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Abstract: Selaginella tamariscina is a medicinal plant that contains a variety of plant secondary
metabolites; however, it is currently being collected indiscriminately from its native habitats. Hence,
we have developed an efficient propagation method for S. tamariscina. Explants grown in vitro were
cultured in Murashige and Skoog medium of various strengths (1/16-2x), and the highest number
of sporophytes (65.7) were obtained with 1/4x MS medium. Culturing explants at various lengths
(3-12 mm) for 12 weeks indicated 12 mm as the most appropriate size for sporophyte propagation.
We then evaluated various concentrations of individual components, sucrose (0-5%), total nitrogen
(7.5-30 mM), nitrogen ratio (3:0-0:3), and agar (0.6-0.8%), in the 1/4x MS medium for explant growth
for 12 weeks. The maximum number of sporophytes were formed in media containing 3% sucrose,
15 mM nitrogen, and 0.6% agar, with a nitrogen ratio of 1:2. The propagated S. famariscina was then
acclimatized in a controlled environment to improve survival in an external environment. These
results demonstrate the effective conditions for in vitro mass propagation of S. tamariscina, finding
that methods utilizing sporophytes were more efficient than conventional propagation methods and
yielded numerous plants in a short period.
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1. Introduction

Selaginella is a representative medicinal fern that contains large amounts of beneficial
compounds and various natural substances, such as alkaloids, phenols, and terpenoids [1].
Ginkgetin, a biflavonoid extracted from Selaginella moellendorffii, induces apoptosis in cancer
cells and exhibits anticancer effects [2,3]. Biflavonoids extracted from Selaginella willdenowii
and Selaginella delicatula effectively inhibit tumor cell growth [4,5]. Additionally, various
components and functions have been reported in many Selaginella species [6-14]. Selaginella
tamariscina (P.Beauv.) Spring has long been used as a folk remedy in Korea for maintaining
hemostasis and improving blood circulation, menstrual irregularity, dysmenorrhea, contu-
sions, and extravasated blood [15]. Active ingredients include amentoflavone, apigenin,
hinokiflavone, isocryptomerin, sumaflavone, robustaflavone, and tannin, which show
efficacy in treating throat, lung, cervical, mammary, skin, kidney, gastric, rectal, and liver
cancers [16-19].

S. tamariscina is a plant of high medicinal value; however, a systematic method of
its propagation has not yet been developed. Most S. tamariscina currently in circulation
is collected indiscriminately from native habitats, which is concerning as such practices
disturb the habitat and may lead to a decline in natural populations. Leaf cutting, as a con-
ventional propagation method, often fails to produce outcomes in large quantities because
of low propagation efficiency and vulnerability to environmental changes. Therefore, a
stable supply of plants to meet increasing demand is essential, and the development of
efficient propagation methods is necessary.
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In vitro culture can produce homogeneous plants throughout the year in a controlled
environment and promote their rapid propagation [20,21]. Additionally, this method can
be used for species conservation and for propagating plants that are difficult to repro-
duce naturally [22]. However, there have been limited applications of in vitro culture for
S. tamariscina reproduction, and further research is needed.

Our experiment involved proliferating the new whole plants in vitro using the sporo-
phytes of S. tamariscina. We have sought the optimal conditions for the proliferation by
adjusting various substances forming the medium. Our proliferation method developed
in this study will be an efficient system that can provide a stable supply of S. tamariscina,
a high-value-added industrial crop. Furthermore, this in vitro culture system is also
considered effective in generating useful functional substances of S. tamariscina, such as
amentoflavone, hinokiflavone, selaginellin, etc. [23-25]. Moreover, this method not only
could be utilized as a tool to protect plants from indiscriminate collection in their natural
habitats but also as a tool to preserve the plant’s habitat, and this indicates the importance
of this research for preservation purposes.

2. Materials and Methods
2.1. Plants

S. tamariscina was grown in a glass greenhouse (36°37'49.6" N, 127°27'05.8"" E) at
Chungbuk National University (Cheongju, Korea). After collecting sporophytes of
S. tamariscina, the surface was washed with distilled water and sterilized in 70% ethanol
for 1 min, followed by treatment with 2% sodium hypochlorite for 15 min and 5 washes
with sterile water to remove the residual disinfectant solution. Sporophyte was then cut
into 10-mm-long pieces and cultured in MS (Murashige and Skoog) medium [26]. The
regenerated plants were sub-cultured at 4-week intervals and used in the experiments.

2.2. Basal Medium and Explant Length for Effective Propagation

To select an effective medium to establish an in vitro culture of S. tamariscina, we
prepared MS media with a range of concentrations of each ingredient: 1/16-,1/8-,1/4-,
1/2-, 1-, and 2-fold. A shoot tip (10 mm) was cultured in each medium, and the set of
additive concentrations resulting in optimal growth was selected to formulate the basal
medium. To select the optimal fragment length effective for mass propagation, shoot tips
were cut to various lengths (3, 6, and 12 mm) from the apical and cultured for 12 weeks in
basal medium. The selected length was then used in subsequent experiments.

2.3. Assessment of the Effect of Various Medium Components on Propagation and Growth

Various components were adjusted in the basal medium to determine their role in
propagation. Sucrose was adjusted to 0%, 1%, 2%, 3%, 4%, and 5%. Agar concentration
was adjusted to 0.6%, 0.8%, and 1.0%. The total concentration of nitrogen was adjusted to
0.5-, 1-, and 2-fold of the concentration in the basal medium. The ratio of NH4* to NO3z ™~
was adjusted to 3:0, 2:1, 1:1, 1:2, and 0:3 to determine the optimal nitrogen concentration.
Uncontrolled components were established at 15 mM nitrogen, 3% sucrose, 0.8% agar, and
pH 5.8 for each experiment. Each medium used in the experiments was dispensed at 50 mL
into a @ 120 x H 80 mm culture vessel (cat. No. 310120; SPL Life Sciences, Pocheon, Korea)
and exposed to following culture conditions: temperature, 25 & 1.0 °C; light intensity,
30 + 1.0 PPFD (umol m~2 s~ 1); and photoperiod 16/8 h. After 12 weeks, the fresh weight
and the number of formed sporophytes were examined.

2.4. Acclimation in a Controlled Environment and Greenhouse

S. tamariscina propagated in vitro was acclimatized in a controlled environment to
improve survival before transfer to a greenhouse. Before transplanting to soil, the culture
vessel was left open for 24 h to allow exposure to external air. Horticultural substrate
(Hanareum no. 2; Shinsung Mineral Co., Ltd., Goesan, Korea) was filled into plastic
pots (J10 cm; Bumnong Co., LTD., Jeongeup, Korea), and the residual medium used for
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S. tamariscina culture was removed with tap water prior to transplantation. The pot was
placed in a plastic box (503 x 335 x 195 mm?; SPC532 (DP-D); SH Plastic, Gyeongsan,
Korea) and covered with a glass plate to increase humidity (85 & 5.0%). Furthermore,
daily overhead irrigation was performed to maintain humidity. The environment was
controlled in the growth room and was maintained at 25 £ 1.0 °C with a light exposure of
43 + 1.0 PPFD (umol m~2 s~ !) and a photoperiod of 16/8 h. S. tamariscina was transferred
to the greenhouse after 12 weeks of transplanting. Acclimation was carried out in the
greenhouse from August to October with an average temperature of 24 £ 1.0 °C and
humidity of 46 £ 1.4% under natural sunlight with 50% sunshade.

2.5. Statistics and Data Analysis

To measure S. tamariscina growth and propagation, we examined the number of
sporophytes formed per explant and the fresh weight. Sporophyte development was
observed using a stereomicroscope (5Z61; Olympus, Tokyo, Japan). All experiments were
repeated four times, and six explants were used per replicate. The software SAS version
9.4 (SAS Institute Inc., Cary, NC, USA) was used to calculate the mean =+ standard error for
each treatment. Factorial analysis was performed using Duncan’s multiple range test with
significance determined at p < 0.05.

3. Results
3.1. Determination of Optimal MS Strength for Propagation and Growth

Sporophytes formed at all medium strengths, except 2MS, where explants exhibited
browning and died. Among the MS strengths, 1/4MS resulted in 65.7 sporophytes formed
per explant with the highest fresh weight of 221.0 mg (Table 1). Browning of some sporo-
phytes was observed at 1MS, the standard concentration of MS medium, and growth was
poor relative to that observed at other strengths. Therefore, 1/4MS was used as the basal
medium in subsequent experiments.

Table 1. Effect of medium strength on 10 mm shoot tip explant of Selaginella tamariscina (P.Beauv.)
Spring growth and sporophyte regeneration after 12 weeks of culturing.

Medium Strength No. of Sporophytes/Explant Fresh Weight/Explant (mg)
1/16 MS 112 £194d* 224 +473 cd
1/8 MS 23.5+4.18c¢c 435+ 844c
1/4MS 65.7 £ 6.64 a 221.0 £16.55 a
1/2MS 32.7 £0.63b 139.7 £ 16.27b
1MS 8.6 £0.97d 271+312¢
2MS 0.00e 09+001d

* Different letters within columns indicate a significant difference determined via Duncan’s multiple range test at
5% significance.

3.2. Effective Explant Length for Sporophyte Propagation

When shoot tips were cut into three lengths and cultured in 1/4MS medium, all
explants formed sporophytes, and no significant difference in survival rate was detected
among shoot tips of different lengths (Table 2). However, we observed differences in the
number of sporophytes formed per explant, with 48.7 sporophytes formed from 12 mm
explants along with a fresh weight of 81.9 mg (Figure 1). In explants of 3 mm and 6 mm, the
numbers of sporophytes were 29.2 and 28.1 per explant, respectively, with similar decreases
in fresh weight relative to that of 12 mm explants. Therefore, we used 12 mm explants in
subsequent experiments.
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Table 2. Effect of explant growth on S. tamariscina (P.Beauv.) Spring growth and sporophyte regeneration after 12 weeks of
culturing on 1/4 MS medium.

Explant Length (mm) Survival Rate (%) No. of Sporophytes/Explant Fresh Weight/Explant (mg)
3 750+£833a* 29.2 +£4.35b 324+470b
6 87.5+798a 28.1+1.20b 30.2+4.00b
12 889+ 11.11a 48.7 £222a 81.8+149a

* Different letters within columns indicate a significant difference determined via Duncan’s multiple range test at 5% significance.

Figure 1. S. tamariscina (P.Beauv.) Spring sporophyte regeneration. Results according to different explant lengths: (A) 3 mm,
(B) 6 mm, and (C) 12 mm after culturing for 12 weeks on 1/4 MS medium.

3.3. Sporophyte Regeneration According to Sucrose Concentration

All S. tamariscina explants formed sporophytes in the presence or absence of sucrose in
the medium (Figure 2A). In the medium without sucrose, 19.4 sporophytes were formed per
explant, and the highest number of regenerated sporophytes was obtained at 3% sucrose
(57.6 sporophytes per explant). Higher sucrose concentrations (4% and 5%) resulted in
browning of some explants accompanied by browned and poorly grown sporophytes. All
concentrations, except 3%, showed similar phenotypes with no significant difference in
characteristics monitored.

3.4. Effect of Agar Concentration on Growth and Propagation

Sporophyte regeneration varied according to agar concentration in the medium
(Figure 2B). Among the three tested concentrations, the highest number of sporophytes
per explant (65.6) was formed at the lowest agar concentration (0.6%). Additionally, we
observed that 30.8 sporophytes formed at 0.8% agar, and the lowest number of sporophytes
formed (10.3) at 1.0% agar.

3.5. The Effect of Nitrogen Concentration and NHy*:NO3;~ Ratio on Growth and Propagation

We observed a significant difference in sporophyte growth and regeneration among
media with distinct nitrogen concentrations (Figure 2C). The highest number of sporo-
phytes formed (50.7) in medium containing 15 mM nitrogen with the highest fresh weight
of 103.1 mg. By contrast, 33.5 sporophytes were formed in medium containing 7.5 mM
nitrogen, and 10.5 sporophytes were formed at 30 mM nitrogen. We then adjusted the
NH4*:NO; ™~ ratio in medium containing 15 mM nitrogen. We found that sporophytes did
not re-differentiate due to explant necrosis at 3:0 and 0:3 (Figure 2D), whereas the highest
numbers of sporophytes formed in media at ratios of 1:2 and 1:1 (57.6 and 45.1, respectively).
However, the fresh weight was 120.9 mg in medium at a 1:2 ratio, which was higher than
that at 1:1. Moreover, sporophytes formed at the 2:1 ratio showed browning tendencies.
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Figure 2. Effect of medium components on S. tamariscina (P.Beauv.) Spring growth and sporophyte regeneration. Results
according to various (A) sucrose, (B) agar, and (C) total nitrogen concentrations, as well as (D) nitrogen ratios, following
12-week in vitro culture. Small letters and capital letters above the bars indicate the statistical difference of a number of
sporophytes and fresh weight, respectively, by Duncan’s multiple range test at p < 0.05.

3.6. Acclimation

S. tamariscina transplanted into soil successfully adapted to a humidity-controlled envi-
ronment. Additionally, new sporophytes formed from the existing sporophytes during rooting
exhibited normal growth (Figure 3E. Furthermore, soil-adapted S. tamariscina slowly lowered
the humidity of the plastic box in culture and successfully acclimated to the greenhouse.

C

A B

Sporophyte

1mm 1mm 3mm

Smm

Figure 3. Propagation and acclimation of S. tamariscina (P.Beauv.) Spring regenerated from the shoot tip of a sporophyte.
(A) A 12 mm shoot tip. (B) Sporophytes regenerated in various parts of the shoot tip. (C) Explant after an 8-week culture
with large amounts of sporophytes. (D) Sporophytes formed from explants at week 12 of culture. (E) Sporophyte acclimated
for 12 weeks under a controlled environment. (F) S. tamariscina adaption in greenhouse.
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4. Discussion

In this study, we demonstrated successful in vitro culturing of S. tamariscina shoot
tips, resulting in mass propagation of sporophytes under optimized conditions for growth
and propagation. Ferns can multiply by using various sites for sporophyte and game-
tophyte propagation [27-31]. In the present study, we showed that S. tamariscina was
able to proliferate using shoots formed in vitro, and that multiple shoots were formed
from shoot tips to allow the formation of numerous sporophytes (Figure 3). Additionally,
a longer explant length resulted in a higher number of sporophyte-regeneration sites,
which effectively increased the sporophyte reproduction rate (Figure 3B). Jha [32] produced
plants in medium containing plant-growth regulators for the propagation of Selaginella
microphylla, whereas in the present study, we showed that S. tamariscina regeneration was
possible in medium without plant-growth regulators. In addition, sporophyte explants
from Selaginella martensii do not form new sporophytes; instead, they merely grow [21].
In contrast, S. tamariscina sporophyte explants regenerate several sporophytes and thus
ensure effective propagation.

The choice of nutrient medium is important for successful plant culture [33], with the
components of the medium having various effects on plant growth and propagation [34-37].
MS medium is mainly used for the culture of ferns and comprises different concentrations
of components suitable for growth [35,38]. In the present study, we confirmed that altering
the concentrations of MS components affected S. tamariscina growth and propagation, with
optimal results obtained at 1/4MS. This medium is thought to be low in nutritional content
and based on native S. tamariscina growth among rocks [39]. Shin and Lee [40] reported that
the epiphytic fern Pyrrosia linearifolia shows optimum growth in 1/8MS medium, whereas
we found that S. tamariscina did not grow well at concentrations below 1/8MS because of a
lack of inorganic nutrients necessary for growth.

Plants undergoing in vitro culture require a carbon source for growth [41]. Sucrose was
used as an energy source for plants in early in vitro environments, where photosynthesis
was limited [42]. The carbon source varies according to plant; therefore, it is important to
provide both the appropriate type and concentration of compound [43,44]. In the present
study, we identified the optimal sucrose concentration required for S. tamariscina growth,
although we also observed sporophyte regeneration in medium without sucrose. This
suggests that sucrose might not be essential for sporophyte regeneration; however, the
addition of sucrose at the proper concentration appears to promote sporophyte formation.

Similarly, nitrogen is an essential component of plant growth, with its effect varying
from species to species [45-48]. In the present study, we evaluated the effects of nitrogen
type and ratio on propagation and growth. Previous studies reported that Dryopteris varia
shows the highest sporophyte formation at 30 mM nitrogen, whereas Phyllitis scolopen-
drium displays optimal sporophyte regeneration at nitrogen concentrations lower than
30 mM [36,49]. NH4* promotes germination and gametophyte growth in Ophioglossum and
Botrychium [45,48], whereas it causes rapid gametophyte aging and necrosis in Botrychium
jenmanii [46]. By contrast, Osmunda japonica shows the maximum gametophyte growth in
the presence of NO3 ™~ alone, and Dyropteris varia displays excellent growth at increased ra-
tios of NO3 ™ [37,50]. In the present study, we found that S. tamariscina growth is promoted
at a relatively low nitrogen concentration (15 mM), whereas explant necrosis is observed
upon treatment with NH;* or NO3 ™~ alone, confirming that S. tamariscina requires two
types of nitrogen for growth.

Agar is used to support explants during in vitro culture, and when present in appro-
priate concentrations, it can promote plant growth [51,52]. In the present study, we found
that low agar concentration is the most appropriate for the better propagation and growth
of S. tamariscina. In general, stiffness increases as the concentration of agar increases. In
addition, high gel stiffness affects root elongation and extension [53]. The formation of
sporophytes was relatively lower at higher agar concentrations. This could be caused
by low moisture utilization efficiency due to high agar concentration [54]. In contrast,
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hyperhydricity can occur when the concentration of agar is too low [54-56]. However, no
hyperhydricity in S. tamariscina was observed in our study.

Plants undergoing in vitro culture grow in a controlled environment and are sensitive
to alterations in environmental conditions. Therefore, acclimation of these plants is neces-
sary to allow their adaption to external environments [57], without which the plants will
be damaged and will subsequently be unable to adapt to rapid environmental changes [58].
Plant acclimation is influenced by a variety of factors [59], with rooting being of particular
importance. Here, we found that in vitro growth of S. tamariscina roots was relatively
slow compared to that of its aboveground parts, resulting in a low acclimation-success
rate. Therefore, we induced plant rooting by transplanting into soil under a controlled
environment prior to acclimation, and this process resulted in rapid growth. This procedure
promoted more effective S. tamariscina growth relative to that in the in vitro environment
and allowed successful acclimation in the greenhouse.

5. Conclusions

In this study, we successfully mass propagated S. tamariscina by adjusting various
medium components in vitro. The present results indicate that the use of the shoot tip for
explanting can yield numerous sporophytes and appropriate concentrations of various
components of the medium contribute to faster and larger growth of the sporophytes. This
experiment found optimal conditions by adjusting each component added to the medium.

In addition, the study of the interaction between components with these optimal
conditions is thought to have additional results in the regeneration of S. tamariscina. Our
proliferation method can be applied to the cultivation of S. tamariscina—a medicinal plant
with important value—and can be used for additional studies to increase the secondary
metabolites. In our study, the proliferation method of S. tamariscina using sporophytes
proved the capability of forming a huge number of sporophytes. Therefore, the stable
supply of plants using this proliferation method would protect the plants in nature from
indiscriminate collection. Additionally, this method could potentially be applied to the
Selaginella species, which has similar problems, as a model for securing the quantity of
plants and proliferation.
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