gametophytes (SLN-7) and for one of 
the control gametophytes (GC-12). Their genetic dissimi-
larity from other individuals, expressed in the Jaccard coef-
ficient, was 0.067 and 0.043, respectively. This dissimilarity 
resulted from the presence of 6 and 3 unique bands and 
the absence of 7 and 5 bands common for other individu-
als (Online Resource 2a). The remaining individuals did 
not have unique bands, but among them SC-8 and SLN-4 
lacked 3 and 1 bands, respectively.

ISSR analysis revealed that the most distant sample was 
again GC-12. In its profiles, 5 unique bands were detected, 
while 3 common bands were not. The Jaccard dissimilar-
ity coefficient, which reflected its genetic dissimilarity from 
other individuals, was 0.073 (Online Resource 2b).

The UPGMA dendrogram (Fig. 7) which resulted from 
joint AFLP and ISSR analyses, did not clearly separate nei-
ther control A. cuneifolium individuals from cryopreserved 
ones nor gametophytes from sporophytes. Most of the gen-
erated clusters included all types of individuals. Only the 
two most distant samples, GC-12 and SLN-7, were grouped 
separately.

Discussion

Viability of stored spores

The majority of fern species are propagated and cultured 
through spore germination and gametophyte production 
(Ballesteros 2011). Ferns from the genus Asplenium pro-
duce nongreen spores, which can be treated as orthodox 
seeds, i.e., they are supposed to be easily stored for a long 
time under dry conditions, either at ambient or low tempera-
ture. The longest storage time was reported for Asplenium 

Nuclear DNA content

Flow cytometry revealed that non-cryopreserved (con-
trol) gametophytes contained 5.07 pg/1  C DNA (Table  3; 
Fig.  6a), while gametophytes after cryopreservation con-
tained 5.09 pg/1  C DNA (Table  3; Fig.  6b). Both groups 
of sporophytes tested possessed approximately twofold the 
DNA content of the gametophytes, 10.04 pg and 10.02 pg 
for sporophytes obtained from control and cryopreserved 
gametophytes, respectively (Table 3; Fig. 6c-d). There was 
no significant difference in nuclear DNA content between 
control and cryopreserved plant material (Table 3).

Table 3  Nuclear DNA content of gametophytic and sporophytic gen-
erations of A. cuneifolium before (control) and after cryopreservation. 
Data presents mean ± SD. Values followed by the same letter are not 
significantly different at P = 0.05 (Tukey’s test)
Generation Nuclear DNA content

Before cryopreservation After 
cryopreservation

Gametophytes 5.07 ± 0.10 pg/1 C 
DNA b

5.09 ± 0.07 
pg/1 C DNA b

Sporophytes 10.04 ± 0.18 pg/2 C 
DNA a

10.02 ± 0.14 
pg/2 C DNA a

Fig. 6  Exemplary histograms of nuclear DNA content of nuclei iso-
lated simultaneously from the leaves of Secale cereale ‘Dańkowskie’ 
(internal standard) and from A. cuneifolium control gametophytes 
GC (a), gametophytes after cryopreservation GLN (b), sporophytes 
obtained from control gametophytes SC (c), sporophytes obtained 
from gametophytes after cryopreservation SLN (d)
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earlier reports (Kromer et al. 2006; Marszał-Jagacka and 
Kromer 2011), primary and secondary gametophytes of 
A. cuneifolium grew well on ½MS medium with 0.06  M 
sucrose, which provided a lot of initial plant material for 
cryopreservation and studies on sporophyte formation.

Until now, cryopreservation strategies have been devel-
oped for gametophytes of only 25 fern species (Zimnoch-
Guzowska et al. 2022), and the majority of them exploited 
encapsulation-dehydration techniques (Pence 2018; Mikuła 
et al. 2022a). A few attempts of vitrification without encap-
sulation failed due to insufficient protection of gametophyte 
structural integrity against harmful high concentrations of 
applied cryo-solutions (Mikuła et al. 2011; Makowski et 
al. 2016). Here, encapsulation-dehydration was compared 
with encapsulation-vitrification, which is less popular for 
fern gametophytes but also less time-consuming. The lat-
ter technique resulted in a survival rate significantly lower 
for Dicksonia fibrosa Col. and other tree ferns than encap-
sulation-dehydration (Mikuła et al. 2011), but comparable 
for Osmunda regalis L. after choosing an appropriate PVS 
solution and optimization of vitrification time (Mikuła et 
al. 2011,; Makowski et al. 2016). The survival of A. cunei-
folium gametophytes after encapsulation-vitrification was 
only slightly worse than after encapsulation-dehydration, 
but, similarly to the above-mentioned species, the percent-
age of the tissue necrosis was much greater. As a result, the 
time of gametophyte recovery was extended by a week, 
thereby eliminating any potential savings in time.

Another possibility to shorten the duration of the cryo-
preservation procedure is the omission of the preculture 
step. The effect of preculture in the encapsulation-dehy-
dration method of fern cryopreservation was studied for a 
dozen or so species (Mikuła et al. 2009, 2011; Pence 2014, 
2015; Makowski et al. 2015). The preculture conducted 

serra Langsd. & Fisch. Its spores remained viable for 48 
years (Lloyd and Klekowski 1970; Aragon and Pangua 
2004) tested the viability of spores of A. septentrionale, A. 
adiantum-nigrum, and Asplenium ruta-muraria L. after 12 
months of storage under dry and wet conditions at 20 °C, 
5 °C and − 20 °C. They reported high percentages of germi-
nation for the first two species regardless of storage condi-
tions, except for wet storage at -20 °C. However, there was 
a slight decrease in spore viability for most storage combi-
nations compared to the viability of control spores. We also 
observed that after 1 year of storage at 5 °C, the viability of 
A. cuneifolium spores decreased from 90 to 80%.

Studies on spores stored at temperatures of a freezer (-10 
to -30 °C) suggested that fern spores may have analogous 
physiologies to seeds classified in the intermediate storage 
category and their longevity is reduced due to crystalliza-
tion of triacylglycerols (TAG; Ballesteros 2011). However, 
storage in LN can prevent damage because TAG crystalliza-
tion is inhibited (Crane et al. 2006). In the case of A. cunei-
folium, storage of spores in LN did not affect their initial 
viability for 3 years.

Culture and cryopreservation of gametophytes

Although storing spores is considered to be the easiest and 
cheapest method for ex situ fern conservation, the storage 
of gametophytes can also be useful if only a few spores are 
available (Ballesteros and Pence 2018). In such a case, in 
vitro spore sowing and multiplication of prothalli can pro-
vide a theoretically unlimited supply of uniform and highly 
regenerative gametophytic tissue (Pence 2018). Previous 
studies on other fern species indicated that only a small 
gametophyte fragment surviving cryopreservation is needed 
to regenerate the whole culture (Mikuła et al. 2011). As in 

Fig. 7   A dendrogram of genetic 
dissimilarity between individual 
control gametophytes (GC), 
gametophytes after cryopreserva-
tion (GLN), sporophytes obtained 
from control gametophytes (SC), 
and sporophytes obtained from 
gametophytes after cryopreser-
vation (SLN), generated by the 
UPGMA cluster analysis based 
on combined AFLP and ISSR 
molecular markers
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sporophytes of A. adiantum-nigrum (Somer et al. 2010). 
The third way was to culture single, separated rhizomes on 
medium supplemented with low concentrations of NAA and 
kinetin, which stimulated the development of new fronds 
(Marszał-Jagacka and Kromer 2011). However, regenera-
tion of sporophytes was also observed on fronds inoculated 
horizontally on ½MS medium supplemented with 0.58 µM 
IAA and 4.65 or 9.3 µM kinetin. Interestingly, when frond 
stipes were wounded, the regeneration process occurred on 
a medium devoid of PGRs (Marszał-Jagacka and Kromer 
2011). This suggests that the stipe explants possess mor-
phogenetic abilities, which can be activated after applying 
wounding stress. In previous studies, we achieved highly 
efficient somatic embryogenesis on stipe explants excised 
from etiolated fronds of the tree fern C. delgadii (Mikuła 
et al. 2015a, b) without applying any PGRs. A similar pro-
cess was also initiated here, on stipe explants of A. cunei-
folium. Moreover, the same developmental stages as in the 
case of C. delgadii, i.e., linear pro-embryo stage, as well as 
early and late embryonic leaf stages (Mikuła et al. 2015b), 
were recognized. Although stipe explants of A. cuneifolium 
regenerated fewer somatic embryos than those of C. delga-
dii, a higher percentage of responding explants (over 96%) 
was observed. Also, in contrast to C. delgadii, for which 
the efficiency of SE decreased with the increase in sucrose 
concentration in the medium up to 0.15  M (Mikuła et al. 
2015a) and the process was completely inhibited after short 
treatments of stipe explants with highly concentrated (over 
0.4 M) sucrose solutions (Grzyb and Mikuła 2019), A. cune-
ifolium stipes reacted indifferently to the concentration of 
sucrose in the culture medium reaching 0.15 M, whereas the 
addition of 0.3 M sucrose resulted in the number of embryos 
per explant almost 4-time greater than for other concentra-
tions tested.

Genetic stability of cryopreserved gametophytes

For numerous plant species, cryopreservation technology 
is inseparable from in vitro culture methods used for the 
establishment and maintenance of initial plant material, its 
preculture, and the process of recovery and regrowth of tis-
sues in post-thawing culture (Wang et al. 2021). However, 
plant tissue culture is known to engender frequent unwanted 
genetic and epigenetic variation, such as chromosomal and 
DNA sequence variation, methylation changes or activa-
tion of transposons (Neelakandan and Wang 2012; Fossi et 
al. 2019). Thus, a thorough analysis of the genetic stabil-
ity of regenerated plants should be an indispensable part of 
studies aimed at developing regeneration and cryopreser-
vation systems for species of interest. However, analysis 
of somaclonal variation has been reported very occasion-
ally for ferns. To the best of our knowledge, only Marsilea 

on medium with ABA and elevated sucrose concentration 
(Mikuła et al. 2009, 2011), as well as the reduced size of 
alginate beads (Makowski et al. 2015; Mikuła et al. 2022a), 
significantly improved the survival of gametophytes, espe-
cially those of sensitive species with low tolerance to LN 
exposure. On the other hand, gametophytes of A. scolopen-
drium var. americanum showed 75–100% survival, whether 
or not they were precultured on ABA-containing medium 
(Pence 2015). The preculture step on ABA-supplemented 
medium was not crucial for survival of gametophytes of 
A. scolopendrium var. scolopendrium either, but it signifi-
cantly lowered the level of tissue necrosis and shortened 
the time required for complete recovery of gametophytes in 
post-thawing culture (Mikuła et al. 2011). Similarly, precul-
ture was found to be non-obligatory to ensure the survival 
of A. cuneifolium gametophytes; however, its implementa-
tion reduced both the tissue necrosis and the time needed for 
regeneration of gametophytes by about a week.

Development and multiplication of sporophytes

The formation of Asplenium sporophytes via syngamy in 
tissue culture was studied by Kromer et al. (2006), Somer 
et al. (2010), and Marszał-Jagacka and Kromer (2011). 
According to their reports, development of a few single 
sporophytes has taken at least 2 months since transferring 
gametophytes onto fresh ½MS. In all studies, an imbalance 
in the number of antheridia and archegonia that developed 
on gametophytes was observed and regarded as a probable 
limiting factor in the fertilization and development of sporo-
phytes. Research on other fern species like Pteris ensiformis 
Burm. f., Adiantum capillus-veneris, O. regalis or Alsophila 
costularis showed that a significant increase in the sporo-
phyte formation could take place when gametophytes were 
cultured in media with a lowered concentration of mineral 
salts and vitamins or at least in the absence or reduced con-
centration of ammonium nitrate (Fernández et al. 1999; 
Kuriyama et al. 2004; Makowski et al. 2016; Pu et al. 2023). 
In our study, the use of a medium without NH4NO3 and vita-
mins and with macro- and micronutrients reduced to 1/8 MS 
allowed to shorten the time of sporophyte production from 
6 months to 5 weeks.

Multiplication of sporophytes of epilithic Asplenium 
species has been performed mainly in three ways. First of 
them included the culture of sporophytes in MS medium 
supplemented with 4.4 µM BAP, and then the transfer of 
swelling rhizomes to medium devoid of PGRs. Such rhi-
zomes formed numerous fronds (Somer et al. 2010). The 
second approach involved homogenization of sporophytes 
and subsequent culture in a liquid MS medium with the 
addition of BAP. This encouraged the formation of well-
organized structures, either aposporous gametophytes or 
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in cryopreserved material. Most polymorphic bands were 
also found in electrophoretic patterns of control gameto-
phytes and sporophytes. However, although the protocol 
applied here minimized the likelihood of genetic changes 
since it did not require the use of cryoprotectants and no cal-
lus was formed in that time (Wang et al. 2014), it cannot be 
excluded that sequence variation observed for sporophytes 
SLN-4 (lack of 1 common band) and SLN-7 (presence of 6 
and lack of 7 common bands) resulted from the cryopreser-
vation procedure.

Conclusion

The presented studies were aimed at evaluating the poten-
tial of in vitro propagation and cryopreservation to assist 
long-term conservation of the endangered serpentine fern 
A. cuneifolium. We showed that spores can be safely stored 
in LN without losing their viability and, after disinfection, 
they can be used to initiate an in vitro culture of gameto-
phytes. We also demonstrated that cryopreservation of 
gametophytes using the encapsulation-dehydration method 
guarantees their 100% survival and the implementation 
of the preculture step on a medium supplemented with 10 
µM ABA and 0.25  M sucrose allows shortening the time 
of their recovery in post-rewarming culture. The develop-
ment of sporophytes via syngamy can be accelerated by the 
reduction of macro- and micronutrients and the withdrawal 
of NH4NO3 and vitamins in the medium, and their multipli-
cation is possible via somatic embryogenesis without using 
PGRs. Despite some minimal changes in the DNA sequence, 
the applied cryopreservation protocol does not disturb the 
nuclear DNA content of gametophytes and sporophytes.
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quadrifolia L. propagated in vitro from nodal explants has 
been examined using isoenzyme (Banciu et al. 2009) and 
RAPD markers (Rolli et al. 2015). The results of isozyme 
analyses showed more intense catalytic activity in regen-
erants than in native plants (Banciu et al. 2009), whereas 
no genomic alterations were evidenced in any of the micro-
propagated plants by RAPD markers (Rolli et al. 2015). 
Among fern species subjected to cryopreservation, only 
Cyathea australis (R. BR.) Domin has been analyzed, and 
it was done only with the use of flow cytometry (Mikuła et 
al. 2009). In this study, significant differences between non- 
and cryopreserved plant material were detected.

The nuclear DNA content obtained for A. cuneifolium 
was in accordance with previous studies by Clark et al. 
(2016) and Siljak-Yakovlev et al. (2010), who reported from 
5.07 to 5.11 pg/1 C for gametophytes of this species grow-
ing in various natural populations. The lack of statistically 
significant differences between the DNA content of control 
gametophytes and gametophytes after cryopreservation as 
well as between the DNA content of sporophytes obtained 
from control and cryopreserved gametophytes suggest that 
the applied protocol of cryopreservation did not introduce 
essential quantitative changes at the chromosome level. 
Moreover, the DNA content recorded for both tested groups 
of sporophytes confirms their syngamic origin.

In order to exploit as many sources of polymorphism as 
possible and provide more reliable results of genetic integ-
rity assessments, it is recommended to use more than one 
molecular technique. This is because various DNA markers 
target different regions of the genome (Velasco-Ramírez et 
al. 2014; Costa et al. 2016; Wang et al. 2021). The most pop-
ular markers for rapid detection of polymorphism and gen-
eration of reproducible fragments without prior sequence 
information are AFLP (Agarwal et al. 2008; Meudt and 
Clarke 2007) and ISSR (Pradeep Reddy et al. 2002).

The lack of appropriate literature data concerning molec-
ular analysis of gametophytes prompted us to hypothesize 
that genetic variation of plant material taken for cryopreser-
vation, i.e., gametophytes obtained from spores derived 
from one leaf, should be minimal. However, one of the 
gametophytes (GC-12) turned out to be significantly differ-
ent from the rest, possessing 8 unique and lacking 8 com-
mon bands. This variation in DNA sequence was probably 
not induced by in vitro culture conditions, but pre-existed 
in plant material, since the protocol for spore sowing and 
gametophyte culture was simple and quick without employ-
ing callus phase and PGR-supplemented media, which are 
well-known factors favoring somaclonal variation (Bairu et 
al. 2011).

The genetic variation detected in plant material obtained 
after cryopreservation with the use of AFLP and ISSR 
markers mainly reflected variation that was already present 
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