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Abstract

This study provides a comprehensive and refined framework for the micropropagation of
the critically endangered Greek endemic Silene conglomeratica. Using a limited seed stock, a
reliable in vitro propagation protocol was developed, supporting both ex situ conservation
and potential commercial applications in floriculture and landscape architecture. Nodal
explants excised from aseptic seedlings, established on half-strength Murashige and Skoog
(MS) medium, were successfully used for culture initiation. Supplementation with 1.0 mg
L−1 meta-topolin (mT) and 0.2 mg L−1 1-naphthaleneacetic acid (NAA) promoted shoot
proliferation. Subsequent subculturing on half-strength Rugini Olive Medium (OM/2) sup-
plemented with 0.5 mg L−1 2-isopentenyladenine (2iP) resulted in high multiplication rates
and a high frequency of spontaneous rooting. Rooting initiation was further optimized
using OM/2 supplemented with 0.5 mg L−1 indole-3-butyric acid (IBA). The high acclimati-
zation percentage (80%) confirms the feasibility of this protocol for ex situ conservation and
highlights its applicability for nursery production and specialized landscape use. Overall,
this study contributes an efficient and scalable propagation strategy that supports both
the conservation and sustainable utilization of this valuable endemic species. Future work
should focus on refining these protocols through more targeted testing of concentrations
and alternative combinations of growth regulators and nutrient compositions.

Keywords: meta-topolin; plant micro-reserve; Rugini Olive Medium; rocky landscapes;
spontaneous rooting

1. Introduction
Silene L. is one of the largest and taxonomically most complex genera of Caryophyl-

laceae, comprising more than 700 species distributed primarily across the Northern
Hemisphere, with a major center of diversity in the Mediterranean Basin [1]. In Greece,
121 species are currently recorded, 39 of which (33%) are endemic, reflecting the country’s
high floristic richness and biogeographic complexity [2,3]. Members of the genus display
remarkable morphological and ecological diversity, including annual, biennial, or perennial
herbs, occasionally suffruticose or cushion-forming, and occupy habitats as varied as alpine
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meadows, rocky cliffs, screes, dry grasslands, and coastal sand-dunes. However, Silene
taxonomy has long been considered problematic due to hybridization, polyploidy, and
convergent morphological traits [1]. This difficulty is further complicated by the repeated
evolution of hermaphroditic, gynodioecious and dioecious reproductive systems across
independent lineages, which obscures species boundaries and intrageneric limits [4,5].
Classical and modern studies, notably those by Greuter [6] and Oxelman et al. [7], have
substantially refined its classification, combining morphology with molecular data to de-
fine infrageneric groupings. Of particular relevance is Silene sect. Saxifragoideae, which
includes 15 to 35 species depending on taxonomic treatment and has its highest species
diversity in the Balkan Peninsula [8]. The entire S. sect. Saxifragoideae and especially
the so-called S. saxifraga group exemplify the evolutionary radiations of Mediterranean
chasmophytes, shaped by complex geological and climatic histories that promoted high
rates of speciation and endemism [8–10]. In Greece, sparsely vegetated cliffs and screes
host a specialized chasmophytic flora; within these habitats, Silene ranks among the most
taxon-rich genera [11].

Silene conglomeratica Melzh. belongs to the Silene saxifraga group and, according to
Kougioumoutzis et al. [12], is the rarest mountain endemic of Chelmos–Vouraikos National
Park (CVNP) in northern Peloponnese and one of the rarest Greek endemics (Figure 1a–c).

 

Figure 1. Silene conglomeratica. (a) Habitat; (b) inflorescence; (c) plant micro-reserve sign
(https://necca.gov.gr/en/ accessed on 19 September 2025).

This perennial, caespitose chasmophyte grows exclusively on conglomerate cliffs be-
tween 800 and 900 m a.s.l., near the Vouraikos Gorge. It produces compact tufts of stems
up to 30 cm long, bearing white flowers from June to August [13,14]. The species is con-
fined to two adjacent localities, with its entirely known population numbering fewer than
250 mature individuals. According to Kougioumtzis et al. [15] both the area of occupancy
(AOO) and the extent of occurrence (EOO) are very restricted, with the AOO estimated
at 4 km2. These conditions have led to its classification as critically endangered [16], with
climate change models projecting over 40% habitat loss and a high risk of extinction within
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the next decades [12,15]. Population persistence is further undermined by habitat instability,
cliff erosion, and limited reproductive output.

Like many Greek endemic congeners, S. conglomeratica lacks established propagation
and conservation protocols. Its rarity, restricted distribution, and apparent low seed
viability highlight the urgency of integrated conservation strategies. While in situ protection
is essential, complementary ex situ measures are increasingly necessary. Micropropagation
has emerged as a key approach for conserving exceptional species that cannot be secured
through conventional seed banking due to recalcitrance or poor seed availability [17,18].
In vitro techniques are essential for mass propagation. They are also important for the
long-term preservation of genetic resources. In addition, they enable the production
of plants suitable for reintroduction and population augmentation. This makes them
indispensable for the conservation of rare and threatened species. The use of aseptic
seedlings as starting material can enhance genetic diversity. It requires only a small amount
of plant material. It also facilitates the selection of special genotypes with unique adaptive
and/or ornamental traits through clonal multiplication [19–22]. Considering the critically
endangered status and extremely restricted distribution of S. conglomeratica, establishing a
reliable micropropagation protocol is crucial both to ensure its survival and to evaluate its
potential as an ornamental species [23,24]. Seedling-derived explants, in particular, have
proven effective in several Greek endemics, including Cerastium candidissimum, Origanum
scabrum, Dianthus fruticosus subsp. fruticosus, and Salvia pomifera ssp. pomifera [25–28].
Consequently, similarly to the aforementioned species, S. conglomeratica could also be
introduced as an ornamental ground cover in specialized landscapes such as rock gardens
and green roofs, contributing to ex situ viability and sustainability, as its cultivation requires
minimal energy and agrochemical inputs.

Chelmos–Vouraikos National Park, where the species occurs, is among Greece’s most
significant biodiversity hotspots, recognized as part of the EU Natura 2000 network, com-
prising five designated sites (SACs GR2320002, GR2320003, GR2320004 and GR2320009,
SPA GR2320013), and as a UNESCO Global Geopark since 2015. Its rugged topography,
ranging from gorges and karstic springs to peaks exceeding 2000 m, supports exceptional
floristic diversity, including five taxa restricted entirely within its boundaries [13,29]. De-
spite this protection, S. conglomeratica faces substantial threats from climate change, cliff
erosion and habitat degradation due to human activities, leading to the continuing decline
of its population. For this reason, a plant micro-reserve (PMR) was established for the
conservation of the species in 2023 under the responsibility of the Management Unit of
Chelmos–Vouraikos National Park and protected areas of the northern Peloponnese that
operates under NECCA’s (Natural Environment and Climate Change Agency) Protected
Areas Management Directorate (Figure 1c). The ongoing survival of S. conglomeratica within
this protected area presupposes the need to combine habitat-level conservation with ex
situ conservation measures, the latter built upon innovative propagation and restoration
practices appropriate for species of high conservation priority.

Despite its critical conservation status, no micropropagation or ex situ conservation
protocol has been reported for S. conglomeratica. The species’ extremely restricted distribu-
tion, small population size, and limited seed viability highlight the need for developing
dedicated and reliable propagation protocols to support conservation and potential hor-
ticultural use. The present study establishes the first efficient and reproducible in vitro
propagation protocol for S. conglomeratica using seedling-derived explants. By optimizing
culture media and plant growth regulator combinations, successful shoot proliferation,
rooting, and acclimatization were achieved. At the same time, beyond safeguarding one
of the most threatened cliff-dwelling Greek endemics, the procedure followed can offer a
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model applicable to other Mediterranean chasmophytes of narrow distribution and high
conservation concern.

2. Materials and Methods
2.1. Plant Material and Establishment of In Vitro Cultures

Mature seeds of S. conglomeratica were hand-collected at peak maturity from all known
subpopulations, in Mega Spileon (Vouraikos Gorge) in September 2022. Seed collection
followed recognized best practices for rare taxa to maximize genetic representation while
minimizing impacts on wild recruitment. Removal per maternal plant was kept to ~10%
of the ripe seed crop, and at the population level it remained well below ~20% of the
estimated annual seed production; where fruiting was sparse, only trace quantities were
taken [30,31]. Fieldwork was carried out in consultation with the Management Unit
of Chelmos–Vouraikos National Park of the Natural Environment and Climate Change
Agency (NECCA) and was consistent with the IUCN SSC Guidelines on the Use of Ex situ
Management for Species Conservation [32]. The seeds were stored in paper bags under
dark conditions (25 ◦C, 30% relative humidity) for six months, before the germination trials.

In March 2023, 20 seeds of S. conglomeratica were used as the initial plant material
for in vitro germination studies. These seeds were a subsample of the original collection,
representative of all maternal lines included within. In order to prevent potential microbial
contamination, seeds were subjected to surface sterilization through a two-step disinfection
procedure as outlined by Bertsouklis et al. [20]. Sterilized seeds were then transferred into
9 cm Petri dishes containing half-strength Murashige and Skoog (MS/2) medium [33]. Seed
germination was carried out under in vitro conditions, and two culture approaches were
subsequently established using the resulting seedlings: (a) germinated aseptic seedlings
were removed from Petri dishes and transferred to vessels containing MS/2 medium for
continued growth; (b) after 30 days of growth, nodal explants excised from the in vitro-
derived plantlets were subcultured onto fresh MS/2 medium. This subculture step was
repeated once, enabling the successful establishment of S. conglomeratica under controlled
in vitro conditions.

2.2. Effect of the Addition of Cytokinins and Auxin

For the multiplication stage, in vitro-grown plantlets of S. conglomeratica were trans-
ferred to MS medium to evaluate the effect of different cytokinins on shoot proliferation.
Three cytokinins, benzylaminopurine (BA), kinetin (KIN), and isopentenyladenine (2iP),
were tested individually at a concentration of 0.5 mg L−1. In addition, the commercial
aromatic cytokinin meta-topolin (mT) was evaluated at two concentrations: 0.5 mg L−1

and 1.0 mg L−1. To assess the combined effect of cytokinin and auxin on shoot prolifer-
ation, an additional treatment was included with mT at 1.0 mg L−1 supplemented with
0.2 mg L−1 1-naphthaleneacetic acid (NAA). Cultures were maintained under standard
in vitro conditions, and a total of four subculture cycles were conducted. All hormones
were supplied by Duchefa (Duchefa Biochemie BV, Haarlem, The Netherlands).

2.3. Effect of Explant Origin and Basal Medium on Culture Performance

Nodal explants obtained from in vitro-grown shoots cultured on MS medium supple-
mented with 1.0 mg L−1 mT, either alone or in combination with 0.2 mg L−1 NAA, were
used to evaluate the effect of explant origin and basal medium on culture performance.
These explants were transferred to three different basal media: MS, MS/2, and Rugini
Olive Medium (OM) [34]. In this stage, the combined effect of the explant’s hormonal pre-
conditioning and the subsequent culture medium composition was assessed to determine
optimal conditions for shoot development and proliferation.
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2.4. Evaluation of OM and 2iP Effectiveness

Based on the findings above, the effectiveness of OM for shoot multiplication was
further evaluated. To enhance propagation efficiency, OM was supplemented with the
naturally occurring and cost-effective cytokinin 2iP. Three concentrations of 2iP, 0 (control),
0.5, and 1.0 mg L−1, were tested to assess their effects on shoot proliferation and overall
plantlet growth and development.

2.5. In Vitro Rooting and Acclimatization

Micro-shoots, 1.5–2.0 cm long, were obtained from 40-day-old in vitro plantlets. These
micro-shoots had been subcultured on media containing various growth regulators during
the multiplication stage. The excised micro-shoots were placed on OM/2, either without
auxin or supplemented with 0.5 or 1.0 mg L−1 indole-3-butyric acid (IBA; Duchefa Bio-
chemie BV, Haarlem, The Netherlands). Root development was first observed after 10–15 d
of culture. Data collection was conducted 15 d later (30 days after culture). Acclimatization
was then carried out according to the method of Bertsouklis et al. [35]. After acclimati-
zation, plantlets were transplanted individually into 1.1 L plastic pots filled with a 1:1
(v/v) peat-perlite mixture. Plants were fertilized every 15 days with 4.0 g L−1 of a com-
plete water-soluble fertilizer (Nutrileaf 60, 20-20-20; Miller Chemical and Fertilizer Corp.,
Hanover, PA, USA). The final survival rate was assessed two months after transplantation.

2.6. In Vitro Culture Conditions and Data Collection

In vitro cultures for establishment, multiplication, and rooting were maintained in
Magenta B-cap vessels (100 mL; Sigma-Aldrich, Steinheim, Germany), containing two to
four explants per vessel. During the establishment stage, only two explants were placed
per vessel to minimize the risk of contamination and ensure the safety of the propagating
material. Four explants or plantlets were cultured during the multiplication and rooting
stages, respectively. Medium preparation and culture incubation were carried out as
described by Bertsouklis et al. [35], under 25 ± 1 ◦C and a 16 h photoperiod. Data were
collected after 40 d of culture and included the shoot formation percentage (%), total
number of shoots per explant, number of long shoots (LS; >0.5 cm), shoot length of LS,
number of nodes per shoot, rooting percentage (%), number of roots per explant, and
root length. The proliferation potential of the cultures was further evaluated using the
“multiplication index” (MI), calculated as described by Bertsouklis et al. [35].

MI = [(explant response (%) × mean shoot number × mean shoot length)/(100 × 0.6)]

Acclimatization data were recorded 21 days after transplantation, while plant survival
was assessed 30 days after the transplantation of acclimatized plants into pots.

2.7. Statistical Analysis

A completely randomized design was applied, and data were analyzed using one-
or two-way analysis of variance (ANOVA). One-way ANOVA was performed to assess
the effect of different hormones on shoot formation and culture performance (across four
subcultures, with pooled data), as well as to evaluate the effectiveness of IBA concentrations
in OM/2 during the rooting stage of micro-shoots. Two-way ANOVA was used for factorial
studies (i) to examine the effect of mT (1.0 mg L−1, with or without 0.2 mg L−1 NAA)
on multiplication across different media (MS/2, MS, OM), highlighting main effects and
interactions and (ii) to evaluate the effect of OM strength (full vs. half) in combination
with 2iP concentrations (0, 0.5, and 1.0 mg L−1). Rooting percentages were arcsine square-
root-transformed prior to statistical analysis in order to stabilize variances and improve
the approximation to normality, as commonly recommended for proportional data. Means
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were compared using Tukey’s honest significant difference (Tukey’s HSD) test at p < 0.05
(JMP 14.0; SAS Institute Inc., Cary, NC, USA). The number of replicates (explants) per
treatment is provided in the corresponding tables.

3. Results
3.1. Seed Germination and Establishment of Initial Cultures

Seed germination occurred on the 7th day and was completed by the 17th day of
incubation. Out of the 20 seeds, 6 successfully germinated, while the remaining 14 were
non-viable or lacked full embryo development (Figure 2a). On the 25th day, germinated
seedlings were transferred to vessels containing MS/2 medium for continued growth and
placed into a growth chamber to facilitate further development (Figure 2b). All seedlings
exhibited healthy growth, reaching 1–2 cm in length after both the initial transfer and
the subsequent subculture on MS/2 medium. Nodal explants were then successfully
established on hormone-free MS/2 medium. All explants responded (100%) and produced
a single shoot per explant, measuring 0.7–1.0 cm in length.

 
Figure 2. Germination of Silene conglomeratica seeds on MS/2 medium (a), followed by the transfer of
seedlings to MS/2 medium for the establishment of initial cultures (b). Bars represent a length of
1 cm.

3.2. Effect of the Addition of Cytokinins and Auxin

During this stage, all explants successfully formed micro-shoots across all media
tested (Table 1). However, significant differences were observed in shoot number, shoot
length, and the multiplication index (MI). The highest shoot number was recorded in media
supplemented with mT at 1.0 mg L−1 combined with 0.2 mg L−1 NAA (10.7 shoots per
explant; Table 1; Figure 3). In the two mT-containing media, 2.3–2.5 shoots longer than
0.5 cm per explant were formed. Shoot elongation was most pronounced in the medium
containing 1.0 mg L−1 mT plus 0.2 mg L−1 NAA, with a mean shoot length of 1.0 cm.
The highest MI values were obtained in mT-supplemented media, with 0.2 mg L−1 NAA
(17.4), significantly higher than those under the control and other cytokinin treatments,
thus highlighting the media’s superior efficacy in promoting shoot proliferation (Table 1;
Figure 3). Moderate levels of spontaneous rooting (50–60%) were also observed across
different media.
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Table 1. In vitro response of Silene conglomeratica nodal explants in the multiplication stage after
4 weeks of culture on hormone-free MS medium (Hf) or MS supplemented with 0.5 mg L−1 BA,
0.5 mg L−1 KIN, and 0.5 mg L−1 2iP; 0.5 mg L−1 mT; or 1.0 mg L−1 mT, either alone or combined
with 0.2 mg L−1 NAA.

Medium Shooting
Response (%) Shoot Number LS Number † Shoot Length

(cm) MI ††

Hf (control
medium) 100.00 1.11 ± 1.06 c - 0.73 ± 0.02 c 1.30 ± 0.01 c

0.5 BA 100.00 1.04 ± 0.04 c - 0.73 ± 0.02 c 1.30 ± 0.01 c
0.5 KIN 100.00 1.08 ± 0.05 c - 0.73 ± 0.02 c 1.22 ± 0.01 c
0.5 2iP 100.00 1.12 ± 0.06 c - 0.76 ± 0.02 c 1.24 ± 0.02 c
0.5 mT 100.00 1.15 ± 0.01 c - 0.73 ± 0.01 c 1.40 ± 0.02 c
1.0 mT 100.00 9.91 ± 0.24 b 2.33 ± 0.13 0.87 ± 0.02 b 12.93 ± 1.60 b

1.0 mT/0.2 NAA 100.00 10.66 ± 0.17 a 2.50 ± 0.13 0.97 ± 0.04 a 17.36 ± 1.75 a

FONE-WAY - 1367.548 *** 0.7931 NS 25.8422 *** 63.2085 ***

Mean values ± SD displayed in columns according to Tukey’s HSD test at p < 0.05. NS: non-significant;
***: significant at p < 0.001; mean values followed by the same letter are not significantly different at p < 0.05;
n = 24–27. † LS: long-shoot number (longer than 0.5 cm); †† MI: multiplication index = [shooting (%) × mean
shoot number × mean shoot length/(100 × 0.6)]. Pooled data of four subcultures.

Figure 3. Representative images of the treatments described; multiplication stage on Murashige and
Skoog media: without hormones (a); supplemented with 1.0 mg L−1 mT and 0.2 mg L−1NAA (b).
Bars represent a length of 1 cm.

3.3. Effect of Explant Origin and Basal Medium on Culture Performance

All tested culture media exhibited a 100% shooting response (Table 2). The con-
centration of the MS origin medium did not affect the shoot number, the LS number
and the MI. On the other hand, the type of culture medium had significant effect in
terms of shoot number, LS number and multiplication index (MI). Hence, OM demon-
strated the highest shoot proliferation, yielding 11.8 shoots per explant, which was signifi-
cantly greater than the shoot numbers observed in MS (3.7 shoots per explant) and MS/2
(2.6 shoots per explant). A similar trend was noted for the number of long shoots, with OM
producing the highest value (7.2 per explant), significantly exceeding those recorded in
MS (2.1 per explant) and MS/2 (1.4 per explant). Regarding the MI, it was highest in OM
(16.4), significantly outperforming MS (4.4) and MS/2 (2.9) (Table 2; Figure 4). A significant
interaction between two factors (MS origin and culture medium) was observed for shoot
elongation. The longest shoots were formed in explants derived from 1 mg L−1 mT and
transferred to MS, MS/2 or OM ranging from 1.3 to 1.5 cm (Table 2). Regarding rooting
response, all treatments achieved spontaneous rooting (Table 2). The spontaneous rooting
percentage (%) was significantly influenced by the interaction between culture medium
and MS medium of origin, with the highest percentage (92.3%) being observed on MS/2
medium supplemented with 1.0 mg L−1 mT and 0.2 mg L−1 NAA. However, the number
of roots per explant was significantly higher in OM (4.8) compared to MS (2.8) and MS/2
(3.2). Root elongation followed a similar pattern, with OM yielding the longest roots
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(1.5 cm), significantly exceeding those observed in MS (0.6 cm) and MS/2 (0.4 cm)
(Table 2). Regarding the effect of MS medium of origin, root length was significantly
greater (1.1 cm) when micro-shoots derived from the 1 mg L−1 mT medium were trans-
ferred to MS, compared to those derived from 1-mT/0.2 NAA, which exhibited significantly
shorter roots (0.6 cm) (Table 2).

Table 2. Shoot proliferation of Silene conglomeratica explants produced by shoots during the first stage
of multiplication, on Murashige and Skoog (MS) media without hormone (Hf), or containing mT at
1.0 mg L−1 without NAA or with the addition of 0.2 mg L−1 NAA. The cultures were conducted on
three different media: MS, MS/2 and Rugini Olive Media (OM).

Treatments Shooting
Response (%) Shoot Number LS

Number †
Shoot Length

(cm) MI †† Root
Number

Root Length
(cm)

Culture medium †††

MS 100.00 3.68 ± 0.88 b 2.12 ± 0.70 b 4.42 ± 1.96 b 2.78 ± 0.62 b 0.62 ± 0.17 b
MS/2 100.00 2.61 ± 0.99 b 1.43 ± 0.75 b 2.91 ± 2.12 b 3.20 ± 0.43 b 0.41 ± 0.11 b
OM 100.00 11.78 ± 0.73 a 7.21 ± 0.55 a 16.42 ± 1.54 a 4.81 ± 0.34 a 1.45 ± 0.09 a

MS origin †††

1 mT/0.2 NAA 100.00 5.20 ± 0.69 3.74 ± 0.57 7.8 ± 1.49 3.63 ± 0.33 0.60 ± 0.12 b
1 mT 100.00 6.85 ± 0.74 3.43 ± 0.56 8.0 ± 1.59 3.57 ± 0.44 1.05 ± 0.09 a

Interaction
(Culture medium × MS origin)

MS 1 mT/0.2 NAA 100.00 0.81 ± 0.12 c
MS 1 mT 100.00 1.41 ± 0.11 a

MS/2 1 mT/0.2 NAA 100.00 0.84 ± 0.11 bc
MS/2 1 mT 100.00 1.46 ± 0.12 a
OM 1 mT/0.2 NAA 100.00 1.27 ± 0.06 ab
OM 1 mT 100.00 1.31 ± 0.09 a

FCult med - 38.2282 *** 26.0747 *** 18.1940 *** 6.2357 *** 26.6837 ***
FMS origin - 2.6535 NS 0.1542 NS 0.0080 NS 0.00104 NS 8.3477 ***

FCult med × MS origin - 0.8089 NS 3.1295 NS 5.2827 *** 2.7175 NS 0.3499 NS 0.5247 NS

Interaction rows represent combined factor levels. Mean values ± SD displayed in columns according to Tukey’s
HSD test at p < 0.05. NS: non-significant; ***: significant at p < 0.001; mean values followed by the same letter are
not significantly different at p < 0.05; n = 24–28. † LS: long-shoot number (longer than 0.5 cm); †† MI: multiplication
index = [shooting (%) × mean shoot number × mean shoot length/(100 × 0.6)]; ††† when interactions are not
significant, mean values of factors are shown. When interactions are significant, mean values of the three factor
combinations and their significance are shown.

 

Figure 4. Representative images of the treatments described; multiple shoot formation on Rugini
Olive Media (OM) of explants derived from Murashige and Skoog (MS) medium supplemented with
1.0 mg L−1 mT without (a) or with 0.2 mg L−1 NAA (b). Bars represent a length of 1 cm.

3.4. Evaluation of OM and 2iP Effectiveness

In a separate experiment, the effects of OM strength (full vs. half) and varying concen-
trations of the cytokinin 2iP (0, 0.5, and 1.0 mg L−1) on shoot development parameters were
studied. Significant variance in shoot number was observed, while interaction analysis
between medium strength and cytokinin concentration revealed notable differences, with
the highest shoot number recorded on media containing 2iP (3.0–4.3 cm). Regarding the
number of long shoots (LSs), the effect of 2iP concentration was found to be significant.
The highest value was observed at 1.0 mg L−1 (2.4 shoots), which was significantly greater
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than the control (1.3 shoots) but not significantly different from that under the 0.5 mg L−1

treatment. Shoot length was significantly affected by the interaction between medium
strength and 2iP concentration. The longest shoots were obtained on full-strength medium
with 1.0 mg L−1 2iP (1.6 cm), followed by half-strength medium with 0 mg L−1 (1.4 cm)
and 0.5 mg L−1 2iP (1.5 cm). The highest MI values were recorded at 1.0 mg L−1 (7.9) and
0.5 mg L−1 2iP (7.4), both of which were significantly greater than the control (3.4; Table 3).
Spontaneous rooting was evident in this experiment too, being observed in 60% and 95%
of explants on OM and OM/2, respectively.

Table 3. Shoot proliferation of Silene conglomeratica explants on full- (OM) or half-strength (OM/2)
Rugini Olive Media without hormone (control) or containing 2iP at 0.5 or 1.0 mg L−1.

Treatments Shooting
Response (%)

Shoot
Number LS Number † Shoot Length

(cm) MI ††

Medium

OM 100.00 1.77 ± 0.24 5.69 ± 0.68
OM/2 100.00 1.97 ± 0.24 6.79 ± 0.51

2iP (mg L−1)

0 (control) 100.00 1.34 ± 0.28 b 3.41 ± 0.69 b
0.5 100.00 1.90 ± 0.33 ab 7.40 ± 0.081 a
1.0 100.00 2.42 ± 0.26 a 7.90 ± 0.69 a

Interaction
(Medium × 2iP)

†††

OM 0 1.6 ± 0.34 b 1.00 ± 0.09 bc
OM 0.5 4.0 ± 0.34 a 0.87 ± 0.11 c
OM 1.0 2.9 ± 0.38 ab 1.59 ± 0.09 a

OM/2 0 1.8 ± 0.34 b 1.40 ± 0.07 a
OM/2 0.5 3.0 ± 0.40 ab 1.46 ± 0.08 a
OM/2 1.0 4.3 ± 0.35 a 1.27 ± 0.07 ab

Fmed - 0.3217 NS 1.6771 NS

F2iP - 3.8804 ** 12.0708 ***
Fmed × F2iP - 4.8615 *** 1.1684 NS 14.3567 *** 0.4095 NS

Mean values ± SD displayed in columns according to Tukey’s HSD test at p < 0.05. NS: non-significant;
** significant at p < 0.01; ***: significant at p < 0.001; mean values followed by the same letter are not sig-
nificantly different at p < 0.05; n = 24–28. † LS: long-shoot number (longer than 0.5 cm); †† MI: multiplication
index = [(shooting × mean shoot number × mean shoot length)/(0.6 × 100)]; ††† when interactions are not
significant, mean values of factors are shown. When interactions are significant, mean values of the three factor
combinations and their significance are shown.

3.5. In Vitro Rooting and Acclimatization

All the micro-shoots successfully rooted on OM/2 without IBA or supplemented
with 0.5 mg L−1 and 1.0 mg L−1 IBA (100% rooting success). However, root number
varied significantly with different IBA concentrations. The highest average number of
roots per plant (6.6) was observed at 0.5 mg L−1 IBA, which was significantly greater
than both the control treatment and the 1.0 mg L−1 IBA treatment, the latter exhibiting
the lowest root number (4.8 roots per plant) (Table 4; Figure 5a). Root length did not
differ significantly among treatments, remaining relatively consistent between 1.1 and
1.3 cm. The acclimatization success rate on a peat–perlite mixture (1:1, v/v) was 80.0% for
rooted micro-shoots from all three populations (Figure 5b,c). Thirty days after completion of
acclimatization, the final survival rate of the acclimatized plants reached 100.0% (Figure 5d).
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Table 4. In vitro rooting of Silene conglomeratica micro-shoots derived from the multiplication stage
cultured on OM/2 as affected by IBA concentration (0, 0.5, and 1.0 mg L−1).

IBA (mg L−1) Root Number Root Length (cm)

0 (control) 4.84 ± 0.13 b 1.13 ± 0.04
0.5 6.63 ± 0.21 a 1.26 ± 0.04
1.0 4.99 ± 0.15 b 1.13 ± 0.04

Fone-way ANOVA 34.5872 * 2.8914 NS

Values ± SD followed by different lowercase letters in each column are significantly different at the 5.0% level,
determined by the one-way ANOVA (Tukey test, p < 0.05); n = 32; NS: non-significant; * significant at p < 0.05.

 

Figure 5. Developmental stages of Silene conglomeratica plantlets. (a) In vitro-rooted plantlets on
OM/2. (b) Plantlets in the initial stage of acclimatization (7 days after transfer) in a 1:1 peat–perlite
mixture. (c) One-month-old, acclimatized plants showing vigorous growth. (d) Well-developed
plants that successfully survived after 6 months of acclimatization.

Following successful in vitro propagation and acclimatization, S. conglomeratica
plantlets were transferred to greenhouse conditions for long-term maintenance. The ex
situ conservation of these individuals was carried out in the glasshouse facilities of the
Laboratory of Floriculture and Landscape Architecture. Under controlled environmen-
tal conditions, the plants continued to grow vigorously, exhibiting healthy vegetative
development. Remarkably, one year after acclimatization, the conserved plants reached
reproductive maturity and initiated flowering, with the production of several slightly
fragrant, nocturnally opening white flowers. Some of the flowering individuals were
transferred in an exposed urban rooftop environment, where they continued flowering
and found to be producing viable fruits and seeds after both cross- and self-pollination,
demonstrating their successful transition from in vitro conditions to ex vitro environments
and further solidifying the ornamental potential of the species (Figure 6).
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Figure 6. Ex situ conservation of Silene conglomeratica plants that flowered one year after acclimatiza-
tion. The plants are maintained in the glasshouse of the Laboratory of Floriculture and Landscape
Architecture (a). Sustained production of flowers (b), followed by fruits (c), on an urban rooftop of
Athens, Greece.

4. Discussion
4.1. Seed Germination and Establishment of Initial Cultures

The present study aimed to investigate the in vitro propagation potential of the criti-
cally endangered S. conglomeratica, a low-growing, perennial herbaceous plant endemic to
the rocky limestone landscapes of the northern Peloponnese in Greece. Young seedlings cul-
tured in vitro were used as the initial plant material, since developing a rapid and efficient
propagation technique is essential both for conservation purposes and for the successful
introduction of this species into the horticultural industry [36]. Owing to the small popula-
tion size of the species and the minimal quantities of maternal plant material collected, only
20 seeds were available for germination trials, which exhibited a relatively low germination
rate of 30%. The number of seeds tested was limited in accordance with ISTA [37] standards;
nonetheless, the results may reflect potential seed dormancy or viability constraints, and
thus more research is needed on the seed viability and germination ecophysiology of the
species, in conjunction with its reproductive biology and success [38,39]. Germination
commenced on the 7th day and was completed by day 17, indicating a moderately paced
germination response under controlled temperatures (15 ◦C) and light conditions. This may
reflect the species’ adaptation to seasonal cues in its native habitat, similarly with other
oro-Mediterranean chasmophytes such as Cerastium candidissimum [20]. Field regeneration
of S. conglomeratica is likely constrained by multiple ecological pressures. As a narrow
endemic of the Mega Spilaio region, it faces threats from overgrazing, particularly by goats,
which heavily reduce reproductive output and seedling establishment [13,29]. Additionally,
habitat disturbance from tourism and land-use changes may further inhibit seed germi-
nation and survival by degrading microsite conditions necessary for recruitment [13,29].
While data on natural regeneration rates remain scarce, these observations suggest that in
situ regeneration potential is low [40].

Nevertheless, the species demonstrates a capacity for regeneration under optimized
in vitro conditions. This highlights the importance of ex situ conservation strategies such
as micropropagation and seed banking, in addition to in situ management and habitat
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restoration, to counteract its limited regenerative capacity in the wild and ensure its long-
term survival [41].

The establishment of in vitro cultures is a critical transitional phase in any micro-
propagation system, as it lays the groundwork for consistent plantlet development and
survival in subsequent phases. The use of MS/2 medium reflects a strategic decision to
reduce salt concentration, which is particularly important for sensitive species or early
seedling stages, where high osmotic potential could hinder water uptake and overall vital-
ity. The temperature and photoperiod conditions mimic those of springtime in the plant’s
native habitat, enhancing the physiological adaptation of the explants. The successful
establishment of S. conglomeratica under minimized initial stress suggests a high adaptive
capacity to artificial conditions, likely driven by physiological plasticity and reduced acti-
vation of stress-response pathways favoring growth. This effective establishment supports
subsequent shoot multiplication and contributes to the long-term feasibility of ex situ
propagation and conservation of this rare endemic species [42–44].

4.2. Multiplication Stage

Multiplication stage demonstrated that cytokinins significantly influenced shoot pro-
liferation and multiplication. Specifically, mT at 1.0 mg L−1, both alone and in combination
with 0.2 mg L−1 NAA, substantially enhanced shoot number and the multiplication index
(MI). The highest shoot proliferation, marked by up to 10.7 shoots per explant, underscores
the efficacy of mT in stimulating cytokinin-mediated shoot development. These results
align with previous studies indicating the positive role of mT in promoting shoot prolif-
eration in vitro [45–47]. The effectiveness of mT is likely due to the hydroxyl group on its
aromatic side chain, which facilitates O-glycoside formation and subsequent conversion
into active nucleosides, nucleotides, or free bases [48]. Furthermore, this stage revealed the
importance of medium selection for shoot and root development. The OM significantly
outperformed MS and MS/2 media, yielding the highest shoot proliferation (11.8 shoots
per explant) and root development parameters, likely due to its optimized nutrient balance
and osmotic properties [49,50]. Interaction effects further highlighted the impact of explant
origin on shoot elongation and spontaneous rooting efficiency, suggesting that prior PGR
treatments influence subsequent growth stages [51,52].

The multiplication stage further confirmed the pivotal role of medium strength in
combination with cytokinin concentration in regulating shoot development. A synergistic
interaction between OM/2 and 1.0 mg L−1 2iP resulted in the highest shoot prolifera-
tion, with an average of 4.3 shoots per explant. In contrast, the application of 0.5 mg L−1

2iP in full-strength OM significantly enhanced shoot elongation. These findings under-
score the importance of optimizing the balance between medium strength and cytokinin
concentration to promote both shoot proliferation and elongation [53,54].

4.3. In Vitro Rooting and Acclimatization

An efficient micropropagation protocol depends on successful rooting, as well as an
equally effective acclimatization phase. In the present study, spontaneous rooting during
multiplication stage was observed, indicating a promising rooting potential. In accordance
with this finding, the use of OM/2 supplemented with IBA resulted in successful root
induction. The presence of IBA promotes cell division and differentiation in root primordia,
enhancing vascular tissue development, and modulating endogenous hormonal balance.
These mechanisms collectively facilitate successful root formation and subsequent acclima-
tization. The application of 0.5 mg L−1 IBA notably enhanced root number, optimizing root
formation essential for successful acclimatization. These findings are consistent with prior
studies, confirming auxin’s critical function in stimulating root initiation in micropropaga-
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tion protocols [55,56]. Regarding the effectiveness of OM/2, reducing basal salt strength is
a common practice in in vitro rooting systems as it helps minimize inhibiting factors on
root induction.

The high percentages of both acclimatization and survival, as well as the flowering of
established ex vitro plants first in the greenhouse and then on the urban rooftop, not only
indicate the viability and physiological normalcy of the regenerated plants but also confirm
the potential of the developed micropropagation protocol for the long-term conservation
and sustainable use of this highly imperiled endemic species. The ability to maintain and
reproduce flowering individuals under ex situ conditions as living collections represents a
critical step toward the conservation of S. conglomeratica, permitting further research into
its reproductive biology and sexual propagation and thus supporting both germplasm
preservation and potential translocation and reintroduction actions in the future [57–60].

5. Conclusions
In conclusion, this work establishes a reliable and efficient in vitro propagation pro-

tocol for the critically endangered S. conglomeratica, developed from a limited seed stock
and tailored to support both conservation and horticultural applications. The optimized
use of plant growth regulators such as mT, NAA, and 2iP on OM across successive culture
stages, combined with effective rooting on OM/2 supplemented with IBA, led to high
multiplication rates, frequent spontaneous rooting, and an 80% acclimatization success,
with the subsequent production of robust, free-flowering reproductive individuals able
to be used for further conservation actions. These outcomes demonstrate the protocol’s
suitability for inclusion in the ex situ conservation of the species, as well as its potential
for integration into specialized nursery production and landscape design applications.
Continued research on the optimization and refinement of S. conglomeratica’s sexual and
vegetative propagation protocols, as well as additional research on the ecology and demog-
raphy of its remaining populations, is expected to further increase enhance scalability and
sustainability of viable plant production ex situ. Thus, the availability of healthy, diverse
and adaptable individuals is expected to contribute to long-term conservation efforts in the
form of population augmentation and reintroduction, as well as responsible commercial
utilization of this valuable species. At the same time, the present study is expected to serve
as a blueprint for the in vitro propagation of other exceptional imperiled Greek endemic
plant taxa, offering a viable alternative to the traditional seed banking approach.
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Abbreviations
The following abbreviations are used in this manuscript:

2iP isopentenyladenine
BA benzylaminopurine
IBA indole-3-butyric acid
KIN kinetin
MS Murashige and Skoog medium
MS/2 half-strength Murashige and Skoog medium
mT meta-topolin
NAA 1-naphthaleneacetic acid
NECCA Natural Environment and Climate Change Agency
OM Rugini Olive Medium
OM/2 half-strength Rugini Olive Medium
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