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Abstract: The introduction of new ornamental species is a challenge for the floriculture industry.
Ebenus sibthorpii is an endemic species of Greece, with a strong ornamental potential. To the best
of our knowledge, there are no studies on the in vitro propagation of this species. Therefore, the
current study aimed to determine the possibility of micropropagation of Ebenus sibthorpii as a first
step for its introduction into the floriculture industry. A preliminary study on the germination ability
of the species was also conducted on 1/2-strength Murashige and Skoog medium (MS/2), in the
range of 5–35 ◦C. Seeds germinated at 46–64% indifferently of temperature between the range of
10–30 ◦C. In vitro cultures were successfully established (77–80% explant response) from single-node
explants excised from seedlings, on MS medium either hormone-free (Hf) or supplemented with
6-benzyladenine (BA) at 0.5 and 1 mg L−1. The subsequent multiplication stage involved subcultures
in MS medium either Hf or supplemented with various cytokinin types and concentrations, while
the combination of 0.01 mg L−1 naphthaleneacetic acid (NAA) with BA was also tested. The highest
multiplication indices (3.6–4.6) were observed in media containing BA at 0.1–0.5 mg L−1, regardless
of NAA presence, and in those with 0.5 mg L−1 ZEA or 1 mg L−1 TDZ. The highest number of shoots
were formed in TDZ media, but almost half of them did not elongate. To address this, a two-fold
culture was developed, where micro-shoots produced on TDZ media were transferred to Hf, MS
or MS/2 medium to elongate. Thus, the highest multiplication index (16.4) was achieved when
micro-shoots from 1 mg L−1 TDZ medium were transferred to MS medium. The present study could
be the basis of further exploitation and conservation of E. sibthorpii.

Keywords: in vitro culture; in vitro rooting; new ornamental plant; plant growth regulators;
micro-shoot elongation; thidiazuron; tissue culture

1. Introduction

Ebenus sibthorpii DC. 1825 (f. Fabaceae) (Figure 1) is one of the two Ebenus species
endemic to Greece [1]. The genus includes 18 species with a center of diversity in the eastern
Mediterranean area [2]. E. sibthorpii grows on stony and gravelly sites as a constituent
of phrygana, road embankments and open woodlands, mainly on limestone, from 100
to 800 m altitude, in south-eastern continental Greece (Attica, northeastern Peloponnese,
eastern Central Greece and Magnesia), as well as the nearby island of Evia (Euboea) and,
surprisingly, the remote island of Rhodes in the SE Aegean region [3]. It is an evergreen,
small, procumbent, perennial bush with a woody base and a height of 50–60 cm. The leaves
are compound (imparipinnate), consisting of two to five leaflets, 1 to 3 cm long, 4 to 6 mm
wide [2]. It is very attractive during flowering, bearing pink-purple flowers in dense, showy,
broadly cylindrical racemes on long peduncles, averaging 30–50 flowers per raceme, from
April to July (Figure 1) [3]. The flower buds of the species are covered in dense hairs with a
silvery sheen, being very attractive even before opening [4]. All the above morphological
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characteristics make evident the expediency of its inclusion in the floricultural industry
for the production of potted plants, landscape plants and cut flowers, as similar shrubs of
small stature [5–13]. E. cretica is the second species of the genus native to Greece, endemic
but quite common on the island of Crete, which also has strong potential for use as a new
floricultural crop [14] and has been studied as a member of plant communities for use in
urban, Mediterranean, green roofs [15].
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The production of new ornamental species is a challenge for the floriculture industry.
‘Special’ cut flowers have been exponentially growing in popularity over the last 15 years,
favoring sustainability with minimum energy and agrochemical inputs during their pro-
duction [16]. Nevertheless, pot-plant and cut flower sales in the European Union increased
by 7% from 2006 to 2016, overcoming the global economic status [17]. Contemporary, large-
scale commercial floriculture is in dire need of the introduction and utilization of novel
crops, with the market seeking new species suitable for the new climatic conditions and
challenges of the Anthropocene. Hence, there is great interest in native, drought-tolerant
species of Mediterranean flora, and numerous studies have been published in recent years
on the introduction of drought-tolerant Greek native species into professional horticul-
ture [5,7–10,12,13,18–21]. Thus, E. sibthorpii could be introduced as a new alternative species
with the added value of its adaptation to low levels of soil moisture.

The exploitation of such new species as ornamental crops can be facilitated by the
existence of a simple, productive and low-cost propagation protocol. Micropropagation
using in vitro grown seedlings as starting material is a widespread method for the es-
tablishment of in vitro cultures, as it overcomes culture infection problems, reduces time
needed for the establishment of in vitro cultures and usually leads to high proliferation
rates [9,10,13,20–24]. On the other hand, in vitro propagation initiated from seedlings can
have a positive effect on the genetic diversity of the produced material compared to the use
of other type of explants. Thus, it permits the concurrent multiplication of different geno-
types, enhancing the selection of multiple ornamental and commercial clones, a procedure
especially important in cases of novel horticultural crops [25–27].

The occurrence of seeds with a hard exocarp is common for Fabaceae species [28].
The water-impermeable seed coat in Fabaceae species involves a specified structure that
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facilitates the entrance of the water, allowing imbibition after mechanical and/or chemi-
cal injury [29,30]. Many species of Fabaceae are high-temperature-treated to break their
dormancy [31,32].

Murashige and Skoog (MS) medium, especially in its half-strength preparation
(MS/2) [33] has been used in a previous micropropagation study of E. cretica [34]. There
are no studies on the effectiveness of MS medium on other Ebenus species. Still, both
the type and concentration of selected cytokinin effect on different responses in other
Fabaceae species during the culture establishment and multiplication stages have been
studied [35–37]. It must be mentioned that the micropropagation of E. cretica presented
several difficulties due to hyperhydridicity [38]. In the present study, in addition to other
cytokinins, the effect of thidiazuron (TDZ) (non-purine cytokinin), an artificially modified
phenyl-urea (N-phenyl-N′-1,2,3-thidiazol-5-yl-urea) was also tested for its effect on shoot
proliferation. TDZ has been used in the in vitro propagation of various plant species at
low concentrations [21,22,39]. The morphogenic response on TDZ media varies depending
on the concentration, the type of explant, and genotype. Despite decades of research, the
mechanism of action of TDZ in regulating the growth of explants remains unknown [40].

In a recent meta-analysis assessment of the extinction risk of the Greek endemic taxa,
E. sibthorpii was listed among the endangered (EN) Greek endemics due to the human-
induced degradation and alteration of its habitat [41], with the species remaining non-
evaluated by IUCN and the Greek Red Data Book for Plants. In vitro methods can be
critically important in plant conservation of desirable but threatened plant taxa, enhancing
their propagation, and thus relieving propagule collection pressure from natural pop-
ulations, while functioning as an alternative way of storing plant germplasm in living
collections. An efficient clonal propagation method with the employment of molecular
methods could enhance the use of E. sibthorpii in the ornamental plant market, with respect
to the genetic diversity and the preservation of intraspecific variability.

To our knowledge, there is no documentation in the literature concerning the micro-
propagation of E. sibthorpii. The present study is assessing the in vitro shoot proliferation
of the species starting from seedlings grown in vitro, aiming to develop an efficient micro-
propagation protocol. Furthermore, the in vitro germinability of the species was studied,
aiming to enhance the performance and success rates of its propagation.

2. Materials and Methods
2.1. Plant Material

Fully ripened seeds were collected from a population of E. sibthorpii located within the
urban core of Athens, growing in remnants of degraded Mediterranean shrubland (phry-
gana) on stony, calcareous soil, near an abandoned quarry (38◦00′53.2′′ N, 23◦45′46.9′′ E,
Attica, Greece) in July 2021. The seeds were isolated from the fruits (pods) which had
been left to mature and dry on the mother plants, dehiscing readily for seed dispersal,
indicating their complete ripening [42]. Then, the seeds were dry-stored in the dark for
3 months in paper bags (25 ◦C, 30% relative humidity); the pericarp was removed by hand
before the disinfection of the seeds. A total of 420 seeds were used for the studies on in vitro
germination.

For the micropropagation experiments, seedlings grown in vitro were used as starting
plant material.

2.2. In Vitro Germination

The seeds were immersed in hot water with an initial temperature of 90 ◦C for 12 h in
order to achieve scarification of the seed coat and breaking of the dormancy. Afterwards,
the seeds were surface-sterilized with a solution of ethyl alcohol (90%, v/v) for 10 s followed
by a 20% (v/v) solution of commercial bleach (4.6% w/v sodium hypochlorite) for 10 min.
Then, the seeds were rinsed three times, for 3 min each, with sterile, distilled water, and
cultured in vitro, in plastic Petri dishes (9 cm), containing a solid (8 g L−1 agar) half-strength
Murashige and Skoog [33] medium (MS/2). Seed incubation was carried out in constant-
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conditions growth chambers at seven different temperatures, i.e., 5, 10, 15, 20, 25, 30 and
35 ◦C and a 16-h cool white fluorescent light 37.5 µmol m−2 s−1/8-h dark photoperiod.

Germination data were recorded every second for 30 days. Germination was defined
as the emergence of the radicle that would be at least 2 mm long [43], and T50 was defined
as the needed time for germination to reach up to 50% of its maximum [44]. A total of
60 seeds were used per treatment (six Petri dishes per treatment, 10 seeds per Petri dish).
The formula proposed by Maguire [45] was used for the calculation of the germination
speed index (GSI).

GSI = G1/N1 + G2/N2 + . . . + Gn/Nn

in which: G1, G2 and Gn = number of normal seedlings counted during the 1st, 2nd and
final count; N1, . . ., Nn = number of days elapsed from the start of incubation during the
first and last count. A cut-test on the 30th day was used for the viability assessment of
those seeds that did not emerge: seeds that contained a well-formed and white–greenish
embryo were considered viable [46].

2.3. Establishment of In Vitro Cultures

Two–three days after the end of the germination experiment, E. sibthorbii seedlings
grown in vitro were transferred to a solid (8 g L−1 agar) Hf MS medium for further growth.
Single-node explants, 0.6 cm at length, derived from 60-day-old seedlings were cultured
on Hf MS medium or on MS medium supplemented with 6-benzyladenine (BA) at 0.5 or
1 mg L−1 (initial culture).

2.4. Multiplication Stage

At the multiplication stage, single-node explants (0.6 cm long) were cultured on
MS medium, either Hf or supplemented with different cytokinins, i.e., BA, zeatin (ZEA),
kinetin (KIN), at concentrations 0.1–1 mg L−1; BA was also used in combination with
naphthaleneacetic acid (NAA) at 0.01 mg L−1.

The effect of thidiazuron (TDZ) on multiplication was also tested; single-node explants
were cultured on MS medium containing 0.1, 0.5 or 1 mg L−1 TDZ, followed by a transfer
of TDZ-origin micro-shoots on Hf, MS or MS/2 medium.

2.5. In Vitro Rooting and Ex Vitro Acclimatization

Micro-shoots, 1.5 cm long, produced by sub-culturing on media with various plant
growth regulators during the multiplication stage, were transferred for rooting onto half-
strength MS (MS/2) medium, Hf or containing 0, 0.5, 1 or 2 mg L−1 indole-3-butyric acid
(IBA) or 1 or 2 mg L−1 indole-3-acetic acid (IAA).

Twelve well-formed rooted micro-shoots 1.5 cm long, selected from a total of twenty
micro-shoots that had rooted, were well rinsed with tap water. Then, they were transferred
to containers (500 mL) with a peat: perlite (1:1 v/v) substrate and covered with transparent
plastic wrap (Sanitas; Sarantis S.A., Maroussi, Greece) to maintain humidity. The containers
were placed for one week in a growth chamber (25 ◦C, 16-h cool white fluorescent light
37.5 µmol m−2 s−1/8-h dark photoperiod). Then, they were uncovered and transferred for
two more weeks into a heated glasshouse (37◦58′58.0′′ N, 23◦42′19.2′′ E). The peat used
was peat moss (Klasmann-Deilmann Gmbh, Geeste, Germany), with pH 5.5–6.5; the perlite
had particle diameters from 0.1–0.5 cm (Perloflor; Isocon S.A., Athens, Greece).

2.6. In Vitro Culture Conditions and Data Collection

In vitro cultures took place in 100 mL Magenta GA-7 vessels (7.2 cm× 7.2 cm× 10 cm;
Sigma-Aldrich, St. Louis, MO, USA), containing four explants each. The cultures were
maintained at 25 ◦C and a 16-h cool white fluorescent light 37.5 µmol m−2 s−1/8-h dark
photoperiod. The media contained 30 g L−1 sucrose, were solidified with 8 g L−1 agar (M.
Roumboulakis SA, Athens, Greece). The media pH was adjusted to 5.7–5.8 following by
agar addition and autoclaving at 12 ◦C for 20 min.
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Measurements in the vitro experiments consisted of shoot formation percentage, total
number of shoots per explant, number of long (longer than 0.5 cm, LS) and short (shorter
than 0.5 cm, SS) shoots, length of LS, number of nodes per LS, as well as percentage of
rooting, root number and root length. All establishment, multiplication and rooting data
were collected after 30 d of culture. The acclimatization percentage was recorded 21 d
after plantlets were transferred to ex vitro conditions. The “multiplication index” (MI)
was calculated by multiplying the percentage of explants that had produced shoots by the
mean shoot number per responding explant, then dividing by 0.6 (explant length during
subculture), to obtain the potential of the culture proliferation.

2.7. Experimental Design and Statistical Analysis

The completely randomized design was used and the significance of the results was
tested by one-way analysis of variance (ANOVA). Two-way ANOVA was applied for the
factorial study on TDZ effect on multiplication to highlight differences and interactions
between the culture medium (MS/2, MS) and TDZ concentration in the medium of shoot
origin (0.1, 0.5 or 1 mg L−1). Arcsine transformation was used for the data of germination,
shoot formation and rooting percentage prior to statistical analysis; the means were com-
pared by the Tukey test at p < 0.05 (JMP 14.0 software, SAS Institute Inc., Cary, NC, USA,
2013). The replicate number per each treatment is shown in the data tables. Experiments in
the multiplication stage involved five subcultures, and data for the purposes of the statisti-
cal analysis were pooled. Germination percentages were expressed as mean ± standard
error.

3. Results
3.1. In Vitro Germination

The method of seed sterilization had a success percentage of 95%. Seeds germinated at
percentages of from 45.6–64% in the 10–30 ◦C range without difference (Table 1; Figure 2).
At 5 ◦C and 35 ◦C, no germination took place. T50 was 4–6 d, while the time for full
germination was 28 d at 10 ◦C and 15 ◦C gradually decreasing to 20 d at 30 ◦C (Table 1;
Figure 2). The GSI was 48.8–69.7, with no difference between temperature treatments
(Table 1).

Table 1. In vitro germination of E. sibthorpii seeds, time taken for 50% of the final germination
percentage (T50), time for full germination and germination speed index (GSI), at 5, 10, 15, 20, 25, 30
and 35 ◦C.

Temperature
(◦C)

Germination
Percentage (%) ± SE

T50 †

(d)

Time Taken for
Full Germination

(d)
GSI

5 0 ± 0 b - - -
10 52.0 ± 3.1 a 4 28 57.8 ± 4.1
15 45.6 ± 7.0 a 4 28 48.8 ± 7.1
20 64.0 ± 8.1 a 4 26 69.7 ± 9.1
25 64.0 ± 6.7 a 6 26 60.9 ± 8.1
30 50.0 ± 14.2 a 4 20 57.5 ± 14.1
35 0 ± 0 b - - -

Fone-way * - - ns
† (T50): the days needed to reach 50% of the final germination percentage. Values 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); *, ns: significant at p < 0.05 or non-significant, respectively; n = 6, 10 seeds/Petri dish (total 60 seeds
per treatment).
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3.2. Establishment of In Vitro Cultures and Multiplication Stage

At the end of the germination experiments, E. sibthorpii young seedlings derived from
in vitro-germinated seeds were transferred onto a half-strength Hf MS medium for further
growth. Forty days after transfer, the seedlings were 4–4.5 cm tall, with 4–5 nodes of
vigorous growth of 5–7 leaves (Figure 3B).

Horticulturae 2023, 9, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 2. Germination time-course curves of E. sibthorpii seeds, in Petri dishes containing half-
strength, hormone-free MS medium, at 5, 10, 15, 20, 25, 30 and 35 °C, under 16-h light/8-h darkness 
photoperiod. Six Petri dishes per treatment (60 seeds/treatment) were used. 

3.2. Establishment of In Vitro Cultures and Multiplication Stage 
At the end of the germination experiments, E. sibthorpii young seedlings derived from 

in vitro-germinated seeds were transferred onto a half-strength Hf MS medium for further 
growth. Forty days after transfer, the seedlings were 4–4.5 cm tall, with 4–5 nodes of vig-
orous growth of 5–7 leaves (Figure 3B).  

Subsequently, the establishment of the initial in vitro cultures was successful on dif-
ferent MS media either Hf or supplemented with BA at concentrations of 0.5 or 1 mg L−1 
(Figure 4). No differences were observed in terms of explant response to form shoots (72–
80%), long and short shoot number (1.1–1.4 and 1–1.3, respectively) between different me-
dia tested (Table 2). On the other hand, shoot length was higher (2.3–2.4 cm) in media 
supplemented with BA (Table 2; Figure 4), and MI increased to 4.2 in media containing 
0.5 mg L−1 ΒΑ, with no difference, though, from media with 1 mg L−1 BA. Regarding the 
node number per micro-shoot, it was higher for the longer shoots (4.4) on 0.5 mg L−1 BA-
medium, with no difference from shoots on 1 mg L−1 BA-medium (3.4).  

 
Figure 3. E. sibthorpii seed germination in Petri dishes containing half-strength MS medium (MS/2) 
at 15 °C and 16 h light/8 h darkness photoperiod after 30 days (A) and sixty-day-old in vitro-grown 
young seedlings of E. sibthorpii on MS/2 medium (B). Bars show a length of 1 cm. 

  

Figure 3. E. sibthorpii seed germination in Petri dishes containing half-strength MS medium (MS/2)
at 15 ◦C and 16 h light/8 h darkness photoperiod after 30 days (A) and sixty-day-old in vitro-grown
young seedlings of E. sibthorpii on MS/2 medium (B). Bars show a length of 1 cm.

Subsequently, the establishment of the initial in vitro cultures was successful on dif-
ferent MS media either Hf or supplemented with BA at concentrations of 0.5 or 1 mg L−1

(Figure 4). No differences were observed in terms of explant response to form shoots
(72–80%), long and short shoot number (1.1–1.4 and 1–1.3, respectively) between different
media tested (Table 2). On the other hand, shoot length was higher (2.3–2.4 cm) in media
supplemented with BA (Table 2; Figure 4), and MI increased to 4.2 in media containing
0.5 mg L−1 BA, with no difference, though, from media with 1 mg L−1 BA. Regarding
the node number per micro-shoot, it was higher for the longer shoots (4.4) on 0.5 mg L−1

BA-medium, with no difference from shoots on 1 mg L−1 BA-medium (3.4).
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Table 2. Establishment of E. sibthorpii initial in vitro culture on Hf MS medium or MS supplemented
with 0.5 and 1 mg L−1 6-benzyladenine (BA), from single-node explants excised from in vitro young
seedlings grown on MS/2 medium.

BA
(mg L−1)

Shoot
Formation

(%)

LS †

Number
SS ††

Number

LS Shoot
Length

(cm)

Node
Number MI †††

Control 72.0 1.1 1.0 1.6 b 3.3 b 1.8 b
0.5 80.0 1.4 1.3 2.4 a 4.4 a 4.2 a
1.0 77.0 1.2 1.1 2.3 a 3.4 ab 2.7 ab

Fone-way ns ns ns ** * **
† LS: long shoot (longer than 0.5 cm); †† SS: short shoot (shorter than 0.5 cm); ††† MI: multiplication index = shoot
formation (%)×mean shoot number per explant×mean shoot length/0.6. Values followed by different lowercase
letter in each column are significantly different at the 5% level, determined by the one-way ANOVA (Tukey test,
p < 0.05). n = 36; ns, *, **: non-significant or significant at p < 0.05 and p < 0.01, respectively.

At the multiplication stage, the percentage of explants that formed shoots was over
76.7%; it was highest (95%) on TDZ media (Table 3) with no difference from BA-media
(82–84%) and the medium containing 0.5 mg L−1 ZEA (85.5%). The highest long-shoot
number (2.7) was formed on the medium with 1 mg L−1 TDZ, with no difference (2.1) from
medium with 0.1 mg L−1 TDZ (Table 3; Figure 4). TDZ media produced the highest number
of shoots (LS plus SS); however, shoot proliferation on these media was characterized by
callus formation and morphological abnormalities, i.e., hyperhydrated and deformed
shoots as well as a high number of non-elongated shoots (Figure 5). Thus, on TDZ media
the SS number was highest (1.7–2), although with no difference from 0.5 mg L−1 ZEA
medium (1.5) (Table 3). Shoot length of LS was highest on 0.1/0.01 mg L−1 BA/NAA
medium (2.6), with no difference from 0.5 mg L−1 ZEA medium (Table 3). The shoots on
0.5 mg L−1 ZEA medium had the highest number of nodes (4.7) (Table 3). The MI was
highest for media containing 0.5 mg L−1 ZEA, with no differences from 1 mg L−1 TDZ
(4.2) and BA-media (3.6–4.2) and 1 mg L−1 KIN medium or medium with 0.5 mg L−1 ZEA
(Table 3).
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Table 3. Multiplication stage: effect of different cytokinins, i.e., 6-benzyladenine (BA), kinetin (KIN),
zeatin (ZEA), thidiazuron (TDZ), at various concentrations, and auxin, naphthaleneacetic acid (NAA),
on shoot proliferation from single-node explants excised from micro-shoots of E. sibthorpii grown on
Hf MS medium or MS containing 0.1, 0.5 and 1 mg L−1 BA.

Cytokinin
(mg L−1)

NAA
(mg L−1)

Shoot
Formation

(%)

LS †

Number
SS ††

Number
LS Shoot

Length (cm)
Node

Number MI †††

Control 76.7 bc 1.2 d 1.2 bc 1.7 bcd 2.7 bcd 2.5 b
BA 0.1 0.01 84.0 abc 1.2 cd 1.0 c 2.6 a 2.8 bc 4.2 ab
BA 0.5 - 82.0 abc 1.4 cd 1.1 c 1.9 bc 3.1 b 3.6 ab
BA 0.5 0.01 82.0 abc 1.5 bcd 1.1 c 1.9 bc 2.6 bcde 3.9 ab

KIN 0.5 - 54.0 d 1.0 d 1.3 bc 1.7 bcd 1.9 ef 1.4 c
KIN 1.0 - 68.0 cd 1.3 cd 1.0 c 2.1 abc 2.3 cdef 3.0 bc
ZEA 0.5 - 85.5 ab 1.5 bcd 1.5 abc 1.4 ab 4.7 a 4.6 a
ZEA 1.0 - 78.0 bc 1.3 cd 1.0 c 1.4 cde 3.0 bc 2.5 bc
TDZ 0.1 - 95.0 a 2.1 ab 1.7 ab 0.8 e 1.4 f 2.6 bc
TDZ 0.5 - 95.0 a 1.8 bc 1,7 ab 0.9 de 1.9 ef 2.6 bc
TDZ 1.0 - 95.0 a 2.7 a 2.0 a 1.0 de 2.0 def 4.2 ab

Fone-way *** *** *** *** *** **
† LS: long shoot (longer than 0.5 cm); †† SS: short shoot (shorter than 0.5 cm); ††† MI: multiplication index = shoot
formation (%)×mean shoot number per explant×mean shoot length/0.6. Values 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 = 36, **, ***: significant at p < 0.01 and p < 0.001, respectively.
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culture approach, i.e., shoots and callus formed on explants after 4 weeks of culture on MS medium
supplemented with TDZ at 0.1, 0.5 and 1 mg L−1 ((A–C), respectively), and subsequent transfer
of micro-shoots formed in each of the previous media to Hf MS medium for elongation ((D–F),
respectively). Bars show a length of 1 cm.

3.3. Effect of TDZ Two-Fold Culture on Multiplication

A two-fold culture approach was tested, aiming to overcome the TDZ inhibitory effect
on micro-shoot elongation at the multiplication stage. Micro-shoots produced on TDZ
media were transferred onto a Hf MS or MS/2 medium. The two-way ANOVA (main
factors: TDZ concentration in the origin medium, MS medium strength of the subculture
medium) showed that different-origin explants shared the same shooting performance
between different strengths of subculture media. The LS number was strongly affected by
the TDZ concentration in the origin medium and was highest when 1 mg L−1 TDZ was
used, with no difference, however, from 0.5 mg L−1 TDZ-origin medium (Figure 5; Table 4).
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A significant interaction of the two main factors was observed regarding shoot length,
which was highest for the 0.1 mg L−1 TDZ-origin medium in both MS and MS/2 medium
(3.2 cm and 2.6 cm, respectively) and 1.0 mg L−1 TDZ-origin medium in MS medium
(2.4 cm). There were no differences for the node number, while a significant interaction
between the two main factors was observed regarding the multiplication index. The highest
MI (16.4) was observed when micro-shoots produced on 1 mg L−1 TDZ medium were
transferred onto MS medium (Figure 5; Table 4).

Table 4. Response of single-node explants derived from micro-shoots produced at the multiplication
stage on TDZ media, as affected by the concentration of TDZ (0.0, 0.5 or 1 mg L−1) in the original
medium and the strength of MS medium (full or half) at the subsequent transfer of shoots on Hf
medium.

Treatments Shooting
(%)

LS ††

Number

Shoot
Length

(cm)

Node
Number MI †††

TDZ (mg L−1)

0.1 † 1.3 b
0.5 2.0 ab
1.0 3.4 a

Medium

MS 2.5
MS/2 1.0

Interaction †

(TDZ ×Medium)

0.1 TDZ × MS 100.0 1.3 3.2 a 3.8 7.0 b
MS/2 95.0 1.2 2.6 ab 3.1 4.9 bc

0.5 TDZ × MS 85.7 2.0 1.3 c 2.2 3.7 c
MS/2 93.3 1.9 2.0 bc 2.8 5.9 b

1.0 TDZ × MS 100.0 4.1 2.4 ab 2.8 16.4 a
MS/2 89.5 2.8 2.0 bc 3.8 8.4 b

FTDZ ns *** - ns -
FMedium ns ns - ns -

FTDZ ×Medium ns ns * ns **
† When interaction is significant, factors are not considered, and mean values are not shown; ns: non-significant;
†† LS: long shoot (longer than 0.5 cm); ††† MI: multiplication index = shoot formation (%)×mean shoot number per
explant ×mean shoot length/0.6. Values followed by different lowercase letters in each column are significantly
different at the 5% level, determined by the one-way ANOVA (Tukey test, p < 0.05). n = 36; ns, *, **, ***:
non-significant or significant at p < 0.05, p < 0.01 and p < 0.001, respectively.

3.4. In Vitro Rooting and Ex Vitro Acclimatization

Micro-shoots rooted at low percentages; the rooting percentage was highest (30.0%)
on MS/2 medium supplemented with 2 mg L−1 IBA, with no difference from the rooting
percentage observed in 1 mg L−1 IBA and 2 mg L−1 IAA-media (10%) (Table 5, Figure 6). A
few (2.5–4.5) short (0.5–1.5 cm) roots were produced with no differences between different
treatments. The rooted micro-shoots were gradually decreased in growth, withered between
the 7th and 14th day, and they failed to acclimatize.
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Table 5. In vitro rooting of E. sibthorpii micro-shoots on half-strength MS medium as affected by auxin
type (IBA: indole-3-butyric acid, IAA: indole-3-acetic acid) and concentration (mg L−1).

Auxin
Concentration Auxin Type Rooting (%) Root Number Root Length

(cm)

Control - - -
0.5 IBA - - -
1.0 IBA 10.0 ab 3.0 1.0
2.0 IBA 30.0 a 2.5 1.5
1.0 IAA 5.0 b 2.0 0.5
2.0 IAA 10.0 ab 4.5 1.0

Fone-way ANOVA * ns ns
Values followed by different lowercase letter in each column are significantly different at the 5.0% level, determined
by the one-way ANOVA (Tukey test, p < 0.05); n = 25–35; ns, *: non-significant or significant at p < 0.05,
respectively.
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4. Discussion

The present study focused on the in vitro propagation ability of E. sibthorpii, an en-
demic shrub in Greece, with potential uses as a new, ornamental species, using in vitro-
grown young seedlings as starting plant material. To achieve this goal of introducing the
species into the floriculture industry, a fast and efficient propagation method is desirable.
Micropropagation could be applied in any season, overcoming the disadvantages of tradi-
tional propagation techniques, producing short, uniform and stable plantlets using limited
space and water resources [47].

Concerning the natural regeneration of Ebenus sibthorpii populations, anecdotal evi-
dence points to the sporadic germination of a persistent seedbank after a disturbance (e.g.,
fire) and/or the ongoing weakening of the hard seed coat due to the dry hot summers. At
the same time, the production of seeds in situ is observed to be usually very low, with the
population sampled in the current study exhibiting just a mere 10% reproductive success
(percentage of flowers successfully producing seeds), while the growth rate of seedlings
has been observed to be low and erratic, discouraging the use of traditional propagation
methods. The use of seeds as parental material in combination with other in vitro tools
and ex situ/in situ conservation measures can contribute to mitigating the extinction risk
of plant populations, being very useful for the rare and endangered species [48–50]. The
in vitro plant propagation sometimes is the only choice for conservation of highly endan-
gered species [51,52]. Still, it can be used as an invaluable tool for the ex vitro conservation
of “exceptional species”, whose propagules are unavailable or unsuitable for long-term
storage in conventional seed banks [53,54].

Many members of Fabaceae have seeds with seed coat dormancy, a valuable adap-
tation for the survival of plant species growing under adverse conditions in fire- and
drought-prone habitats [55,56]. This type of physiological dormancy prevents seeds from
completing germination even under favorable conditions, with impermeable structures
surrounding and constraining the embryo prior to their removal, blocking water imbibi-
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tion [57,58]. In the present study, hot water immersion was used, which had a favorable
effect and led to satisfactory germination percentages of up to 64 ± 6.7%. The thermal
pretreatment of hard-coated seeds with hot water shows distinctly different promotive
patterns with those of mechanical scarification, with the heat shock inducing cracks on the
lens of hard-seeded Fabaceae [59]. The limited number of wild-collected seeds did not allow
other dormancy-breaking treatments to be tested in germination experimentation, but in a
previous preliminary experiment, seeds not treated with hot water did not germinate. The
present germination scores are lower compared to the germination percentages of E. cretica
previously reported by Vlahos and Dragassaki [38], who measured 93% germination at
22 ◦C, with seeds receiving no prior treatment. The differences in germination percentages
of these two Ebenus species suggest species-specific differences in the anatomy and ecophys-
iology of their seeds, with a strong genetic and evolutionary basis as products of natural
selection in different habitats [60,61]. Variations in seed size, germination rate and viability
have been observed between different species of the same genus, e.g., in Onobrychis and
Salvia [62,63], and sometimes even within the same genotype of a species [64–66]. Never-
theless, the environmental parameters during seed production, maturation and storage
strongly affect seed behavior and should always be assessed, if possible, as they have been
proven to significantly affect the germination of other hard-seeded Fabaceae genera, such
as Hedysarum [67,68]. The germination percentages of E. sibthorpii are similar to those of
other Fabaceae species, i.e., Acacia mearnsii [69], Senna artemisioides ssp. × coriacea [32],
Senna spectabilis [70] and Senna artemisioides [36] in which a hot water pre-treatment of the
seeds had been suggested as well.

The minimum cardinal temperature was defined at 10 ◦C, while the maximum cardinal
temperature was defined at 30 ◦C, with no differences in both the germination percentages
and GSI (Table 1). It could, thus, be claimed that E. sibthorpii has lower and upper thresholds
close to 5 ◦C and 40 ◦C, respectively, indicating the indifference of the species towards
germination temperature, a common trait between hard-seeded species [30]. The present
hot water treatment had a positive effect, but more research could lead to an increase in the
germination percentages.

The establishment of E. sibthorpii in vitro initial cultures was successful, being of
paramount importance for its subsequent in vitro culture, as a rapid and efficient micro-
propagation protocol of the species could accelerate efforts both for conservation and
exploitation. Several regionally restricted species such as Origanum dictamnus, Neoregelia
cruenta and Brighmania insignis have been introduced in commercial ornamental horticulture
despite their endangered status, easing demand and lessening the impact of overharvesting
on their natural populations [53,71–73]. The in vitro response of node explants depends
on the nutrient media and the effect of plant growth regulators that control the physiolog-
ical alteration in the plant tissue. Different types and concentrations of cytokinins were
found to be effective at stimulating axillary shoot development, with the formation and
development of normal, elongated shoots on most media tested. In a number of species
native to thermo-Mediterranean plant communities, such as phrygana, the addition of BA
to the substrate, at rather low concentrations, favors the proliferation of shoots, increasing
their number [74]. An increase in the BA concentration causes an increase in the number of
shoots produced but at the same time a decrease in their length [7,9,10,13,20,23,75]. In the
present work, this did not seem to be verified, while the combination of low concentration
of BA with NAA was favorable in shoot elongation, possibly due to the effect of NAA.

In media containing TDZ, more shoots were formed, which were shorter in length, and
more solid callus growth was observed compared to other media. The effects of the TDZ
supplementation into the MS media can be varied, its addition in growth media being linked
with either higher multiplication rates [76,77] or/and adverse effects, such as the formation
of abnormal shoots [78–80]. Thus, in addition to experimentation with different types and
concentrations of cytokinins, a two-fold culture was developed during the multiplication
stage. In the first stage, TDZ was used for the establishment of single-node explants in vitro
cultures, with the aim to produce multiple shoots, while the second stage consisted of
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the subculture of single micro-shoots produced in the previous stage in hormone-free
medium for their elongation. This method has been previously used successfully for the
micropropagation of ×Malosorbus florentina Zucc., a rare and endangered native tree of
Greece [81], and of Sphaerophysa kotschyana, an endangered, monotypic herbaceous Fabaceae
endemic to Turkey [82].

In the current study, the root formation in micro-shoots was low, a common prob-
lem observed during micropropagation of woody species, which can create considerable
obstacles in the economic viability of micropropagation protocols [83]. In some cases,
the cytokinin content of the proliferation media can affect micro-shoot rooting (carry-over
effect). It has been observed that in Lens culinaris (lentil), the longer the shoots were exposed
to cytokinins, the stronger was the latters’ inhibitory effect on the in vitro rooting of the
shoots [84,85]. Furthermore, TDZ in the regenerated shoots of Sophora flavescens inhibited
root organogenesis [86], a phenomenon also observed in the micropropagation of various
other species [87].

Due to the low rooting percentages, there was not an adequate quantity of plantlets to
proceed to ex vitro acclimatization experiments. Only 12 plantlets had good morphological
characteristics and were tested for acclimatization. From those, none survived the acclima-
tization stage. Different factors could affect the growth and lead to plantlet death during
their transfer from the in vitro to ex vitro conditions, such as the morphological, anatomic,
and physiological aberrancies and inadequacies of the rooted micro-shoots [88–90].

In vitro rhizogenesis has been previously assessed as a complex phenomenon during
the study of multiple ornamental crops, with various factors, both intrinsic and external, af-
fecting the induction and growth of adventitious roots at the basal end of micro-shoots [83].
Still, in vitro species recalcitrance has often been studied for a series of species [90–92]. At
the same time, the ex vitro acclimatization of the plantlets produced in vitro can have a
crucial impact in the success of any proposed micropropagation protocol, with an intricate
interplay of morphological, physiological and environmental parameters affecting the sur-
vival of the acclimatizing rooted micro-shoots [90–92]. Consequently, the lack of success at
the stage of rooting and ex vitro acclimatization of E. sibthorpii, a problem often encountered
during the introduction of novel floricultural species into in vitro propagation, shall be
studied in detail in future research stemming from the findings of the current paper.

5. Conclusions

To our knowledge, the present research is the first on in vitro seed germination and
culture of E. sibthorpii. Three-month-old E. sibthorpii seeds germinated, registering good
percentages, the cardinal germination temperatures defining at 10 ◦C to 30 ◦C. Regarding
the efficiency of the micropropagation method, successful establishment of cultures was
carried out on MS medium containing 0.5 mg L−1 and 1 mg L−1 BA. The two-fold culture
at the multiplication stage, i.e., culture on 0.5 or 1 mg L−1 TDZ medium followed by
micro-shoot transfer on Hf medium, was efficient in securing satisfactory multiplication
rates and shoots of good quality.

An efficient germination method is reported, with a subsequent successful establish-
ment of in vitro cultures and a good shoot multiplication. The rooting capacity of the
produced micro-shoots was very low, while the ex vitro acclimatization of regenerated E.
sibthorpii plantlets was unsuccessful. Further studies are needed to improve the in vitro
rooting and acclimatization efficiency of E. sibthorpii microplants. The currently described
method could serve as a promising starting point for the commercial exploitation and
conservation of this species, whose characteristics make it a potential new floricultural
crop, given that the problems encountered in the final stages of its micropropagation are
overcome.
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