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Abstract: Sea daffodil is a perennial medicinal plant with several beneficial health properties that
is enlisted as an endangered and protected species. For the exploitation and conservation of such
valuable species, sustainable propagation is a key factor. For this purpose, the establishment of in vitro
cultures using botanical seeds is an effective way to produce a large number of microplants which
can be used as propagating material and/or bulblets with further uses for the isolation-production
of biocactive substances. In this work, we performed two separate experiments where we studied
(a) the effect of temperature (10 °C, 15 °C, 20 °C, 25 °C, and 30 °C) on seed germination in vitro and
(b) the effect of temperature (10 °C, 20 °C, and 30 °C) and sucrose concentration (40 and 80 g/L)
in growth medium on microplant development and the production of bulblets. Seed germination
rates were high (over 70%) at a wide range of temperatures (15-30 °C), although the fastest and
the most uniform germination was observed at 20-25 °C. Regarding the effect of temperature on
microplant development and bulblet production, low temperatures (10 °C) had a negative effect
on the number of leaves, bulb diameter, and fresh weight (FW.) and dry weight (D.W.) of leaves,
roots, and bulblets. The best growth of microplants (number of leaves, EW. and D.W. of leaves, roots)
and bulblet production (diameter, EW., and D.W.) were observed in culture media with sucrose
concentration 40 g/L and temperature of 30 °C. In culture medium with a sucrose concentration of
80 g/L the production of bulbs (diameter, EW., and D.W.) was not inferior to culture media with
a sucrose concentration of 40 g/L, although microplants had less root growth. It is concluded that
the best treatment for the production of well-rooted microplants with large bulblets that could be
used as propagating material or for the production of bulblets as a source for twin scales explants or
pharmaceutical substances was the culture at 30 °C in culture medium with sucrose concentration
40 g/L. On the other hand, culture medium with a sucrose concentration of 80 g/L at 30 °C or 20 °C
could be also used for the production of bulblets.

Keywords: in vitro propagation; bulblets production; medicinal plants; halophytes; microplants;
micropropagation; pharmaceuticals; sea daffodil

1. Introduction

The Mediterranean basin is abundant with wild medicinal plants that are highly ap-
preciated for their bioactive properties and are an integral part of traditional medicine [1,2].
Among them, there are several halophytes that have received research attention due to
their interesting agronomic, biochemical, and physiological properties [3-5]. Sea daffodil
(Pancratium maritimum L.) is a perennial bulbous plant of the Amaryllidaceae family [6,7].
The species grows naturally on sandy beaches in many areas of the Mediterranean. Despite
being a widespread plant species, human activities such as tourism, urbanization, coastline
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degradation, overcollection, and other ecological pressures have been reported to threaten
plant populations in their natural habitats, causing it to be named an endangered and
under protection plant species [8-12]. Sea daffodil has attracted the interest of numerous
researchers due to the presence of valuable compounds such as alkaloids, flavonoids, phe-
nolic compounds, and other substances contained in the bulbs, leaves, and flowers of the
plant [13,14]. Bulbs are the most interesting plant part since they contain several alkaloids
and other bioactive substances with important pharmaceutical properties, e.g., anti-virus,
anti-cancer, etc. [15-19]. However, other plant parts such as leaves and roots are also good
sources of bioactive compounds with anti-proliferative, antioxidant, antifungal, and other
properties [14,20,21].

The valorization of Mediterranean flora under climate change conditions is necessary
for the conservation of biodiversity and the sustainability of agroecosystems, focusing on
species with the potential to produce high value-added products [1-3]. Halophytes are of
particular interest due to their adaptation to harsh environmental conditions; therefore,
special efforts for their commercial exploitation in saline farming systems have been made
during the last years [22,23]. However, prior to suggesting the introduction of new species
in Mediterranean farming systems, propagation is an important limiting factor that needs to
be addressed for most of these species in order to ensure the genetic material conservation
and the viability of this endeavor. For P. maritimum, special attention is needed considering
its inclusion in the list of endangered and under-protection species in terms of bioethics
and ecosystem sustainability [24]. The species is mostly asexually (vegetatively; with
bulbs) and, less commonly, sexually (via seeds) propagated, while a great variation in
success rates of sexual propagation among the various ecotypes has been suggested [8].
For commercial propagation of the species, the development of a standardized protocol for
the production of mother bulbs is needed to produce seedlings on a large scale. For this
purpose, in vitro propagation has been suggested, although a slow formation of new bulbs
has been recorded [25]. The micropropagation of P. maritimum through direct and indirect
regeneration has attracted the interest of researchers because it allows the fast production of
large quantities of microplants or microbulbs [9,26-30]. For example, Dragassaki et al. [30]
suggested the production of bulblets from twin-scale explants using culture medium
supplemented with BA and/or NAA, while they also reported that the addition of growth
regulators affected the formation of plantlets with roots and leaves. On the other hand,
Georgiev et al. [27] suggested the use of sliced fruit for the in vitro production of callus and
the further initiation of shoot cultures in MS growth medium containing sucrose (30 g/L),
plant agar (5.5 g/L), a-naphtylacetic acid («-NAA; 1.15 mg/L), and 6 benzylaminopurine
(BAP; 2.0 mg/L). Georgiev et al. [26] also reported the use of auxins and cytokinins (e.g.,
kinetin, BAP, NAA, and 2,4-dichlorophe- noxyacetic acid (2,4-D)) in the culture medium for
calli and shoot formation from P. maritimum explants derived from young stems and fruit.
Similarly, Bogdanova et al. [28] reported the regeneration of bulblets obtained from explants
of in vitro culture of P. maritimum mature seeds using MS culture medium supplemented
with BAP (3 mg/L) and NAA (0.1 mg/L). The use of in vitro seed germination for explant
production and plantlet formation was also reported by Yasemin et al. [29], who tested
three different nutrient media containing agar, sucrose, and growth regulators (BAP and
2,4-D) in various amounts.

The generation of P. maritimum explants for the production of microplants or microb-
ulbs (bulblets) through the in vitro germination of seeds has many advantages compared
to the use of bulb parts (twin-scale explants derived from bulbs), such as avoiding the
application of specific techniques to limit contamination [9,31,32]. Rooted seedlings pro-
duced via micropropagation are used successfully as planting material for ex vitrum plant
cultivation [29]. Moreover, the formation of bulblets in microplants has been reported to
favor the survival of microplants after transplantation to soil [33,34], while bulblets pro-
duced in vitro are a very good source of twin scales which can be used as explants for
microplant production [9]. For the large-scale in vitro bulblet production of P. maritimum
from seedlings produced in vitro, the culture conditions (e.g., temperature, culture medium,
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light) for seed germination and bulblet development is critical to be determined. The
in vitro seed germination of P. maritimum, as in other plant species, is influenced by culture
conditions, the substrate composition (e.g., plant growth regulators, sucrose), and special
characteristics of the seeds (e.g., dormancy) [31]. The effect of plant growth regulators
and sucrose concentration on in vitro germination of P. maritimum seeds has already been
studied [9,25,29]. In contrast, limited literature reports concerning the effect of temperature
on the in vitro germination of P. maritimum seeds are available since most of the studies
regarding in vitro seed germination have been carried out at single temperatures, for ex-
ample, at 12/16 °C (night/day) [9], 23 £ 1 °C [35], at 23 £ 2 °C [28], 25 £ 1 °C [36], or
23 °C [25].

To the best of our knowledge, there are no data available on the effect of temperature on
the in vitro production of P. maritimum bulbs. Temperature is an important factor affecting
plant growth, morphogenesis, and translocation of chemical substances (e.g., carbohydrates)
to storage organs [37], and it has been shown to affect the in vitro bulblet production in
bulbous plants [38]. Considering the above, the present study aimed to identify the effect of
temperature on the in vitro germination of P. maritimum seeds and the effect of temperature
in combination with the concentration of sucrose in the culture medium on in vitro bulblet
production in seedlings produced in vitro. The presented results could contribute to the
conservation of the species and also allow its further exploitation through commercial
cultivation or bulblet production for the isolation of valuable bioactive compounds on
a large scale without threatening the biodiversity of saline ecosystems. Moreover, our
results provide useful information for the adoption of in vitro seed germination and bulblet
production techniques that ensure the efficient use of the valuable genetic material of this
endangered species.

2. Materials and Methods
2.1. Plant Material

The experiment was carried out at the University of the Peloponnese in September
2019. Mature seeds from closed pods collected from wild plants of Pancratium maritimum
grown in the region of Finikounda (Southwest Peloponnese, Greece) were used. Seeds
were collected in October 2005 and then stored in air-sealed glass jars at 5 & 0.5 °C in the
Laboratory of Agronomy at the University of the Peloponnese. Two experiments were
conducted, as described below.

2.2. Experiment 1: The Effect of Temperature on In Vitro Seed Germination

After removing the auriferous parenchyma that covers them, seeds of Pancratium
maritimum were thoroughly rinsed with tap water and then immersed in an 80% (v/v) ethyl
alcohol solution for 50 sec. After that, seeds were disinfected through immersion in a
sodium hypochlorite solution (1.2 % v/v) with the addition of 2 drops of Tween 20 (Sigma
GmbH, Roedermark, Germany) per 100 mL of solution for 30 min under constant stirring
and washed twice with sterilized deionized water. The sterilized seeds were transferred
under aseptic conditions to ventilated disposable 9 cm Petri dishes containing the MS [39]
basal mixture (M5519, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 30 g/L
sucrose and solidified with 4 g/L agar (Serva Electrophoresis GmbH, Heidelberg, Germany)
for higher fluidity. The pH of the culture medium was adjusted to 5.75 [9].

Five seeds were placed in each Petri dish, and four replicates of twenty-five seeds
each (i.e., five Petri dishes per replicate) were used for each temperature tested. The Petri
dishes were placed in incubation chambers at 10 °C, 15 °C, 20 °C, 25 °C, and 30 °C under
complete dark conditions. Measurements were taken daily for 28 days, and the results are
presented at 4-day intervals. Germination was considered to occur when the length of the
radicle was at least 2 mm.
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2.3. Experiment 2: Effect of Temperature and Sucrose Concentration on Bulblet In Vitro Production

Pancratium maritimum seeds used in the previous experiment were also used in this
experiment. The sterilization and transfer of the seeds to Petri dishes under aseptic condi-
tions, as well as seed culture, were implemented according to the technique mentioned in
Experiment 1. Then, Petri dishes were placed in an incubation chamber at 20 °C and under
dark conditions for seed germination, as in Experiment 1.

Twenty days after the establishment of the seeds in vitro, only microplants with one
leaf were selected (120 microplants at the one-leaf stage out of the 129 in total, for uniformity)
and transferred under aseptic conditions to Petri dishes with two different culture media
for bulb production (e.g., in vitro bulblet production in two stages) [9] (Figure 1A-D). Each
microplant was transferred to a Petri dish containing MS (Murashige and Skoog M5519
basal mixture, Sigma-Aldrich, USA) modified culture medium with agar (Serva, Germany)
at a concentration of 4 g/L and sucrose (Serva, Germany) at a concentration of 40 g/L or
80 g/L (e.g., bulblet production medium). In all culture media, the pH was adjusted to
5.75. For each sucrose concentration (e.g., 40 g/L or 80 g/L), 60 microplants were used
(120 microplants in total). Moreover, twenty Petri dishes from each sucrose concentration
were placed in three incubation chambers with different temperatures (10 °C, 20 °C, and
30 °C), while the photoperiod was adjusted at 16 h light/8 h dark and light intensity at
45 pmol/m? /sec.

During the in vitro growth of the bulblet, the number of leaves, the length of the
bulb, and the largest diameter of the bulblet were measured using an electronic caliper.
Measurements started 18 days after the microplants establishment in the bulblet production
culture media and were repeated at 18-day intervals until 72 days after the establishment
(4 measurements in total). On the 72nd day, the fresh (EW.) and dry weight (D.W.) of roots,
leaves, and bulblets were measured. Dry matter content (D.M.C.) was recorded after drying
the plant tissues at 72 °C to constant weight.

2.4. Experimental Design and Statistical Analysis

Experiment 1 was carried out in a completely randomized design with five treatments
(n = 5). The data were subjected to a one-way ANOVA with the use of Statgraphics 5.1.
plus (Statpoint Technologies, Inc., Warrenton, VA, USA), while when the F-test proved
significant (p < 0.05), means were compared by the method of Least Significant Difference
(LSD) test.

Experiment 2 was carried out in a completely randomized experimental design with
two factors (factor A: temperature level and factor B: sucrose concentration), with a total
of six treatments (temperature level x sucrose concentration) and four replicates of five
microplants each. As the interactions between these factors were statistically significant, the
analysis of variance was carried out separately for the temperature levels at each sucrose
concentration. For all parameters where the F-test proved significant (p < 0.05), means
were compared by the method of least significant difference (LSD). Comparisons of the
two sucrose concentrations at each temperature level were made using t-tests.
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A

Figure 1. (A) In vitro seed germination of Pancratium maritimum at 20 °C after 8 days, (B) seedlings
at the stage of one leaf—20 days after the establishment of seeds in vitro, (C) seedling-bulblet
development in culture medium with sucrose 40 g/L at 10 °C after 72 days, (D) seedling-bulblet
development in culture medium with sucrose 40 g/L at 30 °C after 72 days, (E) seedling-bulblet
development in culture medium with sucrose 80 g/L at 20 °C after 72 days, (F) seedling-bulblet
development in culture medium with sucrose 80 g/L at 30 °C after 72 days. Bars = 10 mm.
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3. Results
3.1. Experiment 1

Temperature significantly affected both the total percentage of germinated seeds and
the rate of seed germination (Figure 2). The initiation of seed germination was favored at
20 °C, 25 °C, and 30 °C, with radicle appearance being recorded on day 4 after seed culture.
In addition, on day 4, the percentage of germinated seeds was statistically significantly
higher at 25 °C compared to 20 °C and 30 °C, whereas no seeds germinated at 10 °C
and 15 °C. Moreover, for all the temperature treatments except for 10 °C, the germination
percentage increase was very steep and reached approximately 70%, while at 15 °C, this
steep increase continued up to day 8. Eight days after starting the experiment, seed
germination percentage was also the highest at 25 °C, although no significant differences
with 20 °C and 30 °C were recorded. On the other hand, 40% of seeds germinated at
15 °C, while no visible germination was observed at 10 °C. From day 8 onwards and until
day 20, no significant differences were recorded between 20 °C, 25 °C, and 30 °C, while
germination percentage at 30 °C did not differ significantly from that at 15 °C. After the
20th day and until the end of the experiment (28 days), the highest germination percentage
was recorded at 20 °C, without being significantly different from the percentage at 25 °C.
Moreover, no significant differences were detected in the germination rates between days
16 and 28 for 20 °C/25 °C. The temperature of 20 °C and 10 °C were the only ones where
seed germination showed increasing trends until the end of the experiment, although the
germination percentages at the latter conditions were the lowest overall. For the rest of the
temperatures (15 °C, 25 °C, and 30 °C), germination percentages reached a plateau near the
end of the experiment (20 to 24 days after the experiment started). After 28 days at 20 °C
and 25 °C, the percentage of seeds with viable seedlings which could be used for in vitro
propagation was 82% and 77%, respectively.

—-e-10 °C
100 {1 LSD | I I I I I
§ 15 °C
£ 80 -
=
z —-20 °C
-
z 60 -
E —=25 °C
3
’Q
»© 40 -
A—30 °C
20 -
0 ‘v T T 1
4 8 12 16 20 24 28
Days

Figure 2. Effect of temperature (10 °C, 15 °C, 20 °C, 25 °C, and 30 °C) on Pancratium maritimum seed
germination rate (%). Vertical bars = LSD (p < 0.05). Four replicates of 25 seeds per treatment.

3.2. Experiment 2

Temperature affected the number of leaves per microplant, which was statistically
significantly lower at 10 °C (1 leaf on average) compared to 20 °C and 30 °C (2-3 leaves
on average) throughout the experiment (72 days) when microplants were cultured in
medium containing 40 g/L of sucrose (Figure 3). Moreover, no statistically significant
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differences in the average number of leaves per microplant between 20 and 30 °C were
recorded, with the exception of day 54, where microplants cultured at 20 °C had a higher
average number of leaves than those maintained at 30 °C. In the case of medium containing
80 g/L of sucrose, the average number of leaves did not differ between 20 °C and 30 °C or
30 °C and 10 °C on day 54 and 72, respectively, while the average number of leaves was
significantly lower at 10 °C on day 18. Moreover, the lower sucrose content (40 g/L) had a
beneficial effect on the average number of leaves at 20 °C and 30 °C, compared to the higher
concentration (80 g/L), whereas no effects of sucrose content were recorded at the lowest
tested temperature (10 °C). Finally, the highest overall number of leaves was recorded when
microplants were cultured at 20 °C in a growing medium that contained 40 g/L (almost
3 leaves per microplant on average), although without significant differences with 30 °C.

4 T Sucrose 40 g/L Sucrose 80 g /L 10 ¢
a(A) e

3 -+
30°C

a(B)

ad)  aB) a®B)__—"

rig

a(A)
" " e b(A

Number of leaves / microplant
(]
I

0 I I I I I I I I I
18 36 54 72 18 36 54 72
Days

Figure 3. The effect of two different concentrations of sucrose (40 g/L and 80 g/L) at three dif-
ferent temperatures (10 °C, 20 °C, and 30 °C) on the number of leaves per Pancratium maritimum
microplant grown in culture media. In each sucrose concentration and each day of measurement,
the same lowercase letters indicate non-statistically significant differences among the temperature
treatments, according to LSD test (p < 0.05). In each temperature and each day of measurement,
the same uppercase letters in parenthesis indicate no statistically significant differences between
sucrose concentrations, according to Student’s ¢-test (p < 0.05). Four replicates of five explants for
each treatment.

Regarding the effect of the temperature and the sucrose content of the culture medium
on bulblet length, the bulblet length showed increasing trends with the progress of the
experiment ranging between 10.4-11.5 mm and 10.8-12.1 mm on the 72nd day for 40 g/L
and 80 g/L, respectively, without significant differences being recorded (data not shown).
However, a varied response was recorded between the two sucrose concentrations, while
the highest overall values of bulblet length for the medium containing 40 g/L or 80 g/L
were recorded at 30 °C and 20 °C, respectively.

The diameter of the bulblet was significantly affected by both temperature and sucrose
concentration in the culture medium, as shown in Figure 4. In the case of medium with a su-
crose concentration of 40 g/L, microplants produced bulblets with a statistically significant
higher diameter at 30 °C (6.4 mm on average) compared to 20 °C (4.1 mm on average) and
10 °C (3.6 mm on average). Similar results were recorded in the case of medium with the
highest sucrose content (80 g/L), although no significant difference between 20 °C (5.4 mm
on average) and 30 °C (6.2 mm on average) was detected. Moreover, when we compared
the response of the microplants at 30 °C, no differences were observed in the diameter of
the bulbs regardless of the sucrose concentration of the growing medium (40 or 80 g/L),
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whereas contrasting effects were observed at 20 °C and 10 °C, especially after 72 days of
the experiment’s initiation.

2 4 b(A)

8 .
Sucrose 40 g/ L Sucrose 80 g /L —e—10 °C

=
307
=
=
= b(B)
= b(B)
4T b(B)
E b(A) \
z
=

Days

Figure 4. Effect of two different concentrations of sucrose (40 g/L and 80 g/L) at three different
temperatures (10 °C, 20 °C, and 30 °C) on the diameter of Pancratium maritimum bulblets produced in
culture media In each sucrose concentration and each day of measurement, the same lowercase letters
indicate non statistically significant differences among the temperature treatments, according to LSD
test (p < 0.05). In each temperature and each day of measurement, the same uppercase letters in
parenthesis indicate no statistically significant differences between sucrose concentrations, according
to Student’s t-test (p < 0.05). Four replicates of five explants for each treatment.

The fresh weight (EW.) of microplants was statistically significantly higher at 20 and
30 °C than that at 10 °C, regardless of the sucrose concentration in the culture medium,
while the highest overall EFW. was recorded at 30 °C and sucrose concentration of 40 g/L
(756.6 mg on average) (Figure 5A). Moreover, microplants grown in culture medium with
a sucrose concentration of 40 g/L had statistically significantly higher EW. compared
to those cultured in medium with a sucrose concentration of 80 g/L, regardless of the
temperature (Figure 5A). On the other hand, the EW. of leaves was statistically significantly
higher at 20 °C compared to 10 °C and 30 °C (154.8 mg on average in the case of medium
with sucrose concentration 40 g/L) or compared to 30 °C (94.0 mg on average in the
case of medium with sucrose concentration 80 g/L). Moreover, the fresh weight of leaves
was higher for microplants cultured in medium with a sucrose concentration of 40 g/L
than those cultured in medium with a sucrose concentration of 80 g/L, regardless of the
temperature (Figure 5B). For the FW. of roots, microplants formed very few roots when
grown at 10 °C compared to 20 °C and 30 °C, regardless of the sucrose concentration, while
the EW. of roots was higher when the growing medium contained 40 g/L compared to
80 g/L. In particular, culture at 20 °C (230.2 mg at 40 g/L and 84.6 mg at 80 g/L) and 30 °C
(305.1 mg at 40 g/L and 94.6 mg at 80 g/L) resulted in higher values than 10 °C (31.3 mg at
40 g/L and 26.8 mg at 80 g/L) for both sucrose concentrations. The highest overall EW. was
recorded at 20 °C and 30 °C for the medium with a sucrose content of 40 g/L (Figure 5C).
Finally, the EW. of bulblets was statistically significantly higher at 30 °C compared to 10 °C
at 20 °C when the growth medium contained 40 g/L of sucrose (348.0 mg on average),
while the lowest overall values were recorded at 10 °C for both sucrose concentrations.
On the other hand, no significant differences between 20 °C and 30 °C were recorded in
the case of sucrose content of 80 g/L (Figure 5D). Moreover, sucrose concentration did not
significantly affect the EW. of bulblets at 10 °C and 20 °C for both sucrose concentrations
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(40 g/L and 80 g/L), while growing at 30 °C and 40 g/L resulted in the highest overall

EW. values.
(A)
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40g/L 80g/L 40g/L 80g/L

Sucrose

Sucrose

Figure 5. Effect of two different concentrations of sucrose (40 g/L and 80 g/L) at three different
temperatures (10 °C, 20 °C, and 30 °C) on the fresh weight (F.W. expressed mg) of (A) microplant;
(B) leaves per microplant; (C) roots per microplant; and (D) bulblet per microplant, after growing
for 72 days in culture medium. In each sucrose concentration, the same lowercase letters indicate
non-statistically significant differences among the temperature treatments, according to the LSD test
(p < 0.05). In each temperature, the same uppercase letters in parenthesis indicate no statistically
significant differences between sucrose concentrations, according to Student’s t-test (p < 0.05).

The effect of temperature and sucrose concentration in the culture medium on the
total D.W. of microplants, as well as the D.W. of leaves, roots per microplant, and bulblet
per microplant, followed the same trends as in the case of EW. (Figure 6A-D). The highest
value of the D.W. for the whole microplant was recorded at 30 °C in the culture medium
with a sucrose concentration of 40 g/L (118.7 mg on average), while the microplants with
the highest leaf dry weight were those that were cultivated in a medium with 40 g/L of
sucrose and incubated at 20 °C (30.2 mg on average). On the other hand, the microplants
with the highest root dry weight were those that were cultivated in a medium with 40 g/L
of sucrose and incubated at 20 °C (36.3 mg on average). In the case of the D.W. of bulblet
per microplant, the highest values were recorded at 30 °C in the culture medium with
40 g/L (59.1 mg on average) and in the culture medium with 80 g/L (56.3 mg on average).

Dry matter content (D.M.C.) of leaves was not significantly affected in the case of
microplants cultured in medium with 40 g/L (19.53-22.56%), while it was statistically
significantly higher at 30 °C (28.04% on average) compared to 10 °C (22.10% on average)
and 20 °C (20.46% on average) in the case of those growing in a medium with 80 g/L
of sucrose (Figure 7A). Sucrose concentration had a significant effect on the D.M.C. of
leaves only when microplants were cultured at 30 °C, where the incerased concentration
of sucrose (80 g/L) resulted in a significant increase in the leaves’ D.M.C. (Figure 7A).
Regarding the roots and bulblets, temperature did not significantly affect D.M.C. regardless
of sucrose concentration (Figure 7B,C). On the other hand, the higher concentration of
sucrose (80 g/L) in the culture medium resulted in a significant increase in the D.M.C. of
roots (16.00-18.29%) for all the tested temperatures (Figure 7B), as well as in a significant
increase in the D.M.C. of bulblets at 20 °C (Figure 7C).
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Figure 6. Effect of two different concentrations of sucrose (40 g/L and 80 g/L) at three different
temperatures (10 °C, 20 °C, and 30 °C) on the dry weight (D.W. expressed in mg) of (A) microplant;
(B) leaf blades per microplant; (C) roots per microplant; and (D) bulblet per microplant, after growing
for 72 days in culture media. In each sucrose concentration, the same lowercase letters indicate
non-statistically significant differences among the temperature treatments, according to the LSD test
(p < 0.05). In each temperature, the same uppercase letters in parenthesis indicate no statistically
significant differences between sucrose concentrations, according to Student’s t-test (p < 0.05).
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Figure 7. Effect of two different concentrations of sucrose (40 g/L and 80 g/L) at three different
temperatures (10 °C, 20 °C, and 30 °C) on the dry matter content (D.M.C. expressed as %) of (A) leaves,
(B) roots and (C) bulblet, after growing for 72 days in culture media. In each sucrose concentration,
the same lowercase letters indicate non-statistically significant differences among the temperature
treatments, according to the LSD test (p < 0.05). In each temperature, the same uppercase letters in
parenthesis indicate no statistically significant differences between sucrose concentrations, according
to Student’s t-test (p < 0.05).
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4. Discussion

High germination rates are essential for the sexual propagation of species, while
further valorization of unexploited and endangered species, such as Pancratium maritimum,
is associated with the establishment of germination protocols that ensure increased rates.
The results from Experiment 1 indicate that the seed germination rate of P. maritimum was
higher than 70% at temperatures between 15 °C and 30 °C. In particular, the percentage of
seed germination was higher at 20 and 25 °C (92% and 86%, respectively). Similar seed
germination rates have been reported by other researchers who used fresh mature seeds for
germination either under in vitro [9,29,36] or in vivo conditions [40,41]. These findings are
very important for the conservation of the genetic material of the plant as well as for the use
of the seed as a starting material for in vitro cultures and the production of seedlings on a
large scale. In our study, the high germination rates of P. maritimum at 20 °C and 25 °C (in the
dark) were observed 28 days after the establishment of seeds in in vitro conditions. Similar
germination rates of P. maritimum seeds were observed 30 days for in vitro germination by
Yasemin et al. [29], also under dark conditions. Nikopoulos and Alexopoulos [9], who used
freshly harvested seeds from the same genetic material tested in our study, observed similar
seed germination rates but at 60 days after the establishment of seeds in vitro. This delay
in germination could be due to the presence of light during their experiment (16 h light/
8 h dark), as well as to the lower temperatures tested (12 °C in the dark/16 °C in the light).
According to the literature, light has been reported to cause a delay in the germination
of P. maritimum seeds in in vitro [36] and in vivo conditions [41], while Delipetrou [42]
suggested the presence of photoinhibition and the inhibitory role of phytochrome in the
germination of P. maritimum seeds. Although in vitro seed germination of P. maritimum may
occur over a wide range of temperatures (10-30 °C), the fastest germination of seeds and the
highest uniformity of seedlings and germination percentage were observed at temperatures
between 20 °C and 25 °C. Moreover, the in vitro production of uniform seedlings is of
great importance when applying the “two step” bulblet production method proposed
by Nikopoulos and Alexopoulos [9]. Therefore, according to our results, temperatures
between 20 °C and 25 °C and dark conditions proved to be the most suitable condition for
faster and higher production of uniform seedlings.

Temperature is an important factor for plant growth in in vitro cultures [43]. In Exper-
iment 2, following the suggestion for a “two-step” bulblet production method, microplants
were grown in culture medium with varied sucrose content (40 g/L and 80 g/L) and three
different temperatures (10 °C, 20 °C, and 30 °C). The obtained results indicated that the
formation of leaves was inhibited at 10 °C, while it was favored at 20 °C. This trend was also
reflected in leaf EW. and D.W. In addition, microplant growth and bulblet production were
inhibited at 10 °C, while the increase in bulblet diameter and the EW. (and D.W. of bulblets
were favored at 30 °C (in the case of sucrose concentration at 40 g/L) or at 20 and 30 °C (in
the case of sucrose concentration at 80 g/L). Similarly, high temperatures (30 °C) favored
root growth, especially in roots cultured in medium with a sucrose concentration of 40 g/L,
as well as the D.M.C. of leaves cultured in medium with a sucrose concentration of 40 g/L.
Moreover, the effect of temperature on the EW. and D.W. of the different parts (roots, leaves,
bulbs) of P. maritimum microplants showed a varied response. These observations indicate
that temperature may have a regulatory role in plant growth and in morphogenesis during
the in vitro propagation of the species [37,44].

Regarding the effect of sucrose concentration in the culture medium, it was observed
that the higher concentration tested (80 g/L) did not favor the formation of leaves in
microplants both at 20 °C and 30 °C. In addition, the EW. and D.W. of leaves, roots, and
whole microplants were lower in culture media with the highest sucrose concentration
(80 g/L). Ptak et al. [45] have associated high sucrose concentrations in the culture medium
with the increased biosynthesis of metabolites in in vitro conditions, which usually occurs
under stress conditions, suggesting that high sucrose content may play an inhibitory role in
microplant growth, thus the lower EW and D.W. values recorded in our study. In contrast,
high sucrose concentration (80 g/L) favored bulblet growth at 20 °C but did not affect
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bulblet growth at 30 °C, as shown by the EW. and the D.W. of bulblets (Figures 6D and 7D).
Therefore, it seems that the effect of sucrose concentration on in vitro bulblet production
of P. maritimum is temperature dependent. Many researchers have already reported that
high concentrations of sucrose in the culture medium may favor the in vitro production of
bulblets in P. maritimum [28] and other plant species, such as Lilium Asiatic hybrids [46] or
Narcissus confusus and N. asturiensis [34,47]. However, in many cases, the positive effect
of high sucrose concentrations on in vitro bulblet production was also associated with the
use of plant growth regulators, such as BAP and NAA in P. maritimum [9], BAP and CCC
in Hippeastrum hybridum [48], and paclobutrazol in Leucojum aestivum [45]. On the other
hand, Azandi and Khosh—Khui et al. [49] reported that the in vitro bulblet production in
Lilium ledebourii was favored when the sucrose concentration in the culture medium was
low (e.g., 30 g/L).

Wu et al. [50] reported that bulb formation involves a shoot-to-bulblet transition,
while Gao et al. [51] attributed a specific signaling role for bulblet development to sucrose.
Additionally, Wu et al. [50] suggested that during the in vitro bulblet formation in Lily
“Sorbonne”, sucrose synthase and not invertase had a dominant role in sucrose metabolism.
In the case of P. maritimum, bulbs have a high starch content [52], and changes in sucrose
metabolism may play an important role in bulblet development in vitro. Thus, the effect of
sucrose concentration on the activity of sucrose-metabolizing enzymes may also justify the
interaction of sucrose concentration in culture medium and temperature observed in this
work since enzyme activity is also affected by temperature [37].

5. Conclusions

It is concluded that P. maritimum seeds may germinate in high percentages (over 70%)
in a wide range of temperatures (15-30 °C), but when aiming for massive bulblet production
in vitro, the temperature of 20 °C (or at most up to 25 °C) is recommended since it allowed
faster and more uniform seed germination. Moreover, our results suggest transferring
microplants to a bulbing culture medium (“two-step bulblet formation”) containing sucrose
at 40 g/L and at 30 °C. These particular conditions may allow the development of bulblets
of great weight (over 300 mg) and with very well-developed roots from the cultured
microplants in a short period of time (about 70-80 days after transfer). Both characteristics
are an important advantage when plants are intended to be transplanted in soil since
they result in higher survival rates. Additionally, bulblets can be successfully used to
obtain twin scales and produce new plants in vitro. However, the production of bulblets
in higher sucrose concentration (80 g/L) at 20 °C or 30 °C could also be an alternative
approach, mainly for the in vitro production of bulblets from which substances with
medicinal properties could be isolated. Therefore, in vitro propagation could be a useful
technique not only for seedling production and further commercial cultivation of the
species but also for the isolation of bioactive compounds through the mass production of
bulblets. Moreover, eliciting during bulblet production may also induce the biosynthesis
and isolation of target compounds and further facilitate the valorization of this valuable
and underexplored species.
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