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Abstract: In this study, a reliable and efficient micropropagation protocol was devel-
oped for Stachys byzantina, a valuable and promising ornamental species. For the initial
in vitro cultures on the Murashige and Skoog (MS) medium, shoot tips were used as
explants. The addition of 5 uM of kinetin (KIN) resulted in the production of multiple
(6.0 shoots/explant) and elongated (3.6 cm) shoots. The MS medium supplemented with
10 uM of a-Naphthaleneacetic acid (NAA) proved efficient for the in vitro rooting (73.3%)
of the microshoots. For the ex vitro rooting of the microshoots, the treatment with 0.5 g L~?
of Indole-3-butyric acid potassium salt (K-IBA), before planting in 1:1 (v/v) peat and perlite
substrate and placed in a fog system, led to 86.7% rooting. The acclimatization stage
was successful, and 96.7% survival was recorded for the ex vitro-rooted plantlets. Inter
Simple Sequence Repeat (ISSR) markers were employed to examine the genetic uniformity
of the in vitro-derived plantlets with the mother S. byzantina plants. The monomorphic
banding pattern in the micropropagated plants and the mother plant confirmed the genetic
uniformity of the in vitro-derived plantlets and revealed the reliability of the proposed
in vitro protocol for S. byzantina. As far as we know, this is the first study on a combined
micropropagation and genetic uniformity assessment of the species, the findings of which
could be further used to apply new in vitro cultivation techniques or to produce elite
genotypes of S. byzantina.

Keywords: acclimatization; genetic uniformity; IBA; NAA; new ornamental crop

1. Introduction

Modern ornamental horticulture supports the need to explore and introduce new
plant species, adapted to climate change. However, the selection of suitable species is a
challenge due to the diversity of plants and their varied morphological traits. Plants with
specific ornamental and morphological characteristics, such as colorful foliage or naturally
compact growth, can be effectively used in the landscape architecture and floriculture
industry, either as potted or ground cover plants [1].

Stachys byzantina K. Koch (syn. S. lanata) is an evergreen, herbaceous perennial species
of the cosmopolitan genus Stachys (f. Lamiaceae). The plant is one of approximately
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54 species and subspecies of Stachys, which can be found in Greece [2]. It is also called
lamb’s ear, because of the curved shape of its leaves and its white, soft, fur-like hair coating.
S. byzantina is native to Armenia, Iran, and Mediterranean regions, and is found in semi-arid
grasslands and phrygana ecosystems [3]. The plant blooms in late spring to early sum-
mer, forming spike-like stems, 50-60 cm in height, bearing small, pink—purple/lavender
flowers [4]. Various Stachys species are considered of great ornamental value, due to their
grey-colored foliage, and are recommended for use in Botanical Gardens [5]. The plant can
be used as a unique species in urban landscapes as well, due to its extraordinary foliage,
which makes it suitable for green roof establishment, contributing to storm water man-
agement [6]. Additionally, according to the literature, S. byzantina has anti-inflammatory,
antitumor, and anti-cancer properties [3,7,8]. It contains valuable chemical constituents,
such as fatty acids, alkaloids, and other bioactive compounds [9].

S. byzantina is characterized by bushy forms, with numerous shoots, and its closely
spaced internodes, which make rooting and propagation challenging [10]. In vitro prop-
agation methods could reinforce the development of optimized in vitro protocols for the
exploitation of new biotypes, in large quantities [11-15]. The main advantages of micro-
propagation are that it enables the mass production of better new plants, which are free
from pests and pathogens, in less time and space, and all year round [16]. It is estimated
that the global annual in vitro production of ornamental plants has increased from EUR
800 million to EUR 2 billion over the past decade [17]. A recent study states that the micro-
propagation market size will reach EUR 2.5 billion by 2030 [15]. Europe plays a significant
role in the global micropropagation market, with approximately 140 commercial in vitro
production laboratories [17].

There is a number of studies on the in vitro propagation of some Stachys species [18-21].
However, to the best of our knowledge, there is no specific protocol for the in vitro propa-
gation of S. byzantina. Legkobit and Khadeeva reported preliminary data on the in vitro
culture of S. byzantina, using B5 Gamborg’s nutrient medium, with 1 to 20 mg/L of Benzy-
laminopurine, but limited data for the explant growth was provided and no information
on the acclimatization performance was presented [10].

Stressful conditions during in vitro culture may lead to somaclonal variation in new
plants with or without ornamental value [22,23]. Thus, it is crucial to assess the genetic
uniformity of in vitro-derived individuals and the mother plants and evaluate the cultural
potential of these new ornamentals for commercial utilization [24]. Various molecular
markers have been used to assess genetic variation, such as the ISSR (Inter Simple Sequence
Repeat). The technique is cost efficient, requiring small amounts of DNA [25]. Moreover,
ISSRs have been used successfully in regard to a number of species, such as Ardisia cre-
nata, Ficus religiosa, Lycium chinense, Nepeta asterotricha, Prunus salicina, Sideritis gulendamii,
Solanum khasianum, and Gardenia jasminoides [26-33].

The present research aims to investigate the potential for in vitro establishment, mul-
tiple shoot production, and in vitro and ex vitro rooting of S. byzantina microshoots, as
well as the acclimatization of rooted plantlets. Additionally, the genetic uniformity of the
produced plantlets was assessed in comparison to the mother plants. Therefore, the goal of
this research was to develop an efficient and reliable protocol for the quick and large-scale
production of healthy, standardized propagating material. This approach could support
the broader use of S. byzantina in ornamental horticulture and in landscape architecture.

2. Materials and Methods
2.1. Plant Material and Explant Disinfestation

Shoot tips (1-1.5 cm long, 34 nodes each), excised from one-year-old S. byzantina
plants, were used as explants. The mother plants were grown in 5 L pots, containing a



Horticulturae 2025, 11, 530

30f16

substrate of 3:1 (v/v) peat (TS2, Klasmann-Deilmann, Geeste, Germany) and perlite (Isocon,
Athens, Greece), and maintained in a glass greenhouse as part of the Floriculture Laboratory
at Aristotle University, Thessaloniki. For explant disinfestation, they were first washed
under running tap water for 20 min. Then, the explants were transferred to a thread-flow
bank and dipped in a dilute solution of 0.08% HgCl, for 5 min, where the immersion and
simultaneous agitation of the explants was performed. This step was followed by two
rinses with sterilized—distilled water, 4 min each. Finally, a 1% NaOCI solution was used,
followed by three rinses with sterilized-distilled water, 4 min each. The above process was
carried out in spring and summer and 200 explants were used during each period.

2.2. Establishment of In Vitro Cultures

The initial culture of the explants was carried out in MS nutrient medium [34], sup-
plemented with 2% (w/v) sucrose and 0.8% (w/v) agar (Technobiochem, Athens, Greece).
Glass test tubes (10 x 3 cm, 10 mL medium each) were used for the cultures. The pH of
the nutrient media was adjusted to 5.8, prior to agar inclusion. The sterilization of the
media involved autoclaving for 20 min at 121 °C and 122 kPa, prior to explant placement.
All the in vitro cultures were maintained in a plant growth chamber, with a photoperiod
of 16 h, provided by cool white fluorescent lamps, with a photosynthetic photon flux
density (PPFD) of 46 umol m~2 s~ at the glass tube level and a temperature of 22 4- 0.1 °C.
After a 3-week period, the explants’ survival rate was assessed. For each treatment, four
replications of twenty-five explants each were used.

2.3. Shoot Multiplication
2.3.1. Effect of Growth Regulators

Following the initial culture, a subculture was conducted on solid MS media sup-
plemented with four different concentrations (0, 5, 10, 20 uM) of 6-Benzylaminopurine
(BAP; Sigma-Aldrich, St. Louis, MI, USA) and kinetin (KIN; Sigma-Aldrich, St. Louis, MI,
USA). The in vitro cultures were maintained in a plant growth chamber with the same
environmental conditions as described previously. In each treatment, thirty explants (three
replications of ten explants each) were used. At the end of the 4-week culture period, shoot
formation (%), as well as the number and the length (cm) of the new shoots, were measured.

2.3.2. Effect of Nutrient Medium

To find out the most efficient nutrient medium for the production of multiple shoots on
the explants, two media, namely WPM [35] and MS, with different strengths (1:1, 1:2, 1:4),
were tested. All the nutrient media contained 5 uM of KIN. The explants were derived from
in vitro cultures from the previous stage and all the cultures were maintained in a growth
chamber, as described previously. For each treatment, three replications of ten explants
each were used. Measurements were taken 4 weeks after establishment and concerned the
frequency of shoot formation, as well as the number and the length (cm) of the new shoots.

2.4. Rooting of Microshoots
2.4.1. In Vitro Rooting

Axillary shoots (1.5-2 cm in length, with 2—4 leaves), produced from cultures from
the previous multiplication stage, were excised and transferred for rooting on a solid
MS medium. The medium was supplemented with 0, 1, 5, or 10 uM of Indole-3-butyric
acid (IBA; Sigma-Aldrich, St. Louis, MI, USA) or a-Naphthaleneacetic acid (NAA; Sigma-
Aldrich, St. Louis, MI, USA). The cultures were maintained in a growth chamber, according
to the environmental conditions mentioned previously. Ten shoots in three replications
were used for each auxin and concentration. After 5 weeks, the rooting rate and the number
and length of the roots (cm) were calculated.
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2.4.2. Ex Vitro Rooting

Axillary shoots (1.5-2 cm in length, with 2—4 leaves), derived from in vitro cultures,
were first treated as microcuttings, with or without Indole-3-butyric acid potassium salt
(K-IBA; Sigma-Aldrich, St. Louis, MI, USA) and, then, were transferred for rooting in
multi-cell propagation trays (cell volume 34 cc), filled with peat or peat-perlite (1:1, v/v).
When K-IBA was used, the basal portion of the shoots was dipped, for 10 s, into a water
solution containing 0.5 g L~ of K-IBA. The trays were then placed into a fog rooting system.
The temperature at the root zone was adjusted to 19 &= 1 °C, while the ambient temperature
in the fog system was 21 £ 1 °C and the relative humidity (RH) was 96 £ 2%. A total of 40%
shading was provided over the trays by a cloth net (photosynthetic photon flux density
approximately 175 pumol m~2 s~1). After 5 weeks, the shoot rooting frequency (%) and the
number and length (cm) of the roots were measured. Thirty shoots in three replications
were used for each substrate and K-IBA treatment.

2.5. Acclimatization of Young Plantlets

The rooted plantlets from both the in vitro and ex vitro rooting conditions were
transplanted into nursery trays (8.5 x 8.5 x 9 cm), filled with a 3 peat/1 perlite (v/v)
mixture, and placed in a greenhouse bed, with a natural photoperiod of 12-14 h and an
ambient temperature of 24 £ 2 °C, under a polyethylene cover for shading, equipped with
a fogging system. The initial RH of 95% under the polyethylene cover decreased gradually
to 75%, while the light irradiance gradually increased, with the aim of approaching the
conditions of the natural environment in a 3-week period. Three replications of ten plantlets
each were used for each rooting condition. After three weeks, the plantlet survival rate
was calculated.

2.6. Genetic Stability Assessment Using ISSR Markers

For the genetic assessment, genomic DNA (gDNA) was extracted from the leaves
of 12 randomly selected S. byzantina plantlets, 5 weeks after acclimatization, and from
the mother S. byzantina control plant, using the ammonium bromide (CTAB) method, as
described by Tsaktsira et al. [36]. The quality and quantity of gDNA was verified using
NanoDrop 2000 (Thermo Electron Corporation, Waltham, MA, USA) and the samples were
diluted with TE buffer to 20 ng/uL (10 mM Tris: 0.1 mM EDTA; pH 8.0) and stored at
—18 °C. Nine ISSR primers were used with the codes ISSR UBC 807, 809, 810, 811, 812, 815,
816, 818, and 821 (University of British Columbia, Vancouver, BC, Canada), with the most
intense and sharpest zones, selected following tests conducted on a total of 20 primers.

The ISSR amplifications were carried out in solution with a volume of 20 pL, containing
40 ng total DNA, 0.16 uL Kapa Taq DNA Polymerase, 20 ng dNTPs, 2 uL. Kapa PCR buffer A,
and 20 ng from each primer, and ultra-pure water. The amplifications were performed using
a chain of processes: an initial denaturation step at 94 °C for 5 min, 35 cycles comprising
of a denaturation cycle at 94 °C for 1 min, 1 min of annealing at a specific temperature
for each primer, and annealing at 72 °C for 2 min. The final extension step was carried
out at 72 °C for 10 min. For the PCR amplifications, the SimpliAmp™ Thermal Cycler
(Life Technologies, Thermo Fischer Scientific, Waltham, MA, USA) was used. The DNA
amplification products were separated on 1.5% agarose gel, using 1 x TAE buffer (Tris,
acetic acid and EDTA), and stained with ethidium bromide. The gels were photographed
under UV light and the size of the amplification products (zones) was estimated using a
1 kb DNA ladder. Two independent PCR amplifications were performed for each sample.
The ISSR zones were compared with each other for all the DNA samples to ascertain the
genetic similarity of the plant material.



Horticulturae 2025, 11, 530

50f 16

2.7. Statistical Analysis

The micropropagation experiments were conducted using complete randomized de-
signs. The statistical analysis of the data was based on an analysis of variance (ANOVA).
Prior to the statistical analysis, the data expressed as percentages were subjected to arcsine
transformation in terms of their proportions and were then transformed back to percentages
in order to be presented in tables. Mean separation was performed using Duncan’s multiple
range test, at p < 0.05. All the statistical analysis results were generated using the SPSS 27
software (IMB, Statistical Package for the Social Sciences, Chicago, IL, USA).

3. Results and Discussion
3.1. Establishment of In Vitro Cultures

The disinfestation treatment, with 1% NaOCI for 3 min, followed by 0.08% HgCl,
for 5 min, proved effective, and the highest percentage of healthy S. byzantina explants
of 70% was observed during the summer period (Table 1). On the other hand, the ex-
plants collected in the spring showed a lower survival rate of 61%. In a previous study,
0.1% mercury bichloride was employed for the disinfestation of explants grown on B5
Gamborg’s nutrient medium, with no reported success rates [10]. The variable response
of the explants to disinfestation could be due to the seasonal effect of explant collection,
which has been reported for many woody species [37-39]. The application of a fungicide
solution in conjunction with sodium hypochlorite could improve the overall efficacy of the
disinfestation process [40,41].

Table 1. Survival rates (%) following disinfestation of S. byzantina explants, observed during the
spring and summer period (mean =+ standard deviation).

Explant Collection Period Survival Rate (%)
Spring 61.0£33b*
Summer 700+33a

* The means with different letters are significantly different, according to Duncan’s multiple range test, at p < 0.05.

3.2. Shoot Multiplication
3.2.1. Effect of Growth Regulators

The S. byzantina explants fully responded to (100%) and produced new shoots during
the multiplication stage. The highest shoot number was observed on the MS nutrient
medium containing 5 uM of KIN, resulting in an average of six shoots/explant (Figure 1B).
The lowest number of new shoots was observed on the media supplemented with BAP
(1.7-2.9 shoots/explant) (Table 2, Figure 1A). In contrast, the use of 1-20 mg L~! of BAP
(~4.6-90 uM) in other Stachys species, like S. sieboldii and S. ocymastrum, led to the pro-
duction of multiple shoots [10]. The same trend was reported by Mantovska et al. [42]
in a study carried out on Stachys leucoglossa (a Balkan endemic species), which revealed
that the most effective medium for in vitro multiplication was the MS medium containing
0.5mgL~! (~2.3 uM) of BAP. The application of KIN resulted in more than a two-fold
increase in the number of new shoots compared to BAP (Figure 1A,B). The shoot elongation
was greater (5.7 cm), as expected, on the control media, while on the KIN-containing media,
the shoot length was greater than the BAP-containing media (3.6—-4.3 cm and 2.4-2.4 cm,
respectively) (Table 2).
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3
B L %
Figure 1. In vitro response of S. byzantina explants during multiplication stage in terms of shoot

formation, after 5 weeks of culture on MS media, containing: (A) 5 uM BAP; and (B) 5 uM KIN. The
black bar in the images corresponds to a size of 1 cm.

Table 2. Effect of different concentrations (0.5, 10, 20 uM) of BAP and KIN on shoot number and
shoot length of S. byzantina explants in vitro (mean + standard deviation).

Concentration Number of Shoots Length of Shoots (cm)
(uM) BAP KIN BAP KIN

0 (control) 374+025c* 37+025¢ 57+035a* 57+035a

5 2940.28d 6.0 £0.50 a 2740.28d 36+050c

10 1.9+£028e 49+028b 294+0.38d 43+£030b

20 1.7+028e 3.0+050d 24+0.15d 37+020c

* The means, among the eight treatments, with different letters are significantly different, according to Duncan’s
multiple range test, at p < 0.05.

The proliferation rate observed in the present study was more than twice that reported
by Legkobit and Khadeeva [10] on the B5 medium, which yielded 3.1 shoots per explant,
with an average shoot length of 2.7 cm. Notably, even in the absence of growth regulators
(control), both the shoot formation and proliferation rates were satisfactory, aligning with
the findings by Panayotova et al. [43], who reported an excellent regeneration rate for
Stachys maritima, with vigorous growth on a hormone-free MS medium. Nevertheless, an
improvement in the shoot formation, and a sufficient length as well, was noticed when
5 uM of KIN was added to the nutrient medium. Hence, KIN in a low concentration (5 uM)
was found to be the most efficient cytokinin for S. byzantina explant in vitro multiplication.

3.2.2. Effect of Nutrient Medium

All the explants cultured in either the MS media (Figure 2A) or WPM (Figure 2B)
fully responded and formed new shoots. However, shoots formed in the MS media were
more vigorous, while those cultured in WPM showed chlorosis after five weeks. The shoot
proliferation rate was higher in the MS media compared to WPM, with the best results
observed at a strength of 1:1 and 1:4 (2.9 shoots/explant) (Table 3). On the other hand, in
WPM at a strength of 1:4, only 1.8 shoots/explant were formed. Legkobit and Khadeeva
reported that the B5 medium was effective in regard to the in vitro establishment and
multiplication of S. byzantina explants [10]. The present study did not evaluate the B5
medium due to the fact that the MS medium was shown to be effective in regard to in vitro
shoot multiplication. Furthermore, the MS medium has also been reported as the most
suitable medium for both the initial and multiplication stages for other Stachys species,
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ie., S. leucoglossa [42] and S. maritima [43]. The strength of the nutrient medium was not
a crucial factor for shoot multiplication in vitro. However, the MS medium proved to be
superior to WPM in terms of shoot production (Table 3). The measurements of the shoot
length indicated that MS strengths of 1:1 and 1:2 resulted in longer shoots (2.9-3.2 cm)
compared to those of WPM (2.2-2.5 cm). At a strength of 1:4, the shoot lengths were not
statistically different between the MS and WPM media (2.9 cm and 2.8 cm, respectively)
(Table 3).

Figure 2. Multiple shoot production by S. byzantina explants in: (A) the full-strength MS medium;
and (B) the WPM medium. The yellow bar in the images corresponds to a size of 1 cm.

Table 3. Effect of different strengths (1:1, 1:2, 1:4) of WPM or MS nutrient media on the number and
length of shoots of S. byzantina explants produced in vitro, after five weeks of culture (mean =+ stan-
dard deviation).

Nutrient Medium Number of Shoots Length of Shoots (cm)
Strength WPM MS WPM MS
1:1 224+020cd* 294+010a 22+£011c* 32=£015a
1:2 214+0.23cd 25+010bc 25+£010bc 3.0+£0.11a
1:4 1.8+0.20d 29+050a 28+047ab 29+0.10ab

* The means, among the six treatments, with different letters are significantly different, according to Duncan’s
multiple range test, at p < 0.05.

The effect of the nutrient medium strength may vary among different species and
depends on the type and the physiological condition of the explants. Thus, the in vitro
multiplication and growth of Typhonium flagelliforme was improved when the MS strength
was decreased [44]. The same trend was also noticed in Delphinium cardinale, in which the
best multiplication rate was assessed when the strength of the MS nutrient medium was
reduced to 1:3 [45], as well as in Swertia chirata Buch, wherein the reduction in the strength
of the medium resulted in a decline in the number and length of the shoots [46]. On the
contrary, in Pogostemon cablin, more shoots were produced in full-strength MS compared to
V5 strength MS [47]. In this study, the influence of various nutrient media strengths on the
shoot multiplication of S. byzantina explants was rather limited in the MS medium, while a
4 strength of WPM produced longer shoots than ¥ or full-strength WPM.

3.3. Rooting of Microshoots
3.3.1. In Vitro Rooting

The rooting of shoots achieved high rates (73.3%), in a 5-week period, with the applica-
tion of 10 uM of NAA, while no rooting was observed either in the control medium or in the
medium containing 1 uM of IBA (Table 4). The rooting rate in the other two IBA treatments
did not exceed 17%. On the other hand, the addition of NAA was crucial for the in vitro
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rooting of the shoots. As the concentration of NAA increased, higher rooting rates were
achieved. Thus, a lower rooting rate was noticed in the treatment with 1 uM of NAA (10%);
the application of 5 uM of NAA led to a rooting rate of 46.7%, while when 10 uM of NAA
was applied, a rooting rate of 73.3% was recorded (Table 4, Figure 3B). The same trend was
also noticed in regard to the number and length of the roots formed. Hence, when 1 uM of
NAA was applied, two roots, 0.7 cm in length, were formed, while the addition of 10 uM of
NAA, led to the development of more and longer roots (2.9 roots, 1.6 cm in length) (Table 4).
Overall, the application of 5 or 10 uM of NAA led to the production of nearly twice the
number and length of the roots compared to those formed with IBA (Figure 3A,C).

Table 4. In vitro rooting (%), number and length of roots of S. byzantina shoots, in MS media, with the
addition of different concentrations (0, 1, 5, or 10 uM) of IBA and NAA (mean =+ standard deviation).

Concentration Rooting (%) Number of Roots Length of Roots (cm)
(uM) IBA NAA IBA NAA IBA NAA
0 (control) 0 0 0 0 0
1 10.0£270c* 0 20+10c* 0 0.7+02cd*
5 13.3£882¢c 46.7+335b 1.3£057c¢ 26+02b 05+01d 1.1£01b
10 16.7£335¢ 733 +6.65a 1.7 £057c¢ 29+02a 08+02c 1.6 £02a

* The means, among the eight treatments, of each rooting regulator with different letters are significantly different,
according to Duncan’s multiple range test, at p < 0.05.

Figure 3. In vitro rooting of S. byzantina shoots in MS nutrient medium, supplemented with: (A) 5 uM
IBA; (B) 5 uM NAA; and (C) 10 uM IBA. The yellow bar in the images corresponds to a size of 1 cm.

The shoots of S. byzantina formed roots promptly in high concentrations of NAA,
exhibiting an adequate rooting ability and a well-formed rooting system. In contrast,
Legkobit and Khadeeva [10] reported that bushy forms, with numerous shoots, whose
internodes were closer to each other, were usually difficult to root or propagate via cuttings.
Thus, they proposed the division of the bush into two or three parts and the supply of
the nutrient medium with 0.5-1.0 mg L~! of IBA and Gibberellin (~2.5-5 uM IBA and
1.5-3 uM Gibberellin). The bushy form of the plants is usually not desired by nurseries,
which prefer single-stemmed plants, so that they can shape them in any way they wish.
Thus, in our study, from each in vitro culture, 2-3 rooted plantlets were produced, ready
for transplanting.

The lack of rooting regulators in the nutrient medium resulted in the inability of S.
byzantina shoots to form roots, which is in line with the findings by Kevers et al. [48], who
stated that during the rooting induction phase, the exogenous application of auxins, even
at low concentrations, promotes rooting. The formation of adventitious roots is generally
a complex genetic trait, regulated by the interaction of environmental and endogenous
factors, and auxin is a key regulator in this process [49]. It is evidence that some woody
species, like Viburnum dentatum [50], root rather easily in vitro without auxin application,
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while other species, like Pyrus elaeagrifolia ‘Pallas’, require various auxins for in vitro rooting
induction [51]. Mantovska et al. [42] reported that the rooting rate of Stachys leucoglossa
in WPM media supplemented with 2.5 uM of IBA and 3 uM of NAA was 60% and 40%,
respectively. As Legkobit and Khadeeva [10] stated, in vitro cultures of different Stachys
species, growing under the same conditions, differed in regard to their behavior. Thus,
the media and the concentrations of rooting regulators should be selected individually, for
each case. In the present study, NAA enhanced the rooting of the shoots in terms of the
root formation rate (%), root number, and root length. However, a high auxin concentration
can be toxic when inducing ethylene production, which, in turn, can result in growth
inhibition [52].

3.3.2. Ex Vitro Rooting

The ex vitro shoot rooting was affected by both the K-IBA application and the substrate
used (Table 5). The application of 0.5 g L' of K-IBA was crucial for the rooting success and
led to a 4-6-fold increase in the shoot rooting rates compared to untreated shoots. Thus,
when K-IBA was applied in peat substrate, the rooting rate of the shoots increased from 16.7
(Figure 4C) to 73.3% (Figure 4A). Similarly, in the mixture of peat and perlite, the application
of K-IBA led to an increase in the rooting rate from 13.3 to 86.7%. Furthermore, the mixture
of peat/perlite (1:1) was more effective in regard to the rooting of S. byzantina shoots
treated with K-IBA (Figure 4B) than those in peat (Figure 4A), whereas no statistically
significant differences were found in the rooting of untreated shoots between the two
substrates (Table 5). The number of roots was 4-5 times higher in substrates with K-IBA
(Figure 4A,B) compared to substrates without K-IBA (Figure 4C,D). In the peat—perlite
mixture, 6.2 roots/shoot were formed following the application of K-IBA (Table 5). The
same trend was also noticed in regard to the length of the roots. Thus, longer roots were
recorded in the peat—perlite mixture with the use of K-IBA (5.1 cm long), followed by peat
with K-IBA (4.2 cm long) (Table 5).

Table 5. Ex vitro rooting rate (%), number, and length of roots of S. byzantina shoots in different
substrates, with or without the use of K-IBA (0.5 g L~!) (mean + standard deviation).

Rooting (%) Number of Roots Length of Roots (cm)
Substrate
+K-IBA —K-IBA +K-IBA —K-IBA +K-IBA —K-IBA
Peat 733+33b* 167+335c 48+02b* 10£01d 42+026b* 14+£03c¢

Peat-Perlite (1:1)

86.7 £ 6.65a 133+£335c 62+026a 1.3+£02c¢ 51+026a 09+02d

* The means, among the four treatments, with different letters are significantly different, according to Duncan’s
multiple range test, at p < 0.05.

Figure 4. Ex vitro rooting of S. byzantina shoots following: (A) immersion of their base in 0.5 g L™
K-IBA and planting in peat; (B) immersion of their base in 0.5 g L~! K-IBA and planting in the
peat—perlite mixture (1:1); (C) planting without K-IBA in peat; and (D) planting without K-IBA in the
peat—perlite (1:1) mixture. The yellow bar in the images corresponds to a size of 1 cm.
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A successful micropropagation system presumes that the formation of healthy roots
has occurred for the subsequent establishment of the plantlets in the soil and the produc-
tion of well-growing plants. Many studies report higher rooting and survival rates, as
well as greater plant uniformity, as reasons for proposing the use of the in vitro rooting
method for plant production, involving species such as Spiraea betulifolia [53], Pseudostellaria
heterophylla [54], Siraitia grosvenorii [55], and Acer rubrum L. ‘Red Sunset’, Betula nigra L.,
and Malus x domestica Borkh ‘McIntosh” [56]. This study highlighted the high rooting
rate of microshoots treated ex vitro with K-IBA, due to their ability to adapt from a sterile
and controlled in vitro environment (temperature, humidity, light intensity) to the natural
environment of the greenhouse. The same trends were also reported for other plant species
like Ceropegia bulbosa Roxb [57] and Siraitia grosvenorii [55].

The mixture of peat-perlite (1:1 v/v) was more efficient than peat in regard to pro-
moting the rooting rate of S. byzantina shoots. Peat has low porosity and retains more
moisture than perlite. The addition of perlite to a substrate aims to increase the porosity of
the substrate, as well as to efficiently drain water, and, at the same time, allows oxygen to
penetrate the soil [58].

The water-holding capacity and air in the substrate determine the amount of water
to be added. A desirable substrate is one that is moistened immediately after irrigation
and retains at least 10% or more of the volume of air afterwards [59]. An aerated substrate
facilitates rooting and the development of a better root system. Conversely, peat retains
a higher water potential than the peat-perlite mixture and has a lower aeration potential,
with the possibility of retardation of rhizogenesis in the shoots. Furthermore, the fog
system is used to maintain a high relative humidity in the atmosphere, which leads to
low evaporation rates and water losses from the shoots through reduced transpiration,
thus avoiding substantial tissue water deficits [60]. Thus, under these substrate and
environmental conditions, the stress in the shoots, especially during the first weeks of
rooting, is much less, exhibiting rapid recovery and, in the following weeks, a functional
root system is formed [61]. The formation of more and longer roots in a mixture of peat-
perlite (1:1), as compared with peat, bearing root hairs, has also been reported for Nerium
oleander [62].

3.4. Acclimatization of Young Plantlets

The acclimatization of the ex vitro-rooted plantlets was successful, with a high sur-
vival rate of 96.7%, compared to in vitro-rooted plantlets with a rate of 73.3% (Table 6;
Figure 5A,B). The lower survival rate achieved by in vitro-rooted plantlets could be due
to the structural characteristics of the rooting system. Kataoka [63] reported that the roots
of Carica papaya growing in an agar medium showed structural abnormalities and lacked
root hairs, which had adverse effects on their growth in field soil. In addition, McClelland
et al. [56] stated that the availability of nutrients, water, and oxygen in an in vitro culture
could negatively affect the development of a secondary phloem and xylem. However,
long-term cultivation in the soil substrate eliminates these differences and the anatomy of
the regenerated roots corresponds to that of normal plants.

Table 6. Survival rate (%) of plantlets of S. byzantina, rooted in vitro or ex vitro, five weeks after
transplanting (mean =+ standard deviation).

Rooting Survival (%)
In vitro 733 +£335b*
Ex vitro 96.7 &+ 3.86 a

* The means with different letters are significantly different, according to Duncan’s multiple range test, at p < 0.05.
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Figure 5. Plantlets of S. byzantina, which have been rooted ex vitro or in vitro (A,B), six weeks after
transplanting into a mixture of three parts peat and one part perlite (v/v). The yellow bar in the
image corresponds to a size of 10 cm.

The acclimatization of in vitro-produced plantlets requires their gradual adaptation
to external environmental conditions and the transition of the root system from a non-
functional structure to a functional one [61]. In the present study, the ex vitro-rooted
plantlets formed a greater number of longer roots, with root hairs. On the other hand, the
in vitro-rooted plantlets did not bear root hairs. This could be a crucial factor, influencing
the survival rate of the plantlets at the acclimatization stage.

The physiology of the leaves of the plantlets derived from in vitro or ex vitro culture
plays an important role in their successful acclimatization. In Pseudostellaria heterophylla
plantlets produced in vitro, the stomata on the leaves were contiguous and open, the
stomatal density was high and the stomatal function was abnormal, whereas plantlets
derived from ex vitro cultures developed leaves with closed stomata and a low stomatal
density [54]. The second case was attributed to the development of more functional leaves
during rooting in inert substrates, facilitating the acclimatization of the plantlets to the
external environment. Usually, a gradual reduction of the ambient relative humidity,
coupled with a gradual increase in the light irradiance, greatly contributes to plantlet
hardening towards successful acclimatization [61].

In the present study, the plantlets of S. byzantina that were rooted ex vitro easily
acclimatized to the new environment, while those that were rooted in vitro were much
more stressed during the first days of their adaptation to natural environmental conditions,
resulting in a reduction in the survival rate by more than 26%. Nevertheless, all surviving
plantlets, regardless of their rooting in vitro or ex vitro, subsequently had healthy and
robust growth, with normal morphological characteristics (Figure 5A,B).

3.5. Genetic Stability

One of the main goals in the mass propagation of plants through tissue culture is the
production of uniform plantlets of assured genetic fidelity. Hence, it is important to ensure
that there is no genetic variation between the mother plant (the donor of the explants) and
the produced plants. The genetic stability of plantlets produced by in vitro propagation
should be examined prior to any commercial exploitation [64,65].

In this study, the screening involving nine ISSR primers (Table 7) generated 69 scorable
and reproducible zones and a total of 897 zones (number of zones X number of gDNA
samples), ranging in size from 200 to 1700 bp. The number of scorable zones for each
primer varied from five (UBC 821) to nine (UBC 807 and 815) (Figure 6), with an aver-
age of 7.67 zones per primer. The ISSR-based zones were monomorphic and no genetic
variation was detected among the 12 randomly selected plantlets, which were produced
from the in vitro cultures and the S. byzantina mother plant. The results indicated that S.
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byzantina plantlets derived from in vitro cultures exhibited genetic stability after five weeks
of acclimatization and resembled the mother plant based on their ISSR profiles.

Table 7. Sequence, annealing temperature, and number of zones of nine ISSR primers, used to
determine the genetic stability of S. byzantina plantlets produced from in vitro cultures.

Primer Primer Sequence (5'-3') Ten?;:rl:talﬁzg(" 0) ngralzgz of
ISSR UBC 807 AGA GAG AGA GAG AGA GT 56 9
ISSR UBC 809 AGA GAG AGA GAG AGA GG 58 8
ISSR UBC 810 GAG AGA GAG AGA GAG AT 52 7
ISSR UBC 811 GAG AGA GAG AGA GAG AC 54 7
ISSR UBC 812 GAG AGA GAG AGA GAG AA 54 8
ISSR UBC 815 CTCTCT CTC TCT CTC TG 50 9
ISSR UBC 816 CAC ACACACACACACAT 54 7
ISSR UBC 818 CAC ACA CACACA CACAG 56 9
ISSR UBC 821 GTG TGT GTG TGT GTG TT 54 5

g P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11P12 MP g P1 P2 P3 P4 PS P6 P7 P8 P9 P10 P11P12 MP

—_—

! 558 - B l SEBEC
o —

- l!'--'l' 'I e

Figure 6. Amplification profiles of eight plantlets (P1-P8), derived from in vitro cultures and mother
plant (MP) of S. byzantina, obtained using primers ISSR UBC 810 (A) and ISSR UBC 815 (B). The size
of the amplified bands was calculated using a 1 kb DNA ladder (200-3000 bp). The image has been
converted to a negative and to black and white.

These results confirm previous reports, wherein genetic stability using molecular
markers has been identified in many other micropropagated ornamental plants, such as
cold-stored artificial seeds of the woody species, Rauvolfia tetraphylla [66] and Viburnum
dentatum [67]. ISSR markers, due to their simplicity and cost effectiveness, have been
successfully employed to assess the genetic stability of many woody species [68-72].

The present study demonstrated that the in vitro-produced plantlets showed genetic
uniformity both among themselves and compared to the mother plant (the donor of the
explants), without any morphological differences being observed, underlining the reliability
of the in vitro production protocol used.

4. Conclusions

The results of this study showed that in vitro cultures of S. byzantina can be success-
fully established in summer, with a protocol involving explant disinfestation, using a
combination of NaOCl (1%, 3 min) and HgCl, (0.08%, 5 min). For shoot multiplication, the
addition of 5 uM of KIN to an MS medium results in a high proliferation rate (six shoots
per explant). Furthermore, the ex vitro rooting of microshoots, using K-IBA (0.5 g L™1),
in a mixture of peat—perlite (1:1), ensures a very high rooting rate (86.7%), which is also
followed by a high survival rate (96.7%) of the plantlets after the acclimatization stage. The
acclimatized plantlets showed genetic uniformity with the mother plant, as well as with
each other, and, therefore, this protocol would be valuable in terms of its exploitation by
the floriculture industry.
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