
Vol.:(0123456789)1 3

Horticulture, Environment, and Biotechnology (2019) 60:435–442 
https://doi.org/10.1007/s13580-019-00128-6

RESEARCH REPORT

Propagation methods for gametophyte proliferation and sporophyte 
formation in silver cloak fern (Cheilanthes argentea)

Bo Kook Jang1,2 · Ju Sung Cho1,2 · Cheol Hee Lee1,2 

Received: 2 October 2018 / Revised: 30 January 2019 / Accepted: 13 February 2019 / Published online: 17 May 2019 
© Korean Society for Horticultural Science 2019

Abstract
Cheilanthes argentea (S.G. Gmel.) Kunze is a highly valued indigenous/endemic Korean bracken species used for ornamental 
purposes. In this study, we developed a practical proliferation method for mass production of C. argentea plants using tis-
sue culture. The gametophyte proliferation using the chopping method produced gametophytes that were morphologically 
identical to those obtained from in vitro spore germination. This new method increased plant fresh weight by more than 
40-fold, from 300 mg to 12.7 g, in Murashige and Skoog medium. A blending method was used to produce 74.3 sporophytes 
in 7.5-cm2 plastic pots using 1 g of gametophytes. Furthermore, addition of exogenous gibberellin promoted sporophyte 
development and growth, suggesting the possibility of controlling the number of sporophytes formed. However, further 
studies are needed to explain the effect of exogenous gibberellin, which is closely related to the sex-determining hormone 
antheridiogen, on the number of sporophytes and its mechanism of action. Our new tissue culture system is capable of mass 
proliferation of C. argentea gametophytes in vitro and the formation of sporophytes by ex vitro preparation using the gener-
ated gametophytes.

Keywords Cheilanthes argentea (S.G. Gmel.) Kunze gametophyte proliferation · Gibberellin · In vitro spore germination · 
Sporophytes

1 Introduction

Cheilanthes argentea (S.G. Gmel.) Kunze, of the family 
Pteridaceae, is an evergreen perennial plant that grows on 
rock crevices in sunny places in the mountains. The leaf 
surface is green, while the abaxial surface is covered with 
a white or silver-white powder, which esthetically contrasts 
with the color of the leaf surface. The Korean name “Bu-
sit-git-go-sa-ri” was given because the white color of the 
abaxial surface is the same as that of tinder (Lee 2003), 
while its English name is “silver cloak fern” (Lee and Lee 
2018). In addition, it is called “Tong-Kyung-Cho” in ori-
ental medicine, where it is used for cough suppression, for 
treating menstrual irregularity, and for some diseases in 
women (KBIS 2018). Because of its unique morphology, 

C. argentea is used both as a potted plant and a ground cover 
plant.

Fern plants propagate by spore germination and develop 
into gametophytes after germination, followed by a series of 
processes in which sporophytes are formed (Moran 2004). 
This process requires suitable environmental conditions 
for spore germination (Fernandez and Revilla 2003) and 
a prolonged period of plant growth. An alternative propa-
gation method involves the collection of rhizomes in their 
natural habitat and activation of the root buds by burying 
the rootstock in the soil. This shortens the process of spore 
germination, gametophyte development, and sporophyte 
formation and allows plants to grow quickly; however, it 
requires considerable amounts of labor. Although both spore 
and rhizome propagation methods produce plants, they are 
not suitable for mass production of uniform plants; thus, 
practical methods for industrialization need to be developed.

To address this problem, we devised an alternative tissue 
culture method that enables fern mass production throughout 
the year. We used a culture method whereby gametophytes 
obtained from in vitro spore germination proliferate under 
conditions that induce sporophyte formation. Additionally, 
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the method allows the cultured material to be maintained 
over an extended period through subculture. Among avail-
able methods, chopping/blending involves finely chopping 
the gametophytes using a scalpel/blender to produce numer-
ous clones from the fragments (Miller 1968; Jang et al. 2017, 
2019); by this means, it is possible to mass produce uniform 
gametophytes in vitro, in a short time (Sheffield and Attree 
1983). Furthermore, the method can be used to efficiently 
mass produce sporophytes by transplanting the cultured 
gametophytes obtained ex vitro (Fernandez et al. 1999; Lee 
2004). However, nutrient requirements for the growth of 
gametophytes in vitro vary depending on the species; simi-
larly, the suitable soil conditions required for transplanta-
tion ex vitro also differ. Species such as Equisetum arvense, 
Dryopteris affinis sp. affinis, and Adiantum capillus-veneris 
are grown as gametophytes in Murashige and Skoog (MS) 
medium, which is rich in nutrients (Kuriyama et al. 1989; 
Fernandez et al. 1996; Kuriyama et al. 2004). However, 
gametophytes of Osmunda regalis show excellent growth 
in Knop medium, which is not as rich in nutrients as the 
MS medium (Fernandez et al. 1997). Thus, the propagation 
method using tissue culture is highly effective for annual 
mass production of fern plants; however, culture conditions 
suitable for growth and sporophyte formation of gameto-
phytes must be investigated.

Therefore, this study aimed to develop a mass prolifera-
tion method using tissue culture for the commercial produc-
tion of C. argentea (S.G. Gmel.) Kunze and to determine 
suitable conditions for gametophyte propagation and sporo-
phyte formation. The information obtained in this study pro-
vides a highly applicable and practical propagation method 
for C. argentea for ornamental and/or medicinal purposes.

2  Materials and methods

2.1  Plant material

Plants were collected from Dosan-myeon, Andong-si, 
Gyeongsangbuk-do, South Korea (lat. 36°43′33.5″N, 
long. 128°50′13.0″E) in February 2014 and transplanted 
into a plastic-film greenhouse at Chungbuk National Uni-
versity, Cheongju-si, Korea (lat. 36°37′29.0″N, long. 
127°27′18.4″E). Sporophylls were harvested on June 8, 
2014, dried in a paper box at 25 ± 1 °C for 7 days, and passed 
through a 100-μm sieve (Chunggye Co., Korea) to obtain 
the spores. Spore germination was performed according to 
methods described by Jang et al. (2019). The spores were 
cultured in MS medium (Murashige and Skoog 1962) sup-
plemented with 3.0% (w/v) sucrose and 0.8% (w/v) agar 
and adjusted to pH 5.8 before autoclaving. The spores were 
germinated at 25 ± 1 °C under a 16/8-h photoperiod, under 
a light intensity of 30 ± 1.0 μmol m−2  s−1. Gametophytes 

obtained from germinated spores were subcultured in MS 
medium at 8-week intervals and then used for experimental 
gametophyte proliferation and sporophyte formation.

2.2  Gametophyte proliferation

The gametophytes grown from germinated spores were uni-
formly subcultured in MS medium and used in the following 
experiments. We examined the culture conditions suitable 
for gametophyte proliferation using the chopping method of 
Jang et al. (2017). MS (1/8×, 1/4×, 1/2×, 1×, and 2×), Knop 
medium, different concentrations of sucrose (0%, 1%, 2%, 
3%, and 4%), and activated charcoal (0%, 0.2%, 0.4%, and 
0.8%) were prepared. All the media, except those contain-
ing specific sucrose concentrations, were supplemented with 
3% sucrose. For each of the treatments, 30 mL of the corre-
sponding medium was dispensed into a 200-mL culture bot-
tle and then 300 mg of uniformly chopped gametophytes was 
spread on the medium surface to induce fragmentation and 
1 mL of sterile water was added. Cultures were incubated 
at 25 ± 1 °C under a light intensity of 30 ± 1.0 μmol m−2  s−1 
and 16/8-h photoperiod for 8 weeks; thereafter, prothallus 
morphogenesis and proliferation rate were examined.

2.3  Sporophyte production and effect of exogenous 
gibberellic acid  (GA3) treatment

We determined suitable substrate conditions for sporophyte 
formation using the blending method of Jang et al. (2019). 
In-vitro-cultured gametophytes were used after steriliza-
tion for 1 h with a 1000 × fungicide solution (Hymexazol 
30%; Tachigaren, Dongbu Agrotech, Korea). Sterilized 
gametophytes were washed five times with distilled water. 
Sterilized gametophytes (1.0 g) were placed in 25 mL of 
distilled water in a plastic beaker and ground for 10 s using 
a hand blender as described by Jang et al. (2019). Eight 
soil mixtures were prepared using horticultural substrates 
(substrate: cocopeat, peat moss, vermiculite, perlite, zeo-
lite, humic acid, and Hanareum no. 2; Shinsung Mineral 
Co., Ltd., Korea), peat moss (Sunshine; Sun Gro Hort., Can-
ada), perlite (Newpershine no. 2; GFC. Co., Ltd., Korea), 
and decomposed granite (2 mm; Samgye Masato, Korea). 
Pots (75 × 75 × 75 mm) were filled with the soil mixtures 
prepared and placed in a plastic box (503 × 335 × 195 mm). 
Ground gametophytes were then spread uniformly on top of 
the soil mixtures. These cultures were incubated in a glass-
plate-covered plastic box for 14 weeks at 25 ± 1 °C, under a 
16/8-h photoperiod at a light intensity of 43 ± 2.0 μmol m−2 
 s−1, and with subirrigation conditions and a relative humid-
ity of 72% ± 2%. After prothallus formation was observed, 
water was sprayed daily on the surface of the prothallus to 
facilitate fertilization.
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We investigated the effect of exogenous gibberellic acid 
 (GA3, Sigma-Aldrich, CAS No. 77-06-5) on the production 
of sporophytes using soil composition and gametophytes 
selected from the experiment described above. To improve 
sporophyte growth, gametophytes sterilized under the 
same conditions as described above were treated by soak-
ing in various concentrations of  GA3 (0, 50, 100, 200, and 
500 mg L−1) for 1 h.  GA3-treated gametophytes were washed 
three times with distilled water, ground using the blending 
method, and cultured under the same conditions and meth-
ods described above.

2.4  Sporophyte acclimatization

Seedlings obtained from the sporophyte formation experi-
ment were transplanted into a plastic box tray containing 
horticultural substrates and acclimated for 3 weeks ex vitro. 
The environmental acclimatization conditions were as fol-
lows: 25 ± 1 °C, 43 ± 2.0 μmol m−2  s−1 light intensity, and 
16/8-h photoperiod. Next, seedlings were cultivated in the 
plastic-film greenhouse at Chungbuk National University.

2.5  Data collection and statistical analysis

Gametophyte development was observed using a stereo-
scopic microscope (SZ51, Olympus, Japan). To confirm the 
effect of sporophyte production, the number of sporophytes, 
fresh weight, leaf length, leaf width, number of leaves, root 
length, number of roots, chlorophyll content (SPAD-502, 
Minolta, Japan), and growth were measured. All experi-
ments were performed in a completely randomized design. 
Four replicates were used to investigate gametophyte pro-
liferation, and ten replicates were used to investigate of spo-
rophytes production. SAS version 9.3 (SAS Institute Inc., 
Cary, NC, USA) was used to calculate the mean ± standard 
error for each treatment, and a factorial analysis was per-
formed using Duncan’s multiple range test, with a signifi-
cance level of p < 0.05.

3  Results

3.1  Effect of culture media on gametophyte 
proliferation

We recorded the changes in fresh weight of gametophytes 
cultured under various medium conditions (Fig. 1). Fresh 
weight peaked at 12.7  g, in the 1 × MS medium, and 
decreased with decreasing MS concentration. However, 
growth was suppressed in the 2 × MS medium. On the 
other hand, the fresh weight of gametophytes cultured in 
Knop medium was similar to that recorded in the 1/2 × MS 
medium. Specifically, gametophytes cultured in 1/4 × and 

1/8 × MS media showed browning with age (Fig. 2f, g). In 
addition, gametophyte cells cultured in the 2 × MS medium 
did not proliferate normally and were necrotized in a clump 
form (Fig. 2c). On the other hand, gametophytes developed 
normally in 1 × MS, 1/2 × MS, and Knop media.

3.2  Effect of sucrose and charcoal on gametophyte 
proliferation

To investigate the effect of sucrose and activated charcoal 
in the medium, gametophytes were cultured for 8 weeks 
in 1 × MS medium containing different concentrations of 
sucrose and activated charcoal. Results revealed that fresh 
weight reached 15.6 g in the 2% sucrose treatment, which 
showed maximum growth (Fig. 3). In contrast, growth of 
gametophytes was substantially lower in the treatment with-
out sucrose addition. On the other hand, in the media sup-
plemented with 0.2–0.8% of activated charcoal, gametophyte 
fresh weight increased significantly relative to the control, 
but there was no significant difference among the concentra-
tions tested (Fig. 4).

3.3  Production of sporophytes and effect 
of exogenous  GA3 treatment

The mixture containing a 2:1 (v/v) ratio of horticultural 
substrate and perlite increased sporophyte formation to 
74.3 sporophytes/pot (Table 1), which was 9.91 sporo-
phyte/cm2. The 2:1 mixtures of the horticultural substrate 
and decomposed granite, and horticultural substrate alone 
induced an average development of 37.8 and 15.8 spo-
rophytes, respectively. In contrast, peat moss tended to 
suppress the formation of gametophytes and sporophytes. 
A soil mixture of horticultural substrate and perlite at a 
2:1 (v/v) ratio promoted excellent sporophyte growth, as 

Fig. 1  Effect of the culture medium on gametophyte growth of Chei-
lanthes argentea (S.G. Gmel.) Kunze cultured for 8 weeks. Vertical 
bars represent mean ± standard error (n = 4). Bars with a different 
lowercase letter are significantly different as per Duncan’s multiple 
range test at 5% probability level
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shown by the measurements of fresh weight, leaf length, 
leaf width, and chlorophyll content (Table 1).

The 100 mg  L−1  GA3 treatment yielded the greatest 
number of sporophytes (165.5), but as the concentration 
of gibberellin increased, the number of sporophytes that 
formed decreased (Table 2). Growth variables, such as 
fresh weight of the aerial body, leaf length, leaf width, 
and root length, registered an outstanding performance. 
All the cultured sporophytes were successfully trans-
planted into the plastic-film greenhouse after a 3-week 
acclimation.

4  Discussion

This study was carried out to establish optimal propaga-
tion conditions for mass production of sporophytes from 
gametophytes of Korean native C. argentea (S.G. Gmel.) 
Kunze. Gametophytes obtained from germinated spores 
were uniformly subcultured in 1 × MS medium and used in 
subsequent experiments; spore germination was observed 
8 days after sowing (data not shown). Spore germination 
initiates from cell division and is known to be confirmed 

Fig. 2  Culture response and sexual organ formation of Cheilanthes 
argentea (S.G. Gmel.) Kunze gametophytes cultured in different 
media. a and b Gametophyte after 8 weeks of culture; c–g, 2×, 1×, 
1/2×, 1/4×, and 1/8× Murashige and Skoog (MS) media, respec-

tively; h Knop medium; an, antheridium; ap, apical notch; br, brown-
ing; ce, cell clump; hg, heart-shaped gametophyte; rh, rhizoid; th, thin 
thallus
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morphologically by protrusion of rhizoids and observation 
of initial filaments (Dyer 1979; Raghavan 1989). Meris-
tematic cells of the gametophyte are known to develop 
into a heart-shaped or spatulate-shaped gametophyte by 
transverse and longitudinal division (Racusen 2002; Li 
et al. 2013). Gametophytes used as the starting material 
in this study also developed from spores into heart-shaped 
gametophytes (data not shown).

In contrast to conventional culture methods, where a part 
of the cultured cells is transplanted to induce proliferation, 
the chopping method used for multiplying the gametophytes 
involves chopping and fragmenting cultured cells with a 
scalpel. This method enables mass propagation of uniform 
gametophytes even with a small amount of gametophytic 
tissues. The fragmented gametophyte produces numerous 
clones from the fragments (Sheffield and Attree 1983), and 
the meristematic cells promote regeneration of the fragments 
and develop into normal gametophytes (Miller 1968). Game-
tophytes cultivated using the chopping method showed a 

heart or spatulate shape similar to the gametophytes obtained 
using spore germination (Fig. 2). However, the prolifera-
tion of gametophytes differed depending on the media com-
ponents and concentrations. Specifically, 1 × MS medium 
showed a tendency to increase the plant fresh weight as 
the concentration of constituents increased (Fig. 1), but 
proliferation was inhibited in the 2 × MS due to the high 
concentration of nutrients. These results are illustrated in 
Fig. 2a–h. We speculate that cell division in the fragmented 
prothallus was inhibited, thereby leading to necrosis in the 
2 × MS medium.

In vitro cultures should supply a carbon source to replace 
the carbohydrates produced by photosynthetic reactions due 
to the characteristic heterotrophic nature of tissue cultures. 
The carbon supply in the medium is used as an energy source 
for the formation of plant cells, tissues, and organs (Yaseen 
et al. 2013). Among common sources, sucrose is a repre-
sentative soluble sugar added to media and is known as an 
essential nutrient source for long-term culture of plants (de 
Paiva Neto and Otoni 2003). Sucrose has also been reported 
to actively participate in cell division (Sami et al. 2016). In 
this study, proliferation of the gametophytes significantly 
differed according to the concentration of sucrose in the 
medium during the 8-week culture period, and proliferation 
of gametophytes in the medium without sucrose was below 
detection.

In the early stage of culture, toxic substances and phe-
nolic compounds released from the tissue culture plants lead 
to browning and tissue necrosis by the medium (Pan and 
Staden 1998). To solve this problem, activated charcoal is 
added to culture media. According to Thomas (2008), acti-
vated charcoal has a fine network of pores with a large inner 
surface area, which shows excellent adsorption of various 
chemical substances (toxic substances, phenolic compounds, 
and plant growth regulators). It has been reported that acti-
vated charcoal affects morphogenesis, cell division, and sex 
determination of the gametophytes of Platycerium bifur-
catum, E. arvense, and Blechnum spicant (Kuriyama et al. 
1990; Teng 1997; Menéndez et al. 2006). For C. argentea, 
the fresh weight of the gametophytes was increased in the 
medium supplemented with activated charcoal. This obser-
vation suggests that cell division of the fragmented gameto-
phyte was promoted.

The blending method used in the sporophyte formation 
experiment is designed to produce many sporophytes from 
a small number of gametophytes (Jang et al. 2017, 2019). 
In this study, the substrate supplemented with peat moss 
did not form any sporophytes. This could be attributed to 
the physical properties of the soil substrate and the irriga-
tion method used in this study. Horticultural soil refers to 
a substrate that provides moisture, oxygen, and nutrients 
for plant growth and has controlled physical and chemical 
properties (Verdonck et al. 1983; Wilson 1984; Kang et al. 

Fig. 3  Effect of sucrose concentration on the fresh weight of Chei-
lanthes argentea (S.G. Gmel.) Kunze gametophytes cultured for 
8  weeks. Vertical bars represent mean ± standard error (n = 4). Bars 
with a different lowercase letter are significantly different as per Dun-
can’s multiple range test at 5% probability level

Fig. 4  Effect of charcoal concentration on the fresh weight of Chei-
lanthes argentea (S.G. Gmel.) Kunze gametophytes cultured for 
8  weeks. Vertical bars represent mean ± standard error (n = 4). Bars 
with a different lowercase letter are significantly different as per Dun-
can’s multiple range test at 5% probability level
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Table 1  Effect of soil type on sporophyte formation and development of Cheilanthes argentea (S.G. Gmel.) Kunze

z Hs, horticultural substrate; Pt, peat moss; Pr, perlite; D, decomposed granite
y Pots (75 × 75 × 75 mm) containing 0.3 L of culture medium were used for this experiment
x Means within columns followed by a different letter are significantly different by Duncan’s multiple range test at 5% probability level
w Nonformation of sporophyte

Substratez No. of sporophytes/poty No. of leaves/plant Leaf length (mm) Leaf width (mm) SPAD value

Hs1 15.8 ± 4.17  cx 2.8 ± 0.33 c 13.6 ± 1.05 c 6.3 ± 0.59 c 8.8 ± 1.30 c
Pt1 0.0 ± 0.00 d 0.0 ± 0.00 d –w – –
Hs2-Pr1 74.3 ± 8.93 a 4.8 ± 0.20 a 31.1 ± 1.64 a 12.4 ± 0.66 a 22.5 ± 1.62 a
Hs2-D1 37.8 ± 5.96 b 3.9 ± 0.38 b 22.3 ± 2.60 b 9.1 ± 0.59 b 18.3 ± 2.06 b
Pt2-Pr1 0.0 ± 0.00 d 0.0 ± 0.00 d – – –
Pt2-D1 0.0 ± 0.00 d 0.0 ± 0.00 d – – –
Hs1-Pt1-Pr1 0.0 ± 0.00 d 0.0 ± 0.00 d – – –
Hs1-Pt1-D1 0.0 ± 0.00 d 0.0 ± 0.00 d – – –

Substrate No. of roots/plant Root length (mm) Fresh weight (mg/sporophyte)

Aerial part Underground part

Hs1 3.7 ± 0.26 b 32.4 ± 4.93 b 5.9 ± 1.24 b 6.5 ± 1.52 b
Pt1 0.0 ± 0.00 c – – –
Hs2-Pr1 4.7 ± 0.30 a 48.1 ± 5.49 a 25.7 ± 3.80 a 11.2 ± 3.80 a
Hs2-D1 3.9 ± 0.38 b 55.6 ± 3.00 a 9.4 ± 0.97 b 7.3 ± 1.20 b
Pt2-Pr1 0.0 ± 0.00 c – – –
Pt2-D1 0.0 ± 0.00 c – – –
Hs1-Pt1-Pr1 0.0 ± 0.00 c – – –
Hs1-Pt1-D1 0.0 ± 0.00 c – – –

Table 2  Effect of gibberellic acid  (GA3) treatment on sporophyte formation and development of Cheilanthes argentea (S.G. Gmel.) Kunze

z Soaking in  GA3 for 1 h after sterilization with 1000 × fungicide solution for 1 h and then five washes
y Pots (75 × 75 × 75 mm) containing 0.3 L culture medium (Hs2-Pr1) were used for this experiment
x Means within columns followed by a different letter are significantly different by Duncan’s multiple range test at 5% probability level

GA3
z (mg/L) No. of sporophytes/poty No. of leaves/plant Leaf length (mm) Leaf width (mm) SPAD value

0 99.3 ± 5.27  bx 4.3 ± 0.21 a 16.8 ± 0.93 cd 6.6 ± 0.34 c 13.7 ± 1.58 cd
20 77.8 ± 6.05 b 3.5 ± 0.17 b 22.8 ± 2.05 bc 10.5 ± 1.15 b 17.8 ± 2.20 bc
50 91.8 ± 13.63 b 4.3 ± 0.30 a 42.5 ± 2.04 a 16.7 ± 1.15 a 23.3 ± 2.63 ab
100 165.5 ± 39.00 a 3.7 ± 0.26 ab 40.5 ± 3.92 a 17.4 ± 1.54 a 25.7 ± 2.50 a
200 73.0 ± 20.68 b 3.6 ± 0.27 ab 26.4 ± 2.31 b 11.5 ± 0.72 b 17.0 ± 2.73 bc
500 8.0 ± 2.94 c 3.4 ± 0.27 b 15.2 ± 1.16 d 6.6 ± 0.42 c 9.1 ± 1.71 d

GA3 (mg/L) No. of roots/plant Root length (mm) Fresh weight (mg/sporophyte)

Aerial part Underground part

0 4.3 ± 0.30 cd 27.5 ± 1.84 bc 4.3 ± 0.44 d 1.0 ± 0.19 d
20 3.5 ± 0.17 bc 36.9 ± 4.98 b 15.0 ± 2.74 cd 3.1 ± 0.78 cd
50 4.3 ± 0.30 ab 71.7 ± 4.58 a 37.6 ± 4.91 b 15.0 ± 1.62 b
100 3.7 ± 0.26 a 65.0 ± 4.22 a 54.9 ± 12.18 a 27.2 ± 6.31 a
200 3.6 ± 0.27 abc 33.5 ± 4.27 bc 22.7 ± 3.29 bc 10.9 ± 2.15 bc
500 3.4 ± 0.27 d 22.1 ± 1.88 c 9.3 ± 1.30 cd 1.4 ± 0.25 d
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2001). Horticultural soil is composed of light soil, such as 
organic peat moss, cocopeat, inorganic perlite, vermiculite, 
and zeolite (Kim and Kim 2011). Inorganic soils change 
the substrate properties depending on the shape, particle 
size, and material, which increase pore space in the soil, 
thereby improving drainage and aeration (Mastalerz 1977). 
Among the inorganic substances, perlite imparts high drain-
age and aeration (Kang et al. 2001), and decomposed granite 
is reported to have relatively large and coarse particles, with 
low moisture and nutrient retention, and low nitrogen con-
tent (Matsuo and Nishida 1968; Fukumoto 1990; Masuda 
1992). In contrast, peat moss is a substrate with high water 
content (Heiskanen 1995). The subirrigation method used in 
this study provides a continuous supply of water to the rhizo-
sphere by capillary action. Therefore, the water content in 
the soil pore space was maintained constantly high because 
of the peat moss, which seems to have adversely affected the 
formation and growth of sporophytes.

The gametophyte develops from spore germination from 
antheridia and archegonia in sexual reproductive organs 
and basically in the form of a hermaphrodite. Several pre-
vious studies have reported that light (Chang et al. 2007), 
phytochrome (Kamachi et al. 2007), and an antheridium-
inducing hormone (antheridiogen) affect sex determination 
of gametophytes. Antheridiogen, a hormone with a simi-
lar skeletal structure to that of gibberellin, is secreted by 
hermaphrodite gametophytes and is known to induce male 
organ (antheridium) development in juvenile gametophytes 
(Menéndez et al. 2006). Yamane (1998) reported that the 
addition of exogenous gibberellin induces the formation of 
antheridium. We hypothesized that exogenous gibberellin 
treatment of the gametophytes, followed by blending and 
sowing, would also affect the formation of reproductive 
organs and promote the formation of sporophytes. In this 
study, sporophyte formation was significantly promoted 
by  GA3 treatment, and the most sporophytes formed in the 
100 mg  L−1  GA3-treated group. On the other hand, treatment 
with high concentrations of  GA3 (200–500 mg  L−1) sup-
pressed the formation or growth of sporophytes; therefore, 
it is necessary to select a suitable concentration of  GA3. In 
this study, exogenous  GA3 treatment likely regulated spo-
rophyte formation from gametophytes. However, further 
studies are needed to clarify whether exogenous gibberel-
lin controls the formation of male reproductive organs or 
replaces antheridiogen.

5  Conclusion

We developed an efficient proliferation method for mass 
production of C. argentea (S.G. Gmel.) Kunze. Our results 
provide substantial information on a novel tissue culture 
propagation method and the development of gametophytes, 

as well as on the formation of sporophytes in C. argentea, 
which eventually produced many plants. Furthermore, the 
chopping method enabled mass propagation using only a few 
gametophytes, while the blending method mass-produced 
sporophytes using a few gametophytes. The application of 
these two propagation methods to tissue culture is very prac-
tical and suitable for industrialization and could be used for 
mass production of various fern plants besides C. argentea.
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