
mdpi.com/journal/horticulturae

Special Issue Reprint

In Vitro Technology and 
Micropropagated Plants

Edited by 
Alicja Tymoszuk and Dariusz Kulus



In Vitro Technology and
Micropropagated Plants





In Vitro Technology and
Micropropagated Plants

Editors

Alicja Tymoszuk
Dariusz Kulus

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Alicja Tymoszuk

Bydgoszcz University of

Science and Technology

Bydgoszcz

Poland

Dariusz Kulus

Bydgoszcz University of

Science and Technology

Bydgoszcz

Poland

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Horticulturae (ISSN 2311-7524) (available at: https://www.mdpi.com/journal/horticulturae/

special issues/In Vitro Micropropagated).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-0279-1 (Hbk)

ISBN 978-3-7258-0280-7 (PDF)

doi.org/10.3390/books978-3-7258-0280-7

Cover image courtesy of Dariusz Kulus

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.

https://www.mdpi.com/journal/horticulturae/special_issues/In_Vitro_Micropropagated
https://www.mdpi.com/journal/horticulturae/special_issues/In_Vitro_Micropropagated
https://doi.org/10.3390/books978-3-7258-0280-7


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Dariusz Kulus and Alicja Tymoszuk
Advancements in In Vitro Technology: A Comprehensive Exploration of Micropropagated
Plants
Reprinted from: Horticulturae 2024, 10, 88, doi:10.3390/horticulturae10010088 . . . . . . . . . . . 1

Giuseppe N. Basile, Luigi Tedone, Cataldo Pulvento, Giuseppe De Mastro and Claudia Ruta
Establishment of an Efficient In Vitro Propagation Protocol for Cannabis sativa L. subsp. ruderalis
Janish
Reprinted from: Horticulturae 2023, 9, 1241, doi:10.3390/horticulturae9111241 . . . . . . . . . . . 6
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Preface

The development of modern horticulture is strongly associated with improvements in plant

micropropagation technologies and the production of high-quality ex vitro plants. Tissue cultures

are a source of healthy and true-to-type plant material for further cultivation under covers or in the

field. Moreover, in vitro cultures of horticultural plants are used for breeding purposes, germplasm

conservation, disease elimination, and production of phytochemicals. The reprint of the Special Issue

“In Vitro Technology and Micropropagated Plants” aims to present the results of studies focused on

the development, improvement, and usage of plant tissue culture systems for horticultural purposes.

This collection of articles brings together the latest research and developments in the use of tissue

culture and micropropagation techniques, offering a valuable resource for researchers, educators,

and practitioners in the area of plant science and biotechnology.

Alicja Tymoszuk and Dariusz Kulus

Editors
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1. Introduction

In recent decades, the field of plant science has witnessed several breakthrough dis-
coveries, particularly through the application of in vitro technology [1]. The term “micro-
propagation” refers to the process of producing numerous plants from small fragments of
plant tissue. This technique has become helpful in addressing various challenges faced by
traditional propagation methods, such as slow growth rates, plant sterility, susceptibility to
diseases, and limited availability of planting material [2,3]. Moreover, in vitro propagation
methods have improved plant breeding and conservation methods by providing efficient
means by which to produce large quantities of genetically uniform plants under controlled
conditions [4,5]. Today, in vitro technology covers a wide array of species and cultivars,
ranging from economically important crops to endangered and rare plant species crucial
for biodiversity conservation [6,7]. Nonetheless, the efficiency of micropropagation is
influenced by several key factors, including the selection of an optimal nutrient medium,
the precise balance and type of plant growth regulators, and the genetic makeup of the
plant species studied. Additionally, environmental factors such as air temperature and light
parameters play crucial roles in the success of micropropagation protocols [8]. Meticulous
control of these factors is needed to achieve optimal outcomes.

The aim of this Special Issue is to provide a comprehensive overview of the latest
advancements in in vitro technology research with a particular focus on micropropagation.
This SI has captured the diversity of the studies that focus on the insights of micropropa-
gation protocols, including the optimization of growth media, hormone supplementation,
and the control of environmental factors, to achieve the highest success rates in plant regen-
eration. It also sheds light on the practical implications of in vitro techniques in agriculture,
horticulture, and phytotherapy by means of polyploidization and virus elimination. The
molecular, structural, and physiological aspects underlying the success of micropropaga-
tion that drive the efficient production of plants were discussed. By synthesizing recent
research findings and highlighting key developments, this Special Issue serves as a valuable
resource for researchers, educators, and practitioners searching for a deeper understanding
of the potential offered by in vitro techniques in the realm of plant science.

2. Overview of Published Articles

Since the in vitro culture technique is most often used for the intensification of plant
production, most of the articles published in this Special Issue focus on the micropropaga-
tion of ornamental, medicinal, and woody species. Basile et al. (contribution 1) performed
research on Cannabis sativa subsp. ruderalis cv. “Finola”, a dioecious Finnish cultivar with a
remarkably short cultivation cycle of less than three months. The study aimed to establish
an effective micropropagation protocol for in vitro multiplication, rooting, and ex vitro
acclimatization, utilizing different explant sources: seed-derived in vitro explants and
nodal segments with axillary buds. The optimal results were achieved by combining the
Murashige and Skoog medium with sucrose, thidiazuron, and 1-naphthalenacetic acid for
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shoot proliferation, while rooting induction proved successful under red/blue lights on a
medium enriched with sucrose and indol-3-butyric acid, ensuring a high survival rate of
over 90% upon transplantation into a controlled greenhouse environment.

The study of Pourhassan et al. (contribution 2) focuses on the development of
a comprehensive in vitro propagation protocol for the black-leaved Raven® ZZ plant
(Zamioculcas zamiifolia), a drought-resistant ornamental foliage plant originating from Africa.
The researchers employed meticulous disinfection techniques using sodium hypochlorite
and mercury chloride to initiate an axenic culture. The optimized micropropagation
method involved culturing leaf explants on Murashige and Skoog medium supplemented
with 6-benzyladenine and/or α-naphthalene acetic acid, resulting in increased shoot and
root production. The successful acclimatization of rooted plantlets in greenhouse condi-
tions underscores the significance of this study as the first report on a complete micro-
propagation protocol for the black-leaved zamioculcas, offering valuable insights for the
floricultural industry.

The article by Kaviani et al. (contribution 3) outlined an efficient protocol for the
in vitro multiplication and root induction of narrow-leaf firethorn (Pyracantha angustifolia)
using various basal culture media supplemented with 6-benzylaminopurine (BAP) and
indole-3-butyric acid (IBA). Successful axillary bud disinfection, with a 70.23% success rate,
was achieved on a Murashige and Skoog (MS) basal medium augmented with 0.5 mg·L−1

gibberellic acid (GA3). The resulting micro-shoots, cultivated under optimized conditions,
exhibited a high multiplication coefficient (2.4) on MS medium with 2.5 mg·L−1 BAP,
followed by successful rooting in the presence of 1 mg·L−1 IBA. The acclimatization
of rooted plantlets to greenhouse conditions demonstrated a notable 92.84% survival
rate, highlighting the successful application of this protocol for the mass propagation of
P. angustifolia.

Sage is a plant genus of medicinal and ornamental significance. The study by Pa-
pafotiou et al. (contribution 4) aimed to develop efficient micropropagation protocols for
five Mediterranean sage species: Salvia fruticosa, S. officinalis, S. ringens, S. tomentosa, and
S. pomifera ssp. pomifera. Through systematic experimentation with various growth regula-
tors, the research identified optimal conditions for shoot multiplication, with S. officinalis
demonstrating the highest efficiency among the studied species. Despite encountering hy-
perhydricity challenges, successful rooting and subsequent acclimatization were achieved,
providing essential protocols for the propagation of these sage species, valuable in both
pharmaceutical and floriculture industries.

Ficus carica, or common fig, is a highly nutritional fruit, well-known for its medicinal
and economic values. The study of Ling et al. (contribution 5) aimed to establish an efficient
protocol for the mass propagation of F. carica cv. “Violette de Solliès”. The researchers opti-
mized shoot induction (15.2 shoots per explant) using 6-benzylaminopurine in Murashige
and Skoog medium and achieved robust rooting (93.33%) with indole-3-butyric acid in
Woody Plant Medium. The resulting plantlets exhibited genetic and morphological stabil-
ity over six subculture cycles, and successful acclimatization in biochar soil with a 100%
survival rate further supports the efficiency of this protocol for commercial propagation of
uniform and true-to-type F. carica “Violette de Solliès” plant stocks.

Haida et al. (contribution 6) focused on the endangered Curcuma caesia, commonly
known as Kali Haldi or black turmeric, addressing its decline in natural habitats due to
overharvesting for various purposes, including pharmaceutical demands. By employing
plant tissue culture techniques, the researchers established an effective protocol for the
propagation of C. caesia, emphasizing the optimization of shoot induction, multiplication,
and rooting stages. The results demonstrated the suitability of the MSB5 medium for shoot
induction, a combination of 6-benzylaminopurine and indole-3-butyric acid for enhanced
shoot multiplication, and the full-strength MSB5 medium supplemented with indole-3-
acetic acid for successful rooting, ultimately providing a valuable protocol for large-scale
raw material production, conservation, or bioactive compound extraction.
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The next research published in this SI by Clapa et al. (contribution 7) utilized micro-
propagation in enhancing the large-scale production of blackberry (Rubus fruticosus) plant
material. The research aimed to assess the proliferative capacity of blackberry in vitro by
comparing wheat starch-gelled culture medium to the conventional agar-gelled medium,
while also evaluating the genetic fidelity between the proliferated shoots and their parent
plants. Results revealed that wheat starch-gelled culture medium significantly outper-
formed agar-gelled medium in terms of shoot proliferation and length in all tested black-
berry cultivars, and the genetic uniformity of the micropropagated shoots was confirmed
through molecular markers.

The study by Khatoon et al. (contribution 8) addressed the longstanding challenge
of in vitro propagation of olive plants (Olea euorpea), characterized by their woody na-
ture and susceptibility to culture oxidation. Focused on optimizing shoot induction and
proliferation protocols, the research investigates the effects of different concentrations of
6-benzylaminopurine (BAP) and pre-cooling regimes on various olive cultivars. The results
highlight significant improvements in morphological, physiological, and biochemical at-
tributes, with the 48 h pre-cooling and 2.5 mg·L−1 BAP concentration interaction yielding
the most favorable results, demonstrating the potential for enhanced olive cultivation
through in vitro techniques.

The next published article, that by Faisal et al. (contribution 9), focused on the
in vitro regeneration of Plectranthus amboinicus, a perennial plant with aromatic leaves and
health benefits. Using thidiazuron treatment, the authors achieved optimal shoot regen-
eration from nodal segments, with the highest number and length of shoots. The in vitro-
regenerated plants had higher contents of phenolic, tannin, and flavonoid compounds,
along with enhanced antioxidant activity compared to ex-vitro plants. Flow cytometry
analysis confirmed the nuclear genome stability of the in vitro-propagated plants. This
efficient in vitro multiplication method not only enhances availability but also provides
insights into the genetic and phytochemical properties of P. amboinicus, contributing to its
preservation and sustainable use.

Alongside micropropagation and large-scale production of plants, in vitro cultures can
also be used for breeding purposes. Contribution 10 by Jin et al. addressed the importance
of transforming the commercial cultivar “YX4” of Gypsophila paniculata, a popular cut flower,
to produce blue flowers. By successfully introducing the flavonoid 3′5′-hydroxylase gene
(PgF3′5′H) from Platycodon grandiflorus, the research achieved a transformation efficiency
of 13.5%. The optimized protocol, involving shoot apex without meristem, thidiazuron
supplementation, and a specific Agrobacterium-mediated transformation system, not only
enhances the ornamental value of G. paniculata but also provides a valuable tool for studying
genes associated with important ornamental traits in this commercially significant species.

The artificial polyploidization of Ajuga reptans—a medicinal species, involving genome
doubling—was investigated by Navrátilová et al. (contribution 11) to assess its impact
on the composition and quantity of biologically active substances from the glycoside
and phytoecdysone families. The study revealed increased levels of trans-teupolioside,
trans-verbascoside, and 20-hydroxyecdysone in the aboveground parts of the tetraploid
lines compared to diploids. These findings suggest the potential use of Ajuga tetraploids in
breeding programs to augment the production of substances with medicinal and industrial
applications in pharmaceuticals, cosmetics, and food production, along with potential
botanical pesticide effects.

Elimination of viruses is another practical application of plant tissue culture. Viruses
have a significant economic impact on agriculture, particularly potato virus M (PVM)
and potato virus S (PVS), which collectively cause over 50% of annual potato tuber yield
losses. The research by Kereša et al. (contribution 12) aimed to eliminate PVM and PVS
from the traditional Croatian potato (Solanum tuberosum) cultivar “Brinjak”, valued for its
economic profitability and genetic potential, to enhance its productivity. For this purpose,
the authors used chemotherapy via the application of ribavirin at various concentrations.
Despite a 33% success rate in eliminating PVS, ribavirin failed to eradicate PVM, leading
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to more severe disease symptoms, adversely affecting photochemistry and multispectral
parameters, and ultimately reducing the yield of tubers in plants with mixed infections
(PVM + PVS) compared to those with a single PVM infection.

Finally, Koufan et al. (contribution 13) prepared a review article on Caper (Capparis spinosa),
a shrubby plant species known for its difficulty in vegetative propagation and seed germi-
nation. Recognizing the limitations in seed germination, root induction from stem cuttings,
and plant hardening, the study highlights the potential of tissue culture as a promising
alternative for the clonal propagation of caper plants. This comprehensive review outlines
various micropropagation methods, including in vitro seed germination, propagation via
nodal segmentation, and adventitious organogenesis, highlighting their role in overcoming
obstacles and an approach to the large-scale propagation and genetic improvement of
caper plants.

3. Conclusions

Micropropagation has emerged as a powerful tool, offering significant advantages in
terms of rapid multiplication, disease-free propagation, breeding, and conservation of plant
genetic resources. The compilation of diverse studies presented in this Special Issue underlines
the pivotal role of in vitro culture techniques, particularly micropropagation, in the advance-
ment of plant production across various species. The presented research on ornamental, medic-
inal, vegetable, and woody plants, such as Ajuga reptans, Cannabis sativa, Capparis spinosa,
Curcuma caesia, Ficus carica, Gypsophila paniculate, Olea euorpea, Plectranthus amboinicus,
Pyracantha angustifolia, Rubus fruticosus, Solanum tuberosum, Zamioculcas zamiifolia, and
Salvia species, demonstrate the versatility and applicability of tissue culture methods. These
studies provide efficient protocols for shoot proliferation, rooting, and acclimatization,
paving the way for large-scale production, genetic improvement, and conservation efforts.
Overall, these contributions collectively contribute valuable insights into the optimization
of in vitro techniques for plant propagation, offering practical solutions for challenges in
agriculture and horticulture.
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Matković Stanković, A.; Habuš Jerčić, I. Partial Elimination of Viruses from Traditional
Potato Cultivar ‘Brinjak’ by Chemotherapy and Its Impact on Physiology and Yield
Components. Horticulturae 2022, 8, 1013. https://doi.org/10.3390/horticulturae8111013.

13. Koufan, M.; Belkoura, I.; Mazri, M.A. In Vitro Propagation of Caper (Capparis spinosa L.):
A Review. Horticulturae 2022, 8, 737. https://doi.org/10.3390/horticulturae8080737.

References
1. Wijerathna-Yapa, A.; Hiti-Bandaralage, J. Tissue Culture—A Sustainable Approach to Explore Plant Stresses. Life 2023, 13, 780.

[CrossRef] [PubMed]
2. Sharma, V.; Ankita; Karnwal, A.; Sharma, S.; Kamal, B.; Jadon, V.S.; Gupta, S.; Sivanasen, I. A Comprehensive Review Uncovering

the Challenges and Advancements in the In Vitro Propagation of Eucalyptus Plantations. Plants 2023, 12, 3018. [CrossRef]
3. Xue, Y.; Hiti-Bandaralage, J.C.A.; Mitter, N. Micropropagation of Duboisia Species: A Review on Current Status. Agronomy 2023,

13, 797. [CrossRef]
4. Radomir, A.-M.; Stan, R.; Florea, A.; Ciobotea, C.-M.; Bănut,ă, F.M.; Negru, M.; Neblea, M.A.; Sumedrea, D.I. Overview of the

Success of In Vitro Culture for Ex Situ Conservation and Sustainable Utilization of Endemic and Subendemic Native Plants of
Romania. Sustainability 2023, 15, 2581. [CrossRef]

5. Vahdati, K.; Sadeghi-Majd, R.; Sestras, A.F.; Licea-Moreno, R.J.; Peixe, A.; Sestras, R.E. Clonal Propagation of Walnuts
(Juglans spp.): A Review on Evolution from Traditional Techniques to Application of Biotechnology. Plants 2022, 11, 3040.
[CrossRef] [PubMed]

6. Custódio, L.; Charles, G.; Magné, C.; Barba-Espín, G.; Piqueras, A.; Hernández, J.A.; Ben Hamed, K.; Castañeda-Loaiza, V.;
Fernandes, E.; Rodrigues, M.J. Application of In Vitro Plant Tissue Culture Techniques to Halophyte Species: A Review. Plants
2023, 12, 126. [CrossRef] [PubMed]

7. Duta-Cornescu, G.; Constantin, N.; Pojoga, D.-M.; Nicuta, D.; Simon-Gruita, A. Somaclonal Variation-Advantage or Disadvantage
in Micropropagation of the Medicinal Plants. Int. J. Mol. Sci. 2023, 24, 838. [CrossRef] [PubMed]

8. Kaur, K.; Dolker, D.; Behera, S.; Pati, P.K. Critical Factors Influencing In Vitro Propagation and Modulation of Important Secondary
Metabolites in Withania somnifera (L.) Dunal. Plant Cell Tissue Organ Cult. 2022, 149, 41–60. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

5



Citation: Basile, G.N.; Tedone, L.;

Pulvento, C.; De Mastro, G.; Ruta, C.

Establishment of an Efficient In Vitro

Propagation Protocol for Cannabis

sativa L. subsp. ruderalis Janish.

Horticulturae 2023, 9, 1241.

https://doi.org/10.3390/

horticulturae9111241

Academic Editors: Alicja Tymoszuk

and Dariusz Kulus

Received: 7 September 2023

Revised: 14 November 2023

Accepted: 15 November 2023

Published: 17 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

Establishment of an Efficient In Vitro Propagation Protocol for
Cannabis sativa L. subsp. ruderalis Janish
Giuseppe N. Basile, Luigi Tedone, Cataldo Pulvento, Giuseppe De Mastro * and Claudia Ruta *

Department of Soil, Plant and Food Sciences, University of Bari Aldo Moro, 70125 Bari, Italy;
g.basile18@studenti.uniba.it (G.N.B.); luigi.tedone@uniba.it (L.T.); cataldo.pulvento@uniba.it (C.P.)
* Correspondence: giuseppe.demastro@uniba.it (G.D.M.); claudia.ruta@uniba.it (C.R.)

Abstract: Cannabis sativa L., subsp. ruderalis Janish., ‘Finola’ is a dioecious cultivar of Finnish origin.
This cultivar is very interesting because its cultivation cycle lasts less than 3 months. The aim of
this study was to define an efficient micropropagation protocol to ensure in vitro multiplication
and rooting and in vivo acclimatization. Two different explant sources were tested: seed-derived
in vitro explants and nodal segments containing axillary buds from selected mother plants. Shoot
proliferation was tested on different growth media enriched with cytokinin alone or cytokinin in
combination with auxins. Among all combinations, the best results were obtained by combining the
Basal Medium (BM—a Murashige and Skoog modified medium) with sucrose (20 g L−1), thidiazuron
(TDZ 0.4 mg L−1), and 1-naphthalenacetic acid (NAA 0.2 mg L−1). Regarding rooting induction,
the plants developed an extensive root system under red/blue lights on BM enriched with sucrose
(30 g L−1) and indol-3 butyric acid (0.1 mg L−1), which allowed the survival of more than 90 percent
of the plantlets once transplanted into the climate-controlled greenhouse.

Keywords: Finola; hemp; auto-flowering; clonal propagation; micropropagation

1. Introduction

In recent years, there has been renewed interest in hemp (Cannabis sativa L., genus
Cannabis family Cannabaceae), a multipurpose crop cultivated in many parts of the world
for its nutritional, medicinal, and industrial uses [1–4].

The taxonomic determinations of Cannabis genus have been deeply studied and dis-
cussed. Based on genetic evaluations, Cannabis sativa can be subdivided into three sub-
species: sativa, indica, and ruderalis [5]. C. sativa subsp. ruderalis is a lesser-known hemp
that originated in regions with harsh climates, such as Russia and Eastern Europe. This
subspecies is typically smaller in size and contains very low ∆9-tetrahydrocannabinol
(THC), the psychoactive compound in the plant, but is often rich in CBD (cannabidiol, a
non-intoxicating compound), known for its potential therapeutic benefits [6]. Furthermore,
Ruderalis strains are auto-flowering, which means that they are photoperiod-insensitive.
For this reason, the transition from the vegetative stage to the flowering stage is based on
the plant’s age, rather than relying on light cycles [7]. Conversely, the cultivation cycle
of the other subspecies of Cannabis sativa is typically photo-dependent, strongly linked to
seasonal trends and, consequently, influenced by the number of hours of light and darkness
per day [5].

The above-mentioned characteristics of ruderalis make vegetative reproduction diffi-
cult, while seed propagation can lead to uneven growth and maturity because the flowering
process can vary among individual plants. Indeed, because auto-flowering strains con-
taining ruderalis genetics are renowned for their ability to flower without strict light sched-
ules [8], some plants may initiate flowering earlier or later than desired. This factor can
be challenging for growers seeking a consistent and synchronized harvest [9]. Belonging
to ruderalis, ‘Finola’ is a hemp cultivar of Finnish origin, characterized by high cannabid-
iol (CBD) and low ∆9-tetrahydrocannabinol (THC) contents. This cultivar is dioecious,
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independent of the photoperiod, and interesting due to its very short cycle of fewer than
3 months, with early sowing and flowering needed. This cultivar is characterized by its
low branching, small size, small seeds, and low biomass recovery [10]. Indeed, ‘Finola’
has high potential at a commercial level and could be used in super-intensive production
models of protected environments, allowing significant water savings [11].

To obtain uniform plant production, the micropropagation technique could be a useful
tool. Indeed, in vitro propagation has great potential in rapidly producing many true to
type clonal and high-quality plants using synthetic growth media in a controlled environ-
ment [12–15]. Micropropagation requires few selected mother plants as explant sources
to initiate an in vitro culture [15]. Furthermore, the in vitro plants are grown in reduced
spaces under sterile conditions to avoid the transmission of pests, diseases, and pathogens
and the influence of weather or soil [16,17]. Due to all these advantages, in recent years,
several researchers have developed different protocols to define the in vitro cultures of C.
sativa subspecies sativa and indica derived from the leaves, axillary nodes, cotyledons, shoot
tips, and epicotyls of explants with the aim to obtain a high multiplication rate, produce
disease-free plants, select elite clones, and overcome the limits of heterozygosity from
cross-pollination [15,18–21]. To the best of our knowledge, only two studies focused on
the in vitro culture of the subspecies ruderalis. These studies underline the low branching
tendency, strong apical dominance [22,23], and influence of the genotype on the explant’s
behavior and multiplication rate. The difficulties of in vitro growth and the maintenance
of a vegetative state may be due to auto-flowering varieties and photoperiod indepen-
dence [11,24]. These factors could also be other limits for the micropropagation of this
subspecies. Therefore, the main challenge in developing an effective micropropagation pro-
tocol is the specificity of species, varieties, and genotypes, resulting in different responses
in vitro depending on the explant, nutrient media, and growth regulators, such as the
culture conditions [21].

Considering the above-mentioned information, the focus of this experimental research
was to develop the most suitable protocol for the in vitro direct propagation of C. sativa L.,
subsp. ruderalis Janish., cultivar ‘Finola’.

2. Materials and Methods
2.1. Plant Materials and Explant Source of C. sativa L., subsp. ruderalis Janish., Cultivar ‘Finola’

This research began with certified ‘Finola’ seeds. The seeds were sown directly in vitro
or under controlled conditions to obtain mother plants. The nodes of the seedlings were
then excised to initiate micropropagation via axillary shoots.

2.1.1. In Vitro Germinated Seeds

After initial rinsing under running water to remove impurities, the effects of the
sterilant and immersion times on the surface sterilization of ‘Finola’ seeds were evaluated
based on the following two treatments:

(a) Sodium hypochlorite (NaClO with 14% active chlorine) at 1.4% for 20 min;
(b) Mercuric chloride (HgCl) at 0.1% for 15 min.

One-hundred seeds in each treatment were then rinsed five times in sterile distilled
water. For the in vitro sowing, 50 mL glass tubes containing 10 mL of the nutrient medium
(BM [25]: Murashige and Skoog (MS) macro nutrients [26], Nitsch and Nitsch (NN) mi-
cronutrients [27], FeNaEDTA (40 mg L−1), and thiamine HCl (0.4 mg L−1)), adding agar
(7 g L−1) as a gelling agent, were used. The pH of the medium was adjusted to 5.6–5.8
before autoclaving. The tubes were maintained in a growth chamber equipped with broad-
spectrum LED lights between 400 and 700 nm and a light intensity of 50 µm s−1 m−2. The
photoperiod was set to 16 h/8 h (day/night–d/n) and the temperature to 22 ± 1 ◦C.

2.1.2. Mother Plant Production

Thirty seeds were first soaked in distilled water for 48 h at a temperature of 22 ± 1 ◦C
in total darkness. Then, seeds showing open seed coats and the emergence of coleorhiza

7



Horticulturae 2023, 9, 1241

(root sheath) were sown in polystyrene trays filled with a substrate of pH 5.5–6.5 consisting
of a mix of blond peat (fraction 20–40 mm), German black peat (fraction 0–15 mm), and
perlite (3:1 v/v). Once the seedlings had emerged, and the first pair of true leaves were
grown, the plants were transplanted into pots 9 cm in diameter and 11 cm deep, which
were filled with peat and expanded clay and perlite (3:1:1).

Ten selected mother plants were grown in a climate-controlled greenhouse, and the
same number of plants was grown in a growth cabinet to compare their behaviors and
growth responses under two different conditions. Starting from these plants, five mother
plants were selected to collect the nodal buds. The controlled greenhouse, located at the
Department of Soil, Plant, and Food Sciences (DiSSPA) (University of Bari Aldo Moro,
Bari, Italy), had a temperature control system maintained between 18 ◦C and 25 ◦C, with a
15 h/9 h (d/n) photoperiod of natural light per day (in Summer) and relative humidity
of 85%. On the other hand, the thermostat-controlled cabinet (F-Cell 707 comfort Blue-
Line—MMM Group) featured illumination using white LED lights (VIS LED light Cool
White), with a spectrum between 400 nm and 700 nm at an intensity of 80 µm s−1 m−2; the
photoperiod set to 24 h/0 h (d/n), and a temperature of 22 ± 1 ◦C was used.

The growth of the seedlings was monitored to record the response to the growth
conditions up to the time of the appearance of flower buds in order to define the time of
the end of growth and determine the best method of cultivation to obtain a high number of
axillary buds per female plant.

2.2. In Vitro Multiplication

One month after the seeds were planted in test tubes, flower buds appeared at the
apex of the seedlings. The nodal buds below the apex of female plants were taken and
immediately transferred to jars containing 30 mL of BM culture medium, solidified with
agar (7 g L−1) ((Agar No. 1) Oxoid Agar Bacteriological), with the addition of sucrose
(20 g L−1) and growth phytoregulators of the cytokinin group to stimulate multiplication.
The cytokinins used were Metatopolin (MT) [6-(3-hydroxybenzylaminopurine) at a concen-
tration of 0.5 mg L−1 and 6-Benzylaminopurine (BAP) at a concentration of 0.05 mg L−1.
The test was carried out on 80 jars for each cytokinin, with a total of 160 jars containing
a single bud. After 21 days, the first subculture was performed, maintaining the same
starting cytokinins with equal concentrations.

For the mother plants, when the first female flower buds appeared, the nodal buds
below (1 cm in length), that were not yet induced to flower, were excised and sterilized with
sodium hypochlorite (NaClO, active chlorine 14%) at 1.4% for 20 min following extensive
washing with sterile-distilled water to remove residues of the sterilizing agent. The nodal
buds were then placed in 220 mL glass jars containing 30 mL of nutrient media and
the growth regulators reported below to enable the in vitro introduction and subsequent
induction of multiplication.

Two different growth media were tested:

(1) BM [25], regularly used at the Laboratory of Micropropagation and Microscopy,
DiSSPA, University of Bari Aldo Moro (Bari, Italy), for routine culture produced by
stocks.

(2) Driver and Kuniyuki (DKW) (1984) [28].

Both media, agarized with 7 g L−1 Agar (No. 1 Oxoid Agar Bacteriological), were
enriched with sucrose (20 g L−1).

The tested growth regulators were selected based on several studies exploring in vitro
cultures of Cannabis [29–32] or based on the best results of previous research on other
subspecies carried out at the Laboratory of Micropropagation and Microscopy, DiSSPA,
University of Bari Aldo Moro (unpublished data):

- Benzylaminopurine (BAP) (0.05 mg L−1);
- Metatopoline (MT) (0.5 mg L−1);
- Thidiazuron (TDZ) (0.4 mg L−1) + 1 naphthalenacetic acid (NAA) (0.2 mg L−1);
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- Thidiazuron (TDZ) (0.4 mg L−1) + 2,3,5- Triiodobenzoic acid (TIBA 1 g L−1).

For each growth medium, 80 buds were considered, with 20 buds for each of the
four growth regulators tested. When miniaturization of the shoots was recorded (for BAP,
MT, and TDZ in combination with TIBA), with lengths less than 2 cm and shortened
internodes, the shoots were subjected to an elongation phase by adding gibberellic acid
(GA3 0.25 mg L−1) to achieve greater extension between nodes and increased leaf growth.
The pH level was adjusted to 5.7 prior to autoclaving at 121 ◦C for 20 min.

Three subsequent subcultures (lasting three weeks) were performed on the same
growth media, and several parameters (number of axillary buds that formed shoots, shoot
length, and number of nodes per each shoot) were recorded for each subculture. In each
subculture, the apical bud was always removed to reduce apical dominance, promote
lateral shoots as much as possible, and delay flowering. During the trial, the explants were
maintained in a growth chamber at 22 ± 1 ◦C, with a photoperiod of 16 h/8 h (d/n).

2.3. In Vitro Rooting

Around 200 shoots that had reached a minimum length of 3 cm were transplanted to
the agarized BM supplemented with sucrose (30 g L−1) and indol-3-butyric acid (IBA) at
two different concentrations (0.5 mg L−1 and 0.1 mg L−1) to induce rooting. The pH level
was adjusted to 5.7 prior to autoclaving at 121 ◦C for 20 min.

To evaluate the influence of different kinds and combinations of light on the photo-
morphogenic and physiological responses in the last in vitro step, 100 plantlets for each
concentration of IBA were divided under two different light conditions. The first light
condition used white (Osram Lumilux De Luxe T8 36 W/954)/pink (Osram Fluora T8 36
W/77) light (LEDs with a broad spectrum between 400 and 700 nm, a white/pink ratio of
2:1, and a light intensity of 50 µm s−1 m−2), as white light is traditionally used as the light
source in micropropagation, while pink light enhances plant growth, increasing fresh and
dry weights compared to monochromatic light [33]. The second light condition used in the
growth cabinet (F-Cell 707 comfort Blue-MMM-Group) was red/blue light (VQ-GLSF0014
W 1:3) LEDs with a wavelength of 700 nm and 400 nm. LEDs with a red/blue ratio of
3:1 at an intensity of 50 µm s−1 m−2 were used for the possible positive induction of root
formation [34]. For both groups, the photoperiod was a 16 h/8 h d/n cycle.

After 20 days, the effects of the different light types and phytoregulators on the rooting
rate, in terms of root percentage, and the average length and number of roots per shoot
were evaluated.

2.4. Ex Vitro Acclimatization

Approximately 50 rooted microplants were removed from the in vitro containers.
Then, the roots were gently rinsed in distilled water and the microplants were transplanted
for acclimatization in organic Jiffypots® square planting pots (Ø 8 cm2) filled with sterile
peat (46% organic carbon, 1–2% organic nitrogen, and 80% organic matter, pH 6.5) and
perlite (2:1, v/v ratio) and covered with transparent plastic. Acclimatization conditions
in the greenhouse were 18–25 ◦C and humidity that was reduced from 85–90% to 50–60%
over 20 days. At this time, the survival of the plants was also evaluated.

2.5. Statistical Analysis

Data were subjected to an analysis of variance (ANOVA) test using the CoStat software,
Version 6.40. The means of the different treatments were compared to each other in terms of
significance using the Student Newman Keuls (SNK) Test (p ≤ 0.001). Before the ANOVA
analysis, the percentage data were subjected to angular transformation. All the experiments
were repeated three times.
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3. Results
3.1. Germination of Seeds In Vitro

The sterilization test, carried out on a sample of 100 seeds for each sterilizing agent,
demonstrated that exposure to sodium hypochlorite (with 14% active chlorine) at a concen-
tration of 1.4% for 20 min was able to obtain highly contamination-free vital seeds. The
percentage of in vitro germinated seeds, not contaminated seeds, was 80%. Among those
seeds, only 42% were female, as identified visually by the inflorescence sex as soon as
flower buds appeared. Thirty days after in vitro sowing, the morphological parameters
measured on ‘Finola’ female seedlings indicated good development of the shoot length
(5.3 cm on average), with the shoots containing about 3 nodes (3.1 on average). The shoots
were then excised and transferred to a culture medium (BM) enriched with BAP and MT to
induce multiplication.

The growth and multiplication responses of the shoots of ‘Finola’ in the presence of the
two different phytoregulators tested were recorded after 21 days (Table 1) (Figure 1). The
results showed no significant differences in the parameters evaluated, although the data
were higher after adding MT to the growth medium for both shoot length (5.8 cm vs. 2.8 cm)
and the number of nodes (5 vs. 4) compared to the average multiplication index (5 vs. 3)
(Table 1). When the development parameters were recorded, the sufficiently grown shoots
were subcultured for the first time to increase the number of shoots obtained from each
explant. After a further 21 days from the start of the first subculture, although the growth
conditions remained identical, all explants responded to the second cut with completely
arrested development (Figure 1b), showing necrosis of the apices, diffuse hyperhidricity, or
early flowering.

Table 1. Influence of different phytoregulators on morphological parameters and mean multiplication
index (MMI) measured on ‘Finola’ shoots grown from nodal buds of seedlings 21 days after the
multiplication induction.

Phytoregulator Concentration
(mg L−1)

Length
(cm)

Nodes
(n)

M.M.I. *
(n)

BAP 0.05 2.8 a 4.0 a 3.0 a
MT 0.5 5.8 a 5.0 a 5.0 a

M.M.I. * = Mean multiplication index was calculated as the mean number of shoots obtained 21 days after the
multiplication induction. Different letters for each column indicate significant differences (SNK test at p ≤ 0.001).
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3.2. Mother Plant Production and Micropropagation by Axillary Buds

Table 2 presents the values of the different growth parameters measured under the
two different conditions of mother plant development at the time of the first flower’s
appearance.
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Table 2. Influence of different growing conditions on the growth of the stem and appearance of
female and male flowers in mother plants of ‘Finola’ cultivar.

Stem Flower

Growing
Conditions Length (cm) Nodes (n) Diameter (mm)

Female
Plants

(%)

Female Flower
Appearance

(dd *)

Male Flower
Appearance

(dd *)

Controlled
greenhouse 15.6 b 3.2 b 2.4 b 57.0 a 32.2 a 25.7 b

Growth cabinet 47.1 a 4.8 a 4.5 a 66.7 a 35.6 a 32.6 a

* dd number of days from sowing to flowering. Different letters for each column indicate significant differences
(SNK test at p ≤ 0.001).

Plants obtained in the growth cabinet showed significant differences (Table 2, Figure 2)
in vigor compared to the vigor of plants obtained in the climate-controlled greenhouse.
The length was more than two times greater, and the stem diameter was almost two times
greater, for the mother plants obtained in the growth cabinet. To complete the cycle, the
time required for the appearance of female flowers differed by only three days between
the two growth conditions (32.2 days in the climate-controlled greenhouse vs. 35.6 days
in the growth cabinet) and was not statistically significant. Moreover, the nodal buds
from the mother plants (Figure 3) grown in the climate-controlled greenhouse did not
readily respond to the in vitro conditions due to both their smaller sizes and the difficulty
in producing pathogen-free plants. Indeed, the plants required a long period of sterilization,
which, due to their slender size, caused burning, oxidation, and arrested the development
of excise materials once inoculated in the culture media chosen for multiplication. On
the other hand, by reducing the sterilization time, the explants presented widespread
contaminants. For this reason, the aseptic culture was initiated considering only nodal
buds cut from the mother plants grown inside the growth cabinet.
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Table 3 shows the effects of nutrient media and different phytoregulators on in vitro
shoots of ‘Finola’. A comparison between the two nutrient media tested, the Basal Medium
and Driver and Kuniyuki (main effect NM), indicated no significant differences in the influ-
ence of media on the measured parameters, even if the very high presence of hyperhydrated
explants (90%) grown on DKW fully limited the use of this nutrient medium. Considering
the phytoregulator’s main effects, the best results for the growth and multiplication index
were obtained from the shoots grown using a combination of TDZ and NAA, in terms
of length, the number of nodes, and the mean multiplication index. All these data were
confirmed and found to increase based on an analysis of the following interaction: BM x
TDZ + NAA (3.4 cm, 3.1, and 3.0, respectively, for the length, number of nodes, and number
of shoots per explant) (Figure 4). No significant increase in shoot length was obtained by
adding gibberellic acid (GA3) to the nutrient media enriched with TDZ and TIBA, BAP,
or MT.

Table 3. Effect of nutrient media and different phytoregulators on growth, mean multiplication index,
and hyperhidricity of ‘Finola’ shoots, measured 21 days after the beginning of in vitro culture.

Nutrient Medium
(NM)

Phytoregulator *
(P)

Length
(cm)

Nodes
(n)

M.M.I. **
(n)

Hyperhydricity
(%)

Interaction NM × P

MB

TDZ + NAA 3.4 a 3.1 a 3.0 a 0.0 c
TDZ + GA3 + TIBA 2.8 b 2.5 b 1.8 b 30.0 b

BAP + GA3 1.9 c 2.0 c 1.5 b 100.0 a
MT + GA3 2.3 c 1.5 c 1.3 b 100.0 a

DKW

TDZ + NAA 2.9 a 2.7 b 2.0 a 80.0 a
TDZ + GA3 + TIBA 2.6 a 2.0 a 1.7 a 70.0 b

BAP + GA3 1.5 b 1.0 b 1.0 b 100.0 a
MT + GA3 1.9 b 1.0 b 1.0 b 100.0 a

Main effect NM
MB 2.6 a 2.3 a 1.5 a 57.5 b
DKW 2.2 a 1.7 a 1.4 a 90.0 a

Main effect P
TDZ + NAA 3.2 a 2.5 a 2.5 a 40.0 b

TDZ + GA3 + TIBA 2.7 b 2.2 ab 1.8 b 50.0 b
BAP + GA3 1.7 c 1.5 b 1.3 bc 100.0 a
MT + GA3 2.1 c 1.2 b 1.2 bc 100.0 a

* Phytoregulator: TDZ 0.4 mg L−1; NAA 0.2 mg L−1; GA3 0.25 mg L−1; TIBA 1 g L−1; BAP 0.05 mg L−1; MT
0.5 mg L−1. ** M.M.I. = Mean multiplication index was calculated as the mean number of shoots obtained during
one subculture. Data were a mean of three subcultures. Different letters for each column in each treatment or
interaction of treatments indicate significant differences (SNK test at p ≤ 0.001).
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3.3. Results for In Vitro Rooting and Ex Vitro Acclimatization

After 20 days, the effects of different types of light and two different concentrations
of IBA on the rooting induction were evaluated (Table 4). The best results were obtained
under red/blue lights using IBA at a lower concentration (Figure 5), whereas no rooting
was obtained under white/pink lights. Once transplanted into the climate-controlled
greenhouse, the plantlets showed a survival rate of over 90 percent (Figure 6).

Table 4. Effect of lights and different concentrations of IBA on the induction of rooting on ‘Finola’
shoots detected after 20 days.

Lights IBA
(mg L−1) Rooting (%) Length (cm) Roots (n.)

White/Pink
0.1 0.0 - -
0.5 0.0 - -

Red/Blue
0.1 60.0 a 3.5 a 2.5 a
0.5 45.0 b 2.3 a 1.5 a

Different letters for each column indicate significant differences (SNK test at p ≤ 0.001).
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1 cm (a); plantlet during acclimatization phase, scale bar 1 cm (b); plant from in vitro culture, fully
adapted to live conditions, scale bar 8 cm (c).

4. Discussion

Several authors underscored strong cultivar-specific responses to treatments in Cannabis
tissue culture [35–37]. In this study, to define the most suitable protocol for the micropropaga-
tion of C. sativa L. subsp. ruderalis Janish., cv. ‘Finola’, different experimental procedures were
tested. The first step of this experimental research was to select the most suitable explant to
establish an aseptic culture. The next step involved drafting a functional in vitro propagation
protocol while exploring the choice of nutrient substrates with different known combinations
of nutrients and growth regulators, Finally, rooting trials were carried out, also evaluating
the influence of different kinds and combinations of light to obtain microplants ready for
transplantation in the greenhouse.

To determine the most suitable explant for micropropagation initiation, both in vitro
germinated seeds and nodal explants derived from mother plants were evaluated. To ensure
a successful in vitro culture, it is crucial to optimize explant sterilization protocols [38].
The comparative seed sterilization test conducted using two different sterilizing agents
indicated that sodium hypochlorite was the most effective in reducing contamination
values, with results of less than 10 percent. On the other hand, mercuric chloride was
too harsh on the seeds, resulting in arrested germination or reduced development and
slightly oxidized shoots during in vitro growth. This strong toxicity, causing irreversible
damage to plants, was reported in several studies on seeds of different species [39–41].
Furthermore, NaClO is recommended for seed sterilization due to it is lower costs, higher
availability, and decreased toxicity compared to HgCl2. Evaluating the effects of different
growth regulators on inducing the multiplication of seedlings germinated under in vitro
conditions yielded the best results when using metatopolin (MT) 0.5 mg L−1, although
the differences were not statistically significant (Table 1). Unfortunately, 21 days after the
start of the first subculture, under identical growth conditions, the explants responded by
arresting growth, showing signs of necrosis of the apices, diffuse hyperhydricity, or early
flowering. Starting directly from in vitro germinated seeds is not the best option for this
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hemp cultivar, due to the inability to differentiate the starting material based on sex and the
high difficulty in cutting for subculturing, which effectively limits the possibility of mass
propagation of the selected clone. This culture decline, also observed by Page et al. [35] in
Cannabis sativa, limits long-term culture proliferation. Similarly, in ‘Finola’, this decline was
already observed in the first subculture through hyperhydricity and/or the death of the
shoots.

The results relating to the two climate-controlled environments used to grow the
mother plants showed different morphological developments achieved by the plants
(Table 2) that strongly affected adaptation to the aseptic culture of the nodal explants
excised for in vitro micropropagation. Only the plants grown in the thermostatically con-
trolled cabinet became suitable (Table 3).

‘Finola’ showed the pronounced presence of hyperhydrated shoots when grown on
Driver and Kuniyuki (DKW). Indeed, the latter resulted in the presence of vitrescence in
almost all explants (90%), causing the alteration of tissues that were found to be thickened,
turgid, and glassy in texture, with leaves featuring lightened coloration, very slow or no
growth, a poor multiplication index, and brittle leaves. This behavior is different from the
results reported by Page et al. [35], which suggested the use of DKW nutrient medium
for multiple commercial varieties of C. sativa. These divergent results could be due to the
different subspecies evaluated in this study.

Based on the results shown in Table 3, most of the phytoregulators tested, alone or in
combination, produced strong shortening and clustering of the shoots. Although several
authors [29–32] suggest using phytoregulators like BAP and MT to improve in vitro culture
of Cannabis, in the case of ‘Finola’, the results achieved using these phytoregulators have
been very disappointing. Nevertheless, the addition of GA3 to the nutrient substrate to
promote stem elongation, which is common in many micropropagation protocols [42–44],
resulted only in the excessive growth of leaves, while the internodes on the stem remained
very short. This factor limited the number of microcuttings that could be produced. More-
over, to overcome the apical dominance of in vitro shoots that was strongly linked to the
induction of in vitro flowering in ‘Finola’, 2,3,5-triiodobenzoic acid (TIBA) was tested in
combination with TDZ and GA3. TIBA is a synthetic inhibitor of auxin flux and has been
widely applied in studies on in vitro shoot regeneration, as reported in Rosa hybrida [45],
Cucumis sativus [46], and ‘Finola’ in combination with TDZ [22]. The results of the present
study showed an increase of about 1 cm in the length of the shoots compared with the
combination of BAP + GA3 or MT + GA3, albeit with a lower multiplication rate than the
best mean value achieved with the combination TDZ + NAA (Figure 6a). Instead, the best
results were found by adding TDZ combined with NAA. TDZ is a phenylurea-substituted
compound that is highly effective in the tissue culture morphogenesis of many plant species,
including C. sativa variety MX-1 [47–49]. Indeed, several authors added this compound in
different concentrations, alone or in combination with NAA, to induce the multiplication
or regeneration of shoots from different explants of Cannabis sativa [9,23,32,50], achieving
high multiplication indices for each explant. In contrast to these results, ‘Finola’ yielded a
much lower multiplication rate, caused by the high degree of apical dominance and low
levels of branching.

To prevent or delay flowering, which represents the greatest limit in maintaining
a vegetative state for day-neutral genotypes such as ‘Finola’ [21], the apical tips were
regularly eliminated in each subculture to break apical dominance and promote axillary
bud growth. This technique was already found to be effective in promoting the shoot
regeneration of C. sativa var. Epsilon 68 [51] and Piper sarmentosum [50].

Lastly, the different LED lighting systems used in the phase of rooting induction were
discussed. In recent years, several studies have been conducted to determine the best light
source to improve the quality of micropropagated plants, and, at the same time, reduce
costs [33,52]. In particular, Budiarto (2010) [34] reported that the in vitro root activity
increased under red and blue LED lights. In this study, ‘Finola’ shoots exhibited good
rooting susceptibility under red/blue lights when treated with IBA at lower concentrations.
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However, IBA is an auxin frequently used in the rooting induction of C. sativa [53–55]. This
application resulted in the development of an extensive root system, in terms of both length
and number of roots, which facilitated the survival of all plantlets after transplantation into
the climate-controlled greenhouse (Figure 6).

5. Conclusions

‘Finola’ (C. sativa subsp. ruderalis) is an in vitro hemp recalcitrant cultivar because
it is day-neutral and flowers independent of the photoperiod. For this reason, ‘Finola’
is difficult to maintain in a vegetative state. The ambitious aim of this research was to
overcome this limitation and define an efficient protocol for micropropagation by evaluating
many different factors and combining them. The positive results obtained in this work
could contribute to developing a tissue culture system suitable for other recalcitrant hemp
varieties.

In the future, the selection of in vitro elite plant materials could help to realize the
super intensive production of ‘Finola’ under protected environments in very short cycles.
This approach can offer a viable option for maximizing production yields while maintaining
optimal conditions for in vitro plant growth.
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Abstract: Micropropagation has an important role in the large-scale production of blackberry plant
material, given the high proliferation rates of this species. The aim of the present study was to evalu-
ate the proliferative capacity of blackberry grown in vitro on wheat starch-gelled culture medium
compared to classical agar-gelled medium and to assess the genetic fidelity between the proliferated
shoots in starch-gelled culture medium and their mother plants. Six blackberry varieties (‘Čačanska
Bestrna’, ‘Chester Thornless’, ‘Driscoll’s Victoria’, ‘Loch Ness’, ‘Polar’, and ‘Karaka Black’) were
tested. For the in vitro shoots proliferation, Murashige and Skoog (MS) medium supplemented with
0.5 mg dm−3 6-benzyladenine (BA) was used. The conventional medium was gelled with 0.5% plant
agar, and wheat starch was used as an alternative gelling agent in a concentration of 5%. The results
showed that for all blackberry cultivars, the highest number of shoots/inoculum was obtained in
wheat starch-gelled culture medium, with a maximum value of 54.42 ± 4.18 presented by ‘Karaka
Black’. Considering the length of the proliferated shoots, all tested cultivars presented outstanding
results on the culture medium gelled with 5% wheat starch. The highest values regarding shoots
length were observed on the ‘Chester Thornless’ followed by ‘Čačanska Bestrna’, and ‘Loch Ness’
with values of 5.55 ± 0.04 cm, 5.46 ± 0.06 cm, and 5.37 ± 0.09 cm, respectively. The genetic uniformity
of the micropropagated shoots in relation to their mother plants was confirmed by sequence-related
amplified polymorphism (SRAP) and start codon targeted (SCoT) molecular markers.

Keywords: gelling agent; proliferation rate; rheological analyses; SRAP; SCoT

1. Introduction

Blackberry (Rubus fruticosus L.) is a well-known shrub from the Rubus genus with
edible fruits having a delicious taste and a pleasant aroma due to its specific biochemical
composition. Fruits are widely consumed as they have a high content in vitamins, minerals,
antioxidants, and dietary fibers that are beneficial for human health and well-being [1–4].

Similar to other Rubus species with edible fruits, blackberry varieties have been com-
mercially propagated by classical methods of vegetative propagation, e.g., by hardwood
and softwood cuttings, by layering, and/or by bush division [5–8]. Another successful
strategy for large-scale commercial micropropagation of blackberry plant material includes
in vitro tissue culture-based techniques [9–14].

The micropropagation process involves several distinct stages: initiation or the es-
tablishment of culture, proliferation of the shoots, elongation of the shoots, and rooting,
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followed by the acclimatization of in vitro-grown plants [15–18]. Among the aforemen-
tioned stages, shoot proliferation is considered crucial for successful mass propagation
linked to the quantity and quality of the obtained in vitro plant material [19,20].

Prior research on the multiplication of Rubus species has demonstrated that blackberry
varieties can be successfully propagated using a wide range of culture media. Among
these, the Murashige and Skoog (MS) medium have emerged as the most commonly
employed options [21–25], followed by McCown’s Woody Plants medium [4,13,25–27],
Gamborg’s B5 medium [4,28], Juglans Medium [29–32], Quoirin–Lepoivre [25,33,34], An-
derson medium [25,35,36] and Murashige and Tucker medium [17,37].

The multiplication of blackberry shoots is usually made on media supplemented with
cytokinins, in concentrations between 0.3 and 2.0 mg dm−3 as the major plant growth regula-
tor, and with smaller concentrations of auxins, and occasionally with gibberellins [13,31,32].
Thus, the highest values of shoot proliferation rates were reported in the presence of 6-
benzylaminopurine (BAP) alone or in combination with indole-3-butyric acid (IBA) and/or
gibberellic acid (GA3) [12,14,38–42].

The large-scale gelling agent used for in vitro propagation of blackberry is agar [13,14,43,44].
Given the relatively high cost of agar, several alternatives were tested in the blackberry multipli-
cation phase previously. For example, Gelcarin GP-812, Isubgol, and Guar gum were used for
the in vitro multiplication phase of ‘Thornless evergreen’ [31]. The culture media gelled with
agents such as wheat starch and corn starch were also successfully tested on the blackberry
varieties ‘Navaho’, and ‘Čačanska Bestrna’ [12].

During tissue culture for the large-scale propagation of commercially important plants,
somaclonal variations might occur at any stage of the plantlet’s development, especially
in the multiplication stage. These variations can be caused by environmental conditions,
explant type, the number of successive subcultures, and culture media type [45,46]. First
of all, the use of plant growth regulators in high doses, combined with the number of
subcultures, causes stress that leads to cellular instability, triggering genetic or epigenetic
variations in plants in vitro [47]. Another aspect to consider is the morphogenetic pathway
utilized for clone production. Obtaining plants through axillary branching typically does
not lead to the generation of variants, whereas cultures that undergo a callus phase are the
ones that theoretically promote a higher mutation rate [46,48]. Therefore, it is important
to check the genetic uniformity of the multiplied plants in relation to the mother plants to
confirm their quality for commercial use [49].

The assessment of genetic fidelity between the micropropagated plantlets and their
mother plants using molecular markers such as Sequence-related amplified polymorphism
(SRAP) and Start codon targeted polymorphism (SCoT) serve as valuable tools to test the
uniformity of plant material [50–53].

In this context, the first objective of the present study was to investigate the in vitro
proliferative capacity of six Rubus fruticosus L. cultivars grown on wheat starch-gelled
culture medium in comparison with the same cultivars grown on the classical agar-gelled
medium. The second objective of the study was to evaluate the genetic fidelity between
shoots propagated in starch-gelled culture medium after twelve successive subcultures and
their mother plants using SRAP and SCoT molecular markers.

2. Materials and Methods
2.1. Plant Material and In Vitro Shoot Cultures

The studied blackberry cultivars were ‘Čačanska Bestrna’, ‘Chester Thornless’, ‘Driscoll’s
Victoria’, ‘Loch Ness’, ‘Polar’ (thornless blackberry), and ‘Karaka Black’ (thorny blackberry),
having a tetraploid genetic structure (2n = 4x = 28).

In vitro culture initiation was carried out on annual shoots at the end of October on
MS medium supplemented with 3% sucrose and 0.5 mg dm−3 6-benzyladenine (BA), gelled
with 0.5% plant agar, and pH = 5.8. The small cuttings were washed with tap water and
rinsed with sterile deionized water. Disinfection was made with 20% bleach (ACE Procter
and Gamble, Bucures, ti, Romania; <5% active ingredient) for 20 min and rinsed three times
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with sterile water. The axillary and apical buds were excised and inoculated into the culture
medium, one bud/test tube. After six weeks, the regenerated shoots were transferred to
a culture medium with the same composition for in vitro culture stabilization. Further,
eleven successive subcultures were carried out (each subculture lasting for 10 weeks) on the
same agar-gelled culture medium, and in parallel, on culture media with 5% wheat starch.

In this experiment, specifically during the twelfth subculture, the in vitro culture of
blackberry was conducted under identical conditions. Two different variants of the culture
media were prepared: one was solidified with plant agar at a concentration of 0.5%, while
the other utilized wheat starch at a concentration of 5%. The plants were cultured in 720 mL
jars with a diameter of 9 cm and a height of 13.5 cm, with screw caps equipped with
leukopore tape filters, using 100 mL culture medium/jar.

The culture medium gelled with agar was sterilized for 20 min in an autoclave at
121 ◦C and 0.11 MPa, while the other one gelled with wheat starch was sterilized for 30 min
under the same conditions. The medium gelled with starch needs a longer sterilization
period to avoid infections. All the components of the culture media were added prior to
sterilization, as well the pH was adjusted to 5.8.

In each jar, four shoot fragments of approx. 2 cm were inoculated.
The in vitro cultures were incubated in the growth room at 16 h photoperiod,

32.4 µmol m−2s−1 light intensity (Philips CorePro LEDtube 1200 mm 16W865 CG, 1600 lm
Cool Daylight) at 22 ± 3 ◦C and 50 ± 5% humidity.

All the necessary components of the culture media were purchased from Duchefa
(Biochemie B.V, Haarlem, Netherlands), and the wheat starch was purchased from SanoVita
(https://sanovita.ro/, accessed on 15 February 2023).

2.2. Estimation of the Costs per Liter of Culture Medium

The cost per liter of medium was calculated based on the current prices of various
types of agar and wheat starch (Table 1).

Table 1. Comparing the costs of various gelling agents per liter of culture medium.

Gelling Agent Price/kg
(Euro)

g/L Culture
Medium

Price/L Culture
Media (Euro)

Price Difference
(Euro)

Wheat starch SANOVITA
(used in the present study) 2 50 0.10 -

Plant agar * (used in the
present studies) 87.4 5 0.44 0.34

Daishin agar * 206.5 7 1.45 1.35
Micro agar * 111.7 6 0.67 0.55
Phyto agar * 101 6 0.61 0.51
Gelrite * 174.4 3 0.52 0.42
Agar Sigma A1296 ** 438 5.6 2.45 2.35

Catalog prices * Duchefa and ** Sigma.

2.3. Rheological Analyses

Dynamic rheological analyses were carried out on both wheat starch-gelled culture
medium and agar-gelled medium using an Anton Paar MCR 72 modular compact rheome-
ter (Anton Paar, Graz, Austria). The rheometer was equipped with a Peltier plate-plate
system (P-PTD 200/Air) that allowed temperature control. However, for this study, the
samples’ viscosity was measured at room temperature of 22 ± 3 ◦C. Each sample, approxi-
mately 3 mL in volume, was placed between two plates. The upper plate had a smooth
parallel plate geometry with a diameter of 50 mm (PP-50-67300), while the lower plate
was at a gap of 1 mm [54]. Prior to measurement, any excess sample was removed, and
the samples were left undisturbed for 5 min to ensure thermal equilibrium before testing.
Duplicate measurements were conducted using a linearly increasing shear rate, ranging
from 5 to 300 1/s [55].
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2.4. Genetic Fidelity Analysis Using SRAP and SCoT Markers

Each analyzed cultivar was represented by 12 samples obtained from three jars, each
containing four initial inoculums. From each inoculum, a shoot was randomly selected,
and the leaves were used for DNA isolation. The harvested leaves were dried, ground
into a fine powder (TissueLyser II, Qiagen, Hilden, Germany), and stored at 4 ◦C until
DNA isolation.

2.4.1. DNA Isolation

Total genomic DNA was isolated from 0.1 g of dried powder using a protocol based on
the CTAB (cetyltrime-thylammonium bromide) method according to Lohdi et al., 1994 [56]
and slightly modified by Pop et al., 2003 [57] and Bodea et al., 2016 [58]. The DNA purity
and concentration were evaluated using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). Prior to performing the polymerase chain reaction
(PCR) amplifications, all the DNA samples were diluted to 50 ng/µL using sterile double
distilled water.

2.4.2. SCoT and SRAP Analysis

For the SRAP analysis, the PCR amplification reactions were carried out according to
Li and Quiros’ (2001) [59] protocol, and the reaction volumes were adjusted to 15 µL. The
reaction mixture consisted of 50 ng/µL of gDNA, 5X Green Go Taq flexi buffer, 1.5 mM
MgCl2, 0.2 mM of dNTPs, 0.3 µM of both forward and reverse primer, nuclease-free water
and 1 U of Taq DNA polymerase (Promega, Madison, WI, USA).

The DNA amplification was carried out in a Gradient thermal cycler, SuperCycler
Trinity (Kyratec, Mansfield, Australia), programmed for 1 cycle of 5 min at 94 ◦C for initial
denaturation, followed by five cycles of 1 min of denaturation at 94 ◦C, 1 min of annealing
at 35 ◦C and 1 min of elongation at 72 ◦C and then 35 cycles (94 ◦C for 1 min; 50 ◦C for
1 min and 72 ◦C for 1 min) with a final elongation step of 10 min at 72 ◦C.

For the SCoT analysis, the PCR amplification reactions were performed using the
protocol described by Collard and Mackill (2009) [60]. The reaction mixture (a total volume
of 15 µL) consisted of 50 ng/µL of gDNA, distilled H2O for the PCR reactions, 5X GoTaq
Flexi Green buffer (Promega, Madison, WA, USA), 1.5 mM MgCl2 (Promega, Madison, WA,
USA), 0.2 mM of dNTP mix (Promega, Madison, WA, USA), 1 µM SCoT primer (Gener-
iBiotech, Hradec Králové, Czechia), and 1U of GoTaq polymerase (Promega, Madison, WA,
USA). The PCR temperature cycling conditions were: (a) 1 cycle of 5 min at 94 ◦C for initial
denaturation, (b) 35 cycles of denaturation at 94 ◦C for 1 min, annealing at 50 ◦C for 1 min
and elongation at 72 ◦C for 2 min, and (c) the final elongation step of 7 min at 72 ◦C.

The list of SRAP primer combinations and SCoT primers used in this study is shown
in Table S1. The PCR amplifications were repeated twice for each SCoT primer and each
SRAP primer combination to ensure the reproducibility of the results. Separation of the
PCR amplicons for both techniques was performed by electrophoresis on 1.4% agarose gels
(Promega, Madison, WA, USA) stained with RedSafeTM Nucleic Acid staining solution
(iNtRON Biotech, Seoul, Republic of Korea) in 1X TBE (Tris Borate-EDTA buffer), at 110 V
and 136 mA for 2.5–3 h. The electrophoretic profiles were visualized under UV (ultraviolet
in UVP Biospectrum AC Imaging System (UVP BioImaging Systems, Upland, CA, USA).

2.5. Data Collection and Statistical Analysis

Data regarding shoot number (SN) and shoot length (SL) were collected after twelve
subcultures of the blackberry cultivars, and each subculture’s duration was 10 weeks.

The in vitro experiments were carried out in a completely randomized design (CRD)
in factorial with two factors (two gelling agents and six cultivars), and two-way ANOVA
was performed to check the differences between the experimental variants. When the null
hypothesis was rejected, ANOVA was completed with Duncan’s test (α < 0.05) to separate
and highlight the differences between means [61]. The presented values are means ± S.E.
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For the SCoT and SRAP analysis, the gel images were analyzed using TotalLab120
software (Nonlinear Dynamics, Newcastle upon Tyne, UK) to determine the number and
molecular weight range of amplified bands. The number and size range in base pairs
(bp) of the PCR-amplified bands were recorded with the statement that the low intensity
of some amplified bands in gels was not considered an eliminative factor while scoring.
The genetic distances between analyzed blackberry genotypes were calculated using the
Euclidean coefficient of similarity. Cluster analysis was performed with the UPGMA
algorithm using PAST software (PAle-ontological STatistics Version 4.11, Natural History
Museum, Oslo, Norway) [62]. Its consistency was assessed using the bootstrap method
with 10,000 repetitions.

3. Results
3.1. In Vitro Shoot Cultures in Starch-Gelled Culture Media and Agar-Gelled Culture Media

The wheat starch-gelled culture media compared to the classical agar-gelled medium
(Figure 1) had a distinct influence on the number of shoots/inoculum and the shoot length
for all the studied cultivars, as presented in Figures 2 and 3.
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means of the proliferation rate among cultivars, according to Duncan’s test (α < 0.05).
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Figure 3. Shoot length of the in vitro blackberry cultivars ‘Čačanska Bestrna’, ‘Chester Thornless’,
‘Driscoll’s Victoria’, ‘Loch Ness’, ‘Polar’, and ‘Karaka Black’ grown on MS medium supplemented
with 0.5 mg dm−3 BA, gelled with 0.5% plant agar (agar), and 5% wheat starch (starch). Different
lowercase letters above the bars indicate significant differences between the means of the proliferation
rate among cultivars, according to Duncan’s test (α < 0.05).

On the agar-gelled culture medium, the highest SN was shown by ‘Čačanska Be-
strna’ with 33.92 ± 4.44, followed by ‘Chester Thornless’ (32.42 ± 4.62) and ‘Loch Ness’
(32.08 ± 4.70). A decreased SN was observed in cultivars ‘Driscoll’s Victoria’ (21.42 ± 2.24)
and ‘Polar’ (24.25 ± 6.08), as shown in Figure 2

On wheat starch-gelled culture medium, the highest SN was attained by ‘Karaka Black’
(54.42 ± 4.18), followed by ‘Chester Thornless’ (42.58 ± 4.92), as shown in Figure 2. The
‘Polar’ variety had the lowest SN on the culture medium gelled with starch, respectively
26.50 ± 3.71.
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Considering the length of the obtained shoots, it can be observed that all of the tested
cultivars presented outstanding results on culture medium gelled with 5% wheat starch.
The highest values regarding shoots length were observed on the ‘Chester’ cultivar, fol-
lowed by ‘Čačanska Bestrna’, and ‘Loch Ness’ with values of 5.55 ± 0.08 cm, 5.46 ± 0.07 cm
and 5.37 ± 0.09, respectively, as illustrated in Figure 3. On the culture media gelled
with agar, the longest shoots were recorded by the ‘Loch Ness’ cultivar (5.11 ± 0.08 cm),
statistically significant compared to the other studied varieties (Figure 3).

3.2. Rheological Analyses

The rheological properties of the two samples (wheat starch-gelled culture medium
and agar-gelled medium) can be seen in Figure 4, assessed across shear rates ranging from
5 to 300 s−1. This evaluation aimed to determine the relationship between viscosity and
shear rate for the samples.
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Figure 4. The viscosity of wheat starch-gelled medium (yellow) and agar-gelled medium (blue)
samples (in duplicates).

The results showed that the agar-gelled medium samples had a higher viscosity than
the wheat starch-gelled medium samples. In the case of the agar-gelled medium samples,
the viscosity started from 18,160 ± 29 and decreased to 59 ± 21, while in the case of the
wheat starch-gelled medium samples, it started from 3739 ± 28 and decreased to 120 ± 30.
Both samples presented a shear-thinning (pseudo-plastic) behavior.

3.3. Genetic Fidelity Evaluation Using SRAP and SCoT Molecular Markers

In the present study, SRAP and SCoT markers were used to assess the genetic uniformity
of blackberry shoots proliferated on wheat starch-gelled medium and their mother plants.

SRAP analysis. Ten SRAP primer combinations were used for the genetic fidelity
analysis. However, only eight primer combinations produced clear and scorable PCR bands
(Table 2).
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Table 2. Number and size range of SRAP amplified bands in the analyzed R. fruticosus L. cultivars.

Primer
Combinations

Size Range of
Bands (bp)

No. of Scorable Monomorphic Bands

Čačanska
Bestrna

Chester
Thornless Loch Ness Polar Driscoll’s

Victoria
Karaka
Black

Em4-Me6 180–1450 12 10 12 15 16 13
Em7-Me1 150–1350 14 15 11 10 10 11
Em3-Me8 200–2000 11 12 11 13 12 10
Em5-Me4 150–1800 10 11 8 10 12 8
Em2-Me8 300–2000 12 9 10 12 10 11
Em8-Me5 150–2000 15 15 13 15 16 14
Em1-Me7 200–1900 10 10 12 11 10 13
Em6-Me3 200–1700 11 11 9 12 12 10

Total no. of bands/cultivar 95 93 86 98 98 90

Each SRAP primer combination generated monomorphic bands that ranged in size
from 150 bp (Em7-Me1; Em5-Me4; Em8-Me5) to 2000 bp (Em3-Me8; Em2-Me8; Em8-Me5).
The lowest number of monomorphic bands was recorded by ‘Loch Ness’ and ‘Karaka
Black’ generated by the Em5-Me4 primer combination, and the highest number of bands
was detected in ‘Driscoll’s Victoria’ cultivar with the primer combinations Em4-Me6 and
Em8-Me5, as presented in Table 2.

Regarding the total number of monomorphic bands/cultivar, the highest score was
detected in ‘Polar’ and ‘Driscoll’s Victoria’ cultivars with 98 PCR bands, and the lowest
number of bands (86) was detected in ‘Loch Ness’ cultivar (Table 2).

Despite the fact that no differences were revealed between the mother plants and their
in vitro proliferated shoots of each cultivar, the six analyzed cultivars had different SRAP
profiles, as shown in Figure 5.

SCoT analysis. From nine SCoT primers used for the initial screening of the genetic
fidelity between the mother plants and the proliferated shoots, only seven SCoT primers
generated clear and reproducible bands. The number and size range of SCoT amplified
bands in the analyzed R. fruticosus L. cultivars are presented in Table 3.

Table 3. Number and size range of SCoT amplified bands in the analyzed R. fruticosus L. cultivars.

Primer Name
Size Range of

Bands (bp)

No. of Scorable Monomorphic Bands

Čačanska
Bestrna

Chester
Thornless Loch Ness Polar Driscoll’s

Victoria
Karaka
Black

SCoT-1 250–1900 8 10 8 11 11 9
SCoT-2 320–2100 7 9 9 8 8 9
SCoT-3 210–2200 11 11 9 7 9 11
SCoT-4 300–2300 8 9 11 9 8 12
SCoT-5 250–1800 13 12 13 11 12 11
SCoT-6 280–2350 12 13 11 13 12 11
SCoT-9 220–1900 15 14 10 16 9 16

Total no. of bands/cultivar 74 78 71 75 69 79

The generated PCR bands ranged in size from 210 bp (SCoT-3) to 2350 bp (SCoT-6).
It is noteworthy that no polymorphism was observed between the in vitro proliferated
shoots and their mother plants (Figure 6). The number of scorable monomorphic amplified
bands varied between 7 and 16. A total of 7 bands were observed for SCoT-2 in samples
‘Čačanska Bestrna’ and 16 bands for SCoT-9 in samples ‘Karaka Black’ and ‘Polar’ (Table 3).
Regarding the total number of monomorphic bands generated after the PCR amplifications,
the highest number of amplified bands were detected at ‘Karaka Black’ (79), and the lowest
number of bands was recorded at ‘Driscoll’s Victoria’ (69) (Table 3).
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Figure 5. The monomorphic SRAP profiles of mother plants (M1–M6) from each of the six
Rubus fruticosus L. cultivars and their in vitro proliferated shoots (1–12) generated by the primer com-
bination Me4-Em5; (a) ‘Čačanska Bestrna’, ‘Chester Thornless’; (b) ‘Loch Ness’, ‘Polar’; (c) ‘Driscoll’s
Victoria’, ‘Karaka Black’. Lane L—indicates the molecular marker (100 bp Ladder, Promega, USA);
NC—sample controls without DNA.
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Figure 6. The monomorphic SCoT profiles of mother plants (M1–M6) from each of the six
Rubus fruticosus L. cultivars and their in vitro proliferated shoots (1–12) generated by the primer
SCoT 9, (a) ‘Čačanska Bestrna’, ‘Chester Thornless’, (b) ‘Loch Ness’, ‘Polar’ (c) ‘Driscoll’s Victoria’,
‘Karaka Black’. Lane L—indicates the molecular marker (100 bp Ladder, Promega, USA); NC—sample
controls without DNA.
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The results of our study confirm that the SRAP and SCoT markers can be successfully
used to rapidly assess the genetic stability of blackberry in vitro grown plants at the
proliferation stage. These findings are confirmed by UPGMA cluster analysis. Thus,
the constructed dendrograms based on SRAP and SCoT analysis revealed the genetic
uniformity between the proliferated shoots and their mother plants. Moreover, the UPGMA
cluster analysis showed that there were differences between the genetic profiles of the
analyzed blackberry cultivars (Figures 7 and 8).
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Figure 7. UPGMA dendrogram based on SRAP analysis, showing the genetic fidelity between
in vitro proliferated shoots from the analyzed cultivars (M1.1–M1.12; M2.1–M2.12; M3.1–M3.12;
M4.1–M4.12; M5.1–M5.12; M6.1–M6.12) and their mother plants (M1–M6). Numbers on the branches
show bootstrap values computed from 10,000 replications. M1—‘Čačanska Bestrna’; M2—Chester
Thornless’; M3—‘Loch Ness’; M4—‘Polar’; M5—‘Driscoll’s Victoria’; M6—‘Karaka Black’.
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Figure 8. UPGMA dendrogram based on SCoT analysis, showing the genetic fidelity between
in vitro proliferated shoots from the analyzed cultivars (M1.1–M1.12; M2.1–M2.12; M3.1–M3.12;
M4.1–M4.12; M5.1–M5.12; M6.1–M6.12) and their mother plants (M1–M6). Numbers on the branches
show bootstrap values computed from 10,000 replications. M1—‘Čačanska Bestrna’; M2—‘Chester
Thornless’; M3—‘Loch Ness’; M4—‘Polar’; M5—‘Driscoll’s Victoria’; M6—‘Karaka Black’.
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4. Discussion

Generally, the mass propagation of berry fruit plants can be achieved by using plant
tissue culture techniques to produce high-quality plant material characterized by genetic
uniformity and free of contamination [63]. Furthermore, micropropagation strategies aim
to achieve two goals simultaneously: to increase the proliferation rate of the targeted
plant material and to reduce production costs at the same time. Replacing agar, the most
expensive component of the culture medium, with alternative low-priced gelling agents
can lead to reduced production costs of the in vitro cultures [64].

In this context, the outcomes of our study demonstrated two positive aspects when
replacing agar with wheat starch in the in vitro multiplication stage of six blackberry
cultivars: (1) reduction in cost per liter of culture medium and (2) increased proliferation
rate and shoot length. According to the data presented in Table 3, substituting agar with
wheat starch can lead to a cost reduction of up to 2.45 euros per liter of culture medium. In
our case, replacing plant agar (0.5%) with 5% wheat starch reduced the cost of one liter of
the medium by 0.34 euro.

Aside from cost reduction, achieving the appropriate hardness of the medium is
crucial for successful plant tissue cultures. If the medium is excessively soft, it can lead
to hyperhydricity in tissue cultures, while if it is excessively hard, it can impede shoot
development. [64].

In our study, the viscosity of the culture medium gelled with 5% wheat starch was
almost five times lower than that of the medium gelled with 0.5% plant agar.

The distinctive structural properties of agar molecules and their interactions within
the culture medium account for the variation in viscosity and shear-thinning behavior.
Conversely, in the case of starch, these characteristics can be attributed to the molecular
structure and interactions within the substrate [65].

Agar is a polysaccharide derived from seaweed, consisting of long chains of repeating
sugar units. In its natural state, agar forms a gel-like structure due to the formation
of physical cross-links between the agar molecules. These cross-links contribute to the
viscosity and elasticity of the agar gel [66]. When shear is applied to the agar-based
substrate, such as during stirring or flow, the shearing forces disrupt the physical cross-
links between the agar molecules. This results in the temporary reduction of viscosity,
allowing the substrate to flow more easily. As the shearing forces increase, the structural
network of agar molecules continues to break down, leading to a further reduction in
viscosity [67].

Starch is a complex carbohydrate composed of glucose units organized into two main
types of polymers: amylose and amylopectin. The amylose component consists of linear
chains, while amylopectin has a branched structure [68]. These molecular arrangements
contribute to the unique rheological properties of starch-based substrates. When sub-
jected to shear stress, the starch molecules undergo various changes that result in shear
thinning behavior, like molecular alignment, disruption of granule structure, and solvent
interactions [69].

Our results show that the lower viscosity of the wheat starch-gelled medium caused
the inocula to sink into the culture medium as they developed and became heavier. Conse-
quently, the proliferated shoots had a larger surface in contact with the culture medium,
which could explain their better development in starch-gelled media compared to agar-
gelled media. This phenomenon was observed in a study conducted by Jain and Babbar
(2002) [70] when katira gum was used as a gelling agent in culture media for in vitro shoot
formation and rooting at Syzygium cuminii. In this case, the viscosity of the culture medium
gelled with katira gum was less than one-sixth of the viscosity of the medium gelled with
agar, and frequent shaking of the culture vessel often caused the explants to sink, with
submerged explants showing a positive response.

Similar results were obtained in a previous study conducted by Amlesom et al. in
2021 [71], who evaluated the efficacy of three types of starch (corn, potato, and barley) in
both laboratory and commercial grades as alternatives to agar for potato micropropagation.

30



Horticulturae 2023, 9, 902

In terms of physical parameters, including plant height, root length, fresh weight, and dry
weight, the media containing laboratory-grade potato starch, commercial corn starch, and
laboratory-grade corn starch yielded superior results compared to the control medium
gelled with agar. Both laboratory and commercial-grade starch-based media led to cost
reductions of 15–22% and 61–66%, respectively. These findings indicate that both corn
and potato starches can be considered reliable and cost-effective substituents for agar in
potato micropropagation. In a recent study, plantain and banana explants were propagated
on 16 starch-based substrates (mung bean, sago, xanthan, Isabgol, guar gum, pear sago,
cassava starch, tapioca starch and their combinations with agar) to evaluate their suitability
as tissue culture gelling agents [72]. Two of the substrates, mung bean and Isabgol, had
suitable gelling properties and cost less than one euro, and were more economical than agar.

In the present study, the type of gelling agent had a significant effect on the prolifera-
tion rate and shoot length in all six blackberry cultivars, as shown in Figures 2 and 3. The
highest proliferation rate was obtained in the culture medium gelled with wheat starch in
all blackberry cultivars. In this regard, the ‘Karaka Black’ cultivar exhibited the highest
proliferation rate, nearly twice as high as that on the agar-gelled medium. The smallest
differences in proliferation rate were observed in the ‘Polar’ variety, with only a 1.09-fold
increase in the starch-gelled medium compared to the agar-gelled medium. Also, even if
the consistency of the culture media gelled with wheat starch was softer, no hyperhydrated
cultures or other physiological disorders were observed.

Since the culture medium gelled with 5% wheat starch is opaque, possible endogenous
bacterial contamination cannot be observed. For this reason, this medium is indicated to be
used only in the in vitro multiplication stage of blackberry. Our previous investigations
regarding in vitro multiplication of Rubus sp. showed that the culture medium, solidified
with different alternative gelling agents, including wheat starch and potato starch, gener-
ated high proliferation rates and vigorous shoots suitable for concomitant acclimation and
ex vitro rooting to different blackberry varieties: ‘Thornless Evergreen’ [33], ‘Loch Ness’,
‘Čačanska bestrna’, ‘Chester Thornless’, and ‘Navaho’ [12].

Previous research results show that the assessment of genetic fidelity is one of the most
important requirements in tissue culture-based propagation of any fruit plant species [50]
due to the possible presence of somaclonal variations. Chromosomal rearrangements are
an important source of somaclonal variations that can occur between the in vitro plants
regenerated from one parental line as a result of the successive subculture of plant organs,
tissues, and cells [46]. In this particular context, molecular marker techniques have emerged
as valuable tools for two purposes: verifying the genetic fidelity of in vitro propagated
plants in comparison to their mother plants and confirming their uniformity for commercial
applications [73–76].

During the last decades, several research articles have been published regarding
the evaluation of the genetic uniformity of in vitro propagated plants by SRAP markers
on different fruit species like Vitis vinifera L. [77], Musa sp. [78], Rubus fruticosus L. [50],
Ribes grossularia L. [79], Aronia melanocarpa (Michx.) [80]. The results of these studies are
consistent with the findings of the present research, showing that SRAP markers were ade-
quate to assess the genetic fidelity of the proliferated shoots after 12 consecutive subcultures.
The experimental design included the genetic fidelity analysis for the in vitro proliferated
shoots in the starch-gelled medium and confirmed the uniformity of the proliferated shoots
with their mother plant, as illustrated by the DNA fingerprinting profiles (Figure 6).

It is worth mentioning that the SRAP technique is an easily accessible tool for dif-
ferent laboratories to assess the genetic fidelity of in vitro grown plant material, and the
reproducibility of the results is satisfactory [79].

In the present study, SCoT markers were used to confirm the SRAP results, given
that this type of DNA-based molecular marker is highly reproducible. SCoT technique
amplifies the short, conserved regions around the ATG translation start codon located
in plant genes, and previous studies confirm the complementary validation of the two
techniques regarding genetic fidelity on other micropropagated plant species [51]. Unlike
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RAPD or ISSR markers that amplify DNA fragments from non-coding regions of the
genome, the advantage of using SCoT markers is associated with functional genes and their
corresponding traits [81–83]. The results presented in Figure 7 confirm the genetic fidelity
of the in vitro grown shoots after 12 concomitant subcultures and their mother plant and
represents a complementary validation of the SRAP results at the same time. To the best of
our knowledge, this study is the first report on blackberry that applies SCoT markers to
assess the genetic uniformity of the in vitro propagated shoots.

Furthermore, the results of this study show that both the SRAP and SCoT marker
systems are useful for cultivar differentiation at the DNA molecular level.

5. Conclusions

In conclusion, our study on in vitro shoot proliferation of six blackberry cultivars
(‘Čačanska Bestrna’, ‘Chester Thornless’, ‘Driscoll’s Victoria’, ‘Loch Ness’, ‘Polar’, and
‘Karaka Black’) indicates that wheat starch is an efficient gelling agent. The use of wheat
starch for agar replacement in blackberry culture media resulted in a cost reduction of
0.34 euro per liter (compared to plant agar). Additionally, it promoted a greater number
of shoots, longer and physiologically suitable for acclimation. The genetic uniformity of
the micropropagated shoots with their mother plants was confirmed by SRAP and SCoT
molecular markers, thus, revealing the sustainability of the wheat starch as an effective
gelling agent for the production of clonal blackberry planting material.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae9080902/s1, Table S1: Sequences of SCoT
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Abstract: Zamioculcas zamiifolia, a drought-resistant plant in the family Araceae, is a popular ornamen-
tal potted foliage plant originating from tropical east and subtropical southeast Africa. The growth
and propagation rate of this species is low in conventional propagation methods. Therefore, the
current study aimed at developing a complete in vitro propagation protocol of black-leaved Raven®

ZZ plant (Z. zamiifolia ‘Dowon’)—a novelty on the floricultural market. In order to initiate an axenic
culture, the disinfection of leaf explants was performed with sodium hypochlorite and mercury chlo-
ride. Next, leaf segments were cultured on the Murashige and Skoog (MS) medium with the addition
of 6-benzyladenine (BA) and/or α-naphthalene acetic acid (NAA) at various concentrations. The
highest number of shoots (11) and leaves (22) per explant was obtained in a medium enriched with
2 mg·L−1 BA together with 0.5 mg·L−1 NAA. The maximum number of roots (3.33) was produced
in microshoots cultured on the medium supplemented with 2 mg·L−1 NAA. On the other hand,
the longest roots (2.66 cm) were produced on a medium containing 2 mg·L−1 NAA and 0.5 mg·L−1

BA. The combination of 0.5 mg·L−1 BA and 0.5 mg·L−1 NAA was most effective in stimulating
callus formation (78.33%). Rooted plantlets were transferred to plastic pots filled with coco peat and
acclimatized to ambient greenhouse conditions with an average 68.19% survival rate. This is the first
report on a complete micropropagation protocol of black-leaved zamioculcas.

Keywords: Araceae; in vitro propagation; ornamental plants; plant growth regulators

1. Introduction

Zamioculcas is a monotypic genus in the family Araceae (aroids), comprising the
single species Zamioculcas zamiifolia (Lodd.) Engl. It is a stem-less tropical herbaceous
monocotyledonous originating from eastern Africa, from southern Kenya to northeastern
South Africa, growing on the stony ground or tropical moist forest floor [1]. Zamioculcas
(commonly named as ‘ZZ plant’) differs from most other aroids in possessing pinnate
leaves [2]. It is grown as a medicinal-ornamental plant, mostly for its attractive glossy
foliage and some pharmaceutical metabolites. Moreover, ZZ plant has the potential to
reduce the concentration of pollutant gases such as benzene, ethylbenzene, xylene, and
toluene from contaminated indoor air [1]. It is drought-resistant, can grow under low
light conditions, and generates short sprouts from a thick underground tuber-like rhizome
that stores water [3,4]. Consequently, it is described as a “unique” indoor foliage plant.
The species is conventionally propagated through leaf cuttings (it rarely flowers), but this
method is inefficient and time-consuming as ZZ plant is slow-growing, even under optimal
production conditions [3]. For example, in a study by Prathibha et al. [5] an average of
2.2 shoots had formed per propagule at 180 days under in vivo conditions. Consequently,
stock plants are expensive [2].
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The development of an efficient micropropagation protocol for ZZ plant could increase
the plant yield and decrease the production costs. Tissue culture techniques provide an
opportunity for the large-scale production of an elite material and plants of commercial
interest. The micropropagation of some Araceae genera such as Aglaonema, Alocasia, An-
thurium, Dieffenbachia, Homalomena, Philodendron, Spathiphyllum, and Syngonium has been
carried out [6,7]. In these studies, seedling fragments, leaves, shoots, inflorescences, and
corms were used as explant sources and inoculated usually on the MS [8] medium. As for
the plant growth regulators (PGRs), thidiazuron (TDZ) and 6-benzyladenine (BA) were
extensively used as cytokinins, while α-naphthalene acetic acid (NAA), indole-3-acetic
acid (IAA), and 2,4-D (2,4-dichlorophenoxyacetic acid) were the most common auxins [7].
Among these PGRs, BA is the most effective in stimulating organogenesis in aroids. For
example, Chen et al. [9] found that a 5 mg·L−1 BA treatment could induce the formation of
adventitious shoot in Aglaonema ‘White Tip’. In Philodendron, more shoots were regenerated
on the BA- than kinetin-supplemented media [10]. The best conditions for in vitro multipli-
cation of Homalomena pineodora were found in the MS medium with 0.5 mg·L−1 BA [11].
Nonetheless, there may be considerable cultivar differences in response to the type and
concentration of cytokinins used.

Despite the popularity of the species, information on in vitro culture systems in Z.
zamiifolia is limited to green-leaved cultivars and published in non-English articles [5,12].
Papafotiou and Martini [13] studied the effect of the inoculation position of leaf explants
concerning PGRs during the micropropagation of ZZ plant. They found that medium
supplementation with 2,4-D resulted in the formation of somatic embryos, NAA combined
with BA induced mainly roots, and NAA alone produced tubers and roots, while BA alone
resulted mainly in leaf development [13]. According to Sayadi Nejad and Sadeghi [14], the
combination of BA and NAA was optimal for callus induction, while NAA alone stimulated
shoot elongation if rhizome or petiole explants were inoculated in a half-strength (1/2) MS
medium. Vanzie-Canton and Leonhardt [15] developed a protocol for the oryzalin treatment
of Z. zamiifolia callus in a study aimed at producing a tetraploid plant in vitro.

Recently, the black-leaved attractive cultivar ‘Dowon’ has been created and patented
by the South Korean breeder Hyuk Jin Lee [16] and offered on sale under the tradename
Raven®. This cultivar has lime green new growth that turns a purple-black color as it ages,
which brings an outstanding ornamental effect and gives the plant high popularity. As
with other ZZ plants, it stores water in its thick petioles and a tuber-like rhizome, making it
an exceptionally easy-to-grow houseplant that withstands even dark conditions. In some
areas, this cultivar can be grown outdoors if the temperature does not fall below 15 ◦C [17].

Currently, there is no published information on the in vitro propagation of the black-
leaved Zamioculcas zamiifolia. Considering the increasing demand for ZZ plants in the
market, the present study aimed to evaluate the effect of BA and NAA on the mass
proliferation of ‘Dowon’ cultivar through tissue culture technique.

2. Materials and Methods
2.1. Plant Material and Initiation of In Vitro Culture

Plant material (Zamioculcas zamiifolia (Lodd.) Engl. ‘Dowon’) was obtained from a
greenhouse in Amol city, Mazandaran province, the northern part of Iran. The geographical
coordinates of Amol are as follows: latitude: 36◦28′10′′ N, longitude: 52◦21′02′′ E, and
elevation above sea level: 96 m. Leaf segments (15 mm × 15 mm) were used as primary
explants. Z. zamiifolia ‘Dowon’ is a stem-less species and has underground rhizome. There-
fore, the most appropriate organ for explant preparation is the leaf. To eliminate surface
contamination, the leaves were washed with dishwashing liquid for 20 min. Next, the
explants were placed under running tap water for half an hour and treated with 10% (v/v)
sodium hypochlorite (NaOCl/H2O ± 3% active chloride, Chem-Lab, Zedelgem, Belgium)
for 10 min. Then, the samples were disinfected with 0.1 mg·L−1 (w/v) mercury chloride
(HgCl2, Merck, Darmstadt, Germany) for 10 min followed by ethanol 70% for one min.
Finally, the explants were washed thrice with sterile distilled water (5 min each). The mar-
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gins of the explants were cut off to remove the parts damaged in the disinfection treatment.
Each leaf was cut into four segments of 15 mm × 15 mm.

2.2. Organogenesis Induction

Disinfected explants were placed inside sterile glass-jars. Three explants were cultured
in each jar filled with 50 mL of basal MS culture medium with 3% (w/v) sucrose (Merck,
Darmstadt, Germany) and 0.7% (w/v) agar (SIGMA Aldrich, St. Louis, MO, USA). The
media contained different concentrations of BA (0, 0.5, 1, and 2 mg·L−1; i.e., 0, 2.22, 4.44,
8.88 µM) and NAA (0, 0.5, 1, and 2 mg·L−1; i.e., 0, 2.69, 5.37, 10.75 µM) for the induction
of organogenesis. Our aim was to evaluate the effect of 16 treatments on the performance
of explants in vitro (direct or indirect organogenesis for both shoot multiplication and
rooting). The PGRs combinations (treatments) stimulating simultaneous caulogensis and
rhizogenesis were used in the further acclimatization step. The pH of the medium was
adjusted to 5.6–5.8 after adding all components and before autoclaving at 121 ◦C and
105 kPa for 20 min. Cultures were kept in a growth room at 24 ± 2 ◦C with a 16 h
photoperiod and light intensity of 50–60 µmol·m−2·s−1 provided by cool-white fluorescent
tubes and adjusted by a spectroradiometer. Plantlet number and length, leaf number,
callus induction percentage, mean root length, and longest root length, all per explant,
were measured after 12 weeks. To measure the traits and take pictures, the samples were
removed from the glass containers and placed on Petri dishes.

2.3. Experimental Design and Data Analysis

The experiment was conducted in a completely randomized block design with three
replications. Each experimental unit consisted of five glass-jars and three explants were
cultured in each jar. Means were subjected to the analysis of variance and compared by
Duncan’s test at p < 0.05 using the SAS ver. 9.1 software (SAS Institute, 2003).

Considering that the interaction effects became significant, instead of comparing the
averages of the main treatments, the average comparison between the levels of treatment
compounds has been done. Therefore, the interaction effect of each treatment at different
levels of the other treatment is well represented.

2.4. Acclimatization Process

All surviving and rooted microshoots (120-day-old) were removed from the culture
jars and placed in the coco peat in 18 cm plastic pots (with a capacity of 4 kg) and watered
with sterile water. In each pot, 3 plantlets obtained from the rooting step were planted
(more than 100 pots were used in total). The pots were placed in a greenhouse with
high humidity (70–80%), controlled photoperiod (16/8 light/dark with a light intensity
not exceeding 100 µmol·m−2·s−1), and temperature (24 ± 2 ◦C) for acclimatization for
1.5–2 months. Irrigation was conducted by the rainy method and from the roof of the
greenhouse. Plantlets were watered in this way every two weeks to prevent them from
drying out. Light intensity was reduced by using two layers of canopy or nets. After 45 days
of placing the plantlets in the adaptation pots, fully developed plants were transferred
to a substrate (plot) containing cocopeat, peat moss, perlite, sand, and leaf soil in equal
proportion for acclimatization and supply to the sales market. The survival (%) of the
plants was evaluated after 8 weeks.

3. Results
3.1. Microshoot Proliferation

After disinfection (the efficiency of which reached over 85%), the explants were trans-
ferred to the proliferation culture medium. About 90% of explants regenerated shoots
(Figure 1). A mean comparison of the data (Table 1) showed that the longest plantlets
(2.06 cm) were obtained in MS medium augmented with 1 mg·L−1 NAA and 2 mg·L−1 BA.
Their length was two- to four-fold higher than that of the other treatments. The shortest
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plantlets (0.4 cm), on the other hand, were produced in a medium containing 0.5 mg·L−1

BA. Plantlet length was also low in the control treatment, i.e., medium without PGRs.
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Figure 1. In vitro propagation of Z. zamiifolia ‘Dowon’. Callus production in a medium augmented
with 2 mg·L−1 NAA + 1 mg·L−1 BA (A) and the PGRs-free control (B); development and multiplica-
tion of shoots in a medium containing 0.5 mg·L−1 NAA ((C), left), 1 mg·L−1 NAA + 2 mg·L−1 BA
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((C), medial), and 0.5 mg·L−1 NAA + 2 mg·L−1 BA ((C), right); comparison of plantlets produced
in a medium containing 1 mg·L−1 NAA + 2 mg·L−1 BA ((D), down) and the control medium
((D), up); leaf development in a medium containing 2 mg·L−1 NAA + 2 mg·L−1 BA (E); root
development in a medium containing 2 mg·L−1 NAA + 0.5 mg·L−1 BA (F) and the control treatment
(G); leaves developed in a medium supplemented with 0.5 mg·L−1 NAA + 2 mg·L−1 BA (H); plantlets
produced in a medium enriched with 1 mg·L−1 NAA + 2 mg·L−1 BA (I); plantlets developed in a
medium supplemented with 0.5 mg·L−1 NAA + 2 mg·L−1 BA, ready for acclimatization (J); plantlets
cultivated ex vitro in a plastic pot filled with cocopeat (K); fully developed plants after one year in
a plot containing cocopeat, peat moss, perlite, sand, and leaf soil in equal proportions (L). Age of
cultures: (A–J): 60 days, (K): 105 days, (L): one year. Scale bars: (A,B,D,I) = 10 mm, (C,F) = 12 mm,
(E,H) = 8 mm, (G) = 2 mm, and (J) = 5 mm.

Table 1. Effect of different concentrations of NAA and BA on the measured characteristics of
Zamioculcas zamiifolia (Lodd.) Engl. ‘Dowon’ grown in vitro in the multiplication step.

NAA (mg·L−1) BA (mg·L−1) Plantlet Length
(cm)

Plantlet Number
per Explant

Leaf Number per
Explant

Callus Induction
(%)

0 0 0.54 ± 0.44 c 2.88 ± 0.19 f 5.66 ± 0.72 f 32.33 ± 5.80 f

0 0.5 0.40 ± 0.31 d 4.66 ± 0.28 d,e 9.33 ± 0.30 d 70.00 ± 20.00 a,b

0 1 0.56 ± 046 c 3.00 ± 0.36 f 7.33 ± 0.38 e,f 46.66 ± 15.30 c–e

0 2 1.20 ± 0.30 b 4.33 ± 0.25 d,e 6.00 ± 0.27 f 33.33 ± 5.80 f

0.5 0 0.60 ± 0.11 b,c 3.66 ± 0.72 e,f 8.66 ± 0.482 d 45.00 ± 13.20 c–e

0.5 0.5 0.53 ± 0.22 c,d 4.00 ± 0.15 e 7.33 ± 0.74 e,f 78.33 ± 7.60 a

0.5 1 0.60 ± 0.16 b,c 5.66 ± 0.17 b,c 8.00 ± 0.22 e,f 51.66 ± 7.60 c,d

0.5 2 1.16 ± 0.42 b 11.00 ± 0.42 a 22.00 ± 0.63 a 41.66 ± 7.60 d,e

1 0 0.66 ± 0.18 c 5.00 ± 0.53 b–d 10.00 ± 0.62 d 40.00 ± 5.00 d,e

1 0.5 0.50 ± 0.37 c,d 3.66 ± 0.55 e,f 7.33 ± 0.29 e,f 56.66 ± 2.90 b,c

1 1 0.73 ± 0.44 b,c 4.66 ± 0.18 d,e 9.33 ± 0.28 d 46.66 ± 5.80 c–e

1 2 2.06 ± 0.38 a 9.00 ± 0.34 a,b 18.00 ± 0.15 b 45.00 ± 5.00 c–e

2 0 0.66 ± 0.11 c 5.00 ± 0.12 b–d 10.00 ± 0.42 d 36.66 ± 2.90 e,f

2 0.5 0.63 ± 0.22 c 5.66 ± 0.15 b,c 11.33 ± 0.22 c 56.66 ± 5.80 b,c

2 1 0.66 ± 0.32 c 5.00 ± 0.44 b–d 10.00 ± 0.15 d 45.00 ± 13.20 c–e

2 2 0.93 ± 0.23 b,c 9.00 ± 0.23 a,b 18.00 ± 0.42 b 38.30 ± 2.90 d,e

Means with different letters in the same column are significantly different (p < 0.05) based on Duncan’s test.

The highest number of plantlets per explant (11) was produced in the MS medium
supplemented with 0.5 mg·L−1 NAA and 2 mg·L−1 BA and it was approximately four-fold
higher than in the control object. Media with 1 mg·L−1 NAA together with 2 mg·L−1 BA
and 2 mg·L−1 NAA with 2 mg·L−1 BA also induced high (9.0) plantlet number (Table 1).
The smallest number of plantlets (2.88–3) was obtained in the control medium and medium
with 1.0 mg·L−1 BA only.

A maximum number of leaves (22 per explant) was established in the MS medium
with 0.5 mg·L−1 NAA and 2 mg·L−1 BA. Many leaves (18 per explant) were also produced
in the media containing 1 mg·L−1 NAA together with 2 mg·L−1 BA and 2 mg·L−1 NAA
with 2 mg·L−1 BA. A minimum number of leaves (5.66 per explant) was obtained in the
medium without PGRs (Table 1).

The analysis of variance (Table 2) revealed that in terms of all studied characteristics
related to plantlet proliferation, there was a significant effect of the tested PGRs concentrations.

3.2. Callus Induction Percentage

The concentration of BA and interaction effect between BA and NAA greatly affected
the in vitro induction of callus in Z. zamiifolia ‘Dowon’ (Table 2, Figure 1A,B). The highest
callus production (78.33% per explant) was obtained on the medium augmented with
0.5 mg·L−1 BA together with 0.5 mg·L−1 NAA (Table 1). The share of explants forming
callus cultured on the medium containing 0.5 mg·L−1 BA was also high (70%). The lowest
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rate of callus formation (32.33–33.33% of explants) was induced on the control object and
medium with 2.0 mg·L−1 BA only (Table 1). Most of the calli were compact and firm.

Table 2. Analysis of variance of the effect of different concentrations of NAA and BA on the measured
characteristics of Zamioculcas zamiifolia (Lodd.) Engl. ‘Dowon’ grown in vitro in the multiplication,
rooting, and acclimatization steps.

Source of
Variances df Plantlet

Length
Plantlet
Number

Leaf
Number

Callus
Percentage

Mean Root
Length

Longest Root
Length

Root
Number

Acclimatization
Efficiency

Block 2 119.73 * 0.11 ** 0.13 ** 119.00 ns 15.37 ** 1.02 ** 0.09 ns 74.70 ns

NAA 3 82.05 * 0.16 ** 0.12 ** 232.00 ns 24.94 ** 2.49 ** 2.72 ** 735.00 **
BA 3 232.92 * 0.02 ** 0.14 ** 1839.00 ** 2.72 ** 0.53 ** 0.19 ns 152.00 *

NAA × BA 9 44.11 * 0.12 ** 0.11 ** 994.00 * 10.43 ** 0.70 ** 1.10 ** 298.00 **
Error 30 86.28 0.35 0.17 85.41 2.55 0.09 0.17 50.30

CV (%) - 3.40 4.58 3.61 19.32 2.80 16.82 18.86 10.50

*, **: significant at the 0.05 and 0.01 probability level, respectively; ns: not significant; CV: coefficient of variation;
df: degrees of freedom.

3.3. Microshoot Rooting

About 85% of the microshoots regenerated roots. The statistical analysis showed that
there was a significant difference between various concentrations of NAA and BA (alone
and in combination) regarding rooting effectiveness, i.e., mean root length and length of
the longest root. The concentration of NAA alone and the interaction of NAA and BA had a
significant effect on the root number (Table 2). The longest (2.66 cm) and shortest (0.26 cm)
mean root lengths were found in the media enriched with 2 mg·L−1 NAA + 0.5 mg·L−1

BA (Figure 1F) and 0.5 mg·L−1 BA alone, respectively. The length of roots produced in the
medium without PGRs (control) was low (0.6 cm) (Table 3).

Table 3. Effect of different concentrations of NAA and BA on the measured characteristics of
Zamioculcas zamiifolia (Lodd.) Engl. ‘Dowon’ grown in vitro in the rooting and acclimatization steps.

NAA (mg·L−1) BA (mg·L−1) Mean Root
Length (cm)

Longest Root
Length (cm) Root Number Acclimatization

(%)

0 0 0.60 ± 0.29 e 1.73 ± 0.61 c,d 1.97 ± 0.00 b–d 53.30 ± 5.80 e,f

0 0.5 0.26 ± 0.27 f 1.47 ± 0.25 d,e 2.00 ± 0.12 b–d 60.00 ± 10.00 c–f

0 1 1.16 ± 0.33 c 1.32 ± 0.12 f,g 1.33 ± 0.57 d 60.00 ± 10.00 c–f

0 2 1.13 ± 0.45 c 1.73 ± 0.06 c,d 1.33 ± 0.27 d 70.00 ± 0.00 b,c

0.5 0 1.46 ± 0.12 b 1.77 ± 0.31 c,d 2.01 ± 0.00 b–d 64.90 ± 5.80 c–e

0.5 0.5 1.20 ± 0.55 b,c 1.40 ± 0.36 e,f 2.00 ± 1.00 b–d 70.00 ± 10.00 b,c

0.5 1 1.30 ± 0.35 b,c 1.63 ± 0.12 c–e 2.00 ± 0.00 b–d 80.00 ± 0.00 b

0.5 2 1.20 ± 0.31 b,c 1.63 ± 0.25 c–e 1.67 ± 0.42 c,d 70.00 ± 0.00 b,c

1 0 1.13 ± 0.46 c 1.57 ± 0.32 c–e 2.33 ± 0.74 b,c 93.30 ± 5.80 a

1 0.5 1.36 ± 0.23 b,c 1.27 ± 0.15 f,g 2.00 ± 0.00 b–d 70.00 ± 10.00 b,c

1 1 1.20 ± 0.36 b,c 1.57 ± 0.15 c–e 2.33 ± 0.66 b,c 63.30 ± 5.80 c–e

1 2 0.80 ± 0.20 d 1.14 ± 0.26 g 2.66 ± 0.58 a,b 80.00 ± 0.00 b

2 0 1.76 ± 0.22 a,b 2.60 ± 0.36 b 3.33 ± 1.15 a 63.00 ± 10.00 c–e

2 0.5 2.66 ± 0.35 a 3.60 ± 0.46 a 2.67 ± 0.57 a,b 66.60 ± 5.80 c,d

2 1 1.60 ± 0.12 a,b 1.60 ± 0.10 c–e 2.34 ± 0.35 b,c 56.60 ± 5.80 d–f

2 2 1.76 ± 0.53 a,b 1.90 ± 0.26 c 2.66 ± 0.19 a,b 70.00 ± 10.00 b,c

Means with different letters in the same column are significantly different (p < 0.05) based on Duncan’s test.

The highest root number (3.33 per microshoot) was regenerated in a medium contain-
ing only 2 mg·L−1 NAA. All other experimental objects regenerated less than 3 roots per
microshoot. The lowest number of roots (1.33 per microshoot) was produced in the media
with 1 and 2 mg·L−1 BA, both without NAA (Table 3).
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3.4. Acclimatization

There was a significant impact of NAA concentration, BA, and interaction effect of both
PGRs on the acclimatization efficiency of ZZ plants (Table 2). An average of 68.19% of the
plantlets survived acclimation to the greenhouse environmental conditions (Figure 1J–L).
Table 3 shows that a maximum survival rate (93.33%) in the acclimatization process was
observed in plantlets generated on a medium supplemented with 2 mg·L−1 NAA. Plantlets
produced in the control medium showed the lowest survival rate (53.3%).

4. Discussion

In vitro propagation on several aroids plants (Araceae family) has previously been
carried out [7], but there is no published information on the micropropagation of the
black-leaved ZZ plant. In some species, in vitro cultured plant tissues begin to grow upon
encountering a cytokinin or auxin alone, but the presence of both of them is required to con-
tinue growth or increases the number of shoots regenerated per explant [18,19]. Exogenous
application of these PGRs can increase the endogenous concentration of phytohormones. A
study by Chen and Yeh [20] on the micropropagation of Aglaonema sp. reported that the
shoot number increased linearly with elevating concentration of BA. Our work confirms
this finding, but the addition of NAA was essential for caulogenesis; the highest number of
plantlets (11) and leaves (22) per explant (after 12 weeks of culture) were produced in the
medium supplemented with 0.5 mg·L−1 NAA and 2.0 mg·L−1 BA. These results are very
promising, as Ghoochani Khorasani et al. [21] obtained a very low (2.62) multiplication
ratio of green-leaved ZZ in vitro.

Several species need a low level of auxin in combination with a high concentration
of cytokinins to increase shoot multiplication [22]. For example, Ali et al. [23] showed
that excellent multiple shoots were formed in Caladium bicolor when 0.25 mg·L−1 NAA
was added to 1 mg·L−1 of BA. Islam et al. [24] reported that the addition of NAA at
variable concentrations in a medium containing 1 mg·L−1 BA induced shoot induction
in Anthurium andreanum cv. Nitta. Treatment using 3 mg·L−1 BA and 0.2 mg·L−1 NAA
recorded the highest shoot proliferation rate (6.0) and shoot length (7.75 cm) in Aglaonema
widuri. Likewise, 4 mg·L−1 BA together with 0.1 mg·L−1 NAA and 0.5 mg·L−1 TDZ
produced the maximum number of nodes (13.25 per explant) in this species. The highest
number of leaves (4.25 per explant), on the other hand, was produced in the medium
containing 3.5 mg·L−1 BA and 0.2 mg·L−1 NAA [6]. The present results are in agreement
with these findings. Cytokinins are involved in many aspects of plant development,
including the regulation of cell proliferation. Studies imply that these PGRs may elevate
cell division rates by the induction of CycD3 expression, which encodes a D-type cyclin
involved in the G1→M transition of the cell cycle [25]. Auxins, on the other hand, act as
a signaling molecule to regulate many developmental processes throughout all stages of
plant ontogenesis, e.g., cell elongation [26]. Interestingly, in the present study, callus, shoot,
and root production were also observed in the PGRs-free culture medium, which suggested
that the explants have enough endogenous phytohormones to stimulate organogenesis
in vitro, although at a low rate. A similar phenomenon was reported by some researchers
on a few aroid members [27–30]. The main advantage of this phenomenon is that there
is no need to use exogenous PGRs and, as a result, reduction in propagation costs and
somaclonal variation occurrence during micropropagation.

A study by Fang et al. [19] on Aglaonema ‘Lady Valentine’ reported that the longest
shoots were produced on a medium with 5 mg·L−1 BA. Likewise, the use of BA was
effective for axillary bud outgrowth in Dieffenbachia compacta [31], also a member of Araceae.
In our study, the longest shoots were produced in the presence of 2 mg·L−1 BA together
with 1 mg·L−1 NAA, probably due to the impact of auxin on the elongation of cells [26].
The superiority of BA over other cytokinins such as kinetin, N6-(∆2-isopentenyl) adenine
(2-iP), and TDZ in promoting shoot elongation has been found in several other ornamental
Araceae [19,23,32].
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The current study revealed that leaf explants cultured on the MS medium containing
0.5 mg·L−1 BA and 0.5 mg·L−1 NAA produced the greatest number of calli (response
rate). Similar findings were reported in Caladium bicolor (Aiton) Vent. with 4 mg·L−1 BA
along with 0.5 mg·L−1 NAA [33]. The auxin commonly used for callus induction is 2,4-D,
but IAA and NAA are also used, alone or in combination with BA [34]. Yu et al. [35]
achieved a compact callus mass from leaf and petiole explants in Anthurium andreanum
Linden ex André by a combination of 2,4-D and BA, from which plant formation was
obtained. Leaflet and petiole explants of Z. zamiifolia were cultured onto a callus induction
medium composed of 1

2 MS salts, 4 mg·L−1 2,4-D, and 0.2 mg·L−1 BA by [15]. The cultures
were transferred to a fresh medium biweekly and stored in the dark at a temperature
of 25–27 ◦C. Callus was visible on the explants after about 4.5 weeks. Next, calli were
transferred to a shoot induction medium containing 1

2 MS enriched with 1 mg·L−1 BA.
The development of adventitious buds was observed after 11 weeks of culture. All rooted
plantlets transferred to the greenhouse developed normally [15]. Callus obtained from leaf
laminas is a suitable source for the production of plantlets through indirect organogenesis
and somatic embryogenesis. However, the genetic stability of such plants is uncertain,
thus, the comparison of the PGRs-treated and control plantlets is necessary. In the present
study, no phenotypical differences were observed among plants from various experimental
objects, although further molecular analyses are recommended.

Our findings revealed the positive effect of NAA on root production in ZZ ‘Dowon’.
Microshoots cultured on a medium augmented with 2 mg·L−1 NAA produced the highest
number of roots, whereas microshoots from the experimental objects containing 1 and
2 mg·L−1 BA without NAA regenerated the lowest number of roots. In a study on Caladium
micropropagation, Ali et al. [23] reported that the best rooting was obtained on a medium
augmented with 1.0 mg·L−1 NAA. Auxin type and concentration considerably affected
rooting percentage and root length. In C. bicolor, the maximum root number was produced
in a medium with 3 mg·L−1 BA and 0.5 mg·L−1 NAA [20]. In A. widuri, the best root
initiation and development (14.25 per explant) was found on a medium containing 3 mg·L−1

BA and 0.2 mg·L−1 NAA. On the other hand, the combination of 3.5 mg·L−1 BA and
0.2 mg·L−1 NAA was most suitable for root elongation (8.25 cm per explant) [6]. In
contrast, microcuttings produced from tissue culture of Aglaonema rooted when treated
with IBA and NAA [20]. Auxins trigger complex growth and developmental processes.
They facilitate fast switching between gene activation and transcriptional repression via the
auxin-dependent degradation of transcriptional repressors. The nuclear auxin signaling
pathway consists of a small number of core components, but each component is represented
by a large gene family [36]. Exogenous application of synthetic auxins, such as NAA, is
crucial for root initiation and development [37].

It was found that the in vitro obtained plantlets of Z. zamiifolia ‘Dowon’ acclimatized
suitably through cultivation in pots filled with coco peat. Different substrates such as sand,
vermicompost, vermiculite, perlite, and organic humus have been used for the acclima-
tization of in vitro-regenerated Araceae plantlets, with high survival ratios ranging from
60% to 98% [30,38]. The high survival level of the plantlets obtained in the present study
(reaching even 93.33%) confirms the suitability of the present protocol in the commercial
reproduction of ZZ plant ‘Dowon’.

5. Conclusions

This is the first complete report on the in vitro propagation of black-leaved Z. zamiifolia
‘Dowon’, which is a starting point for mass-propagation programs of this valuable cultivar.
Our procedure led to an increased production of healthy and disease-free propagules
compared to the traditional in vivo propagation systems. A combination of BA and NAA in
suitable proportion induced most shoots and roots. The maximum number of shoots (11 per
explant) and leaves (22 per explant) was obtained in a medium enriched with 2 mg·L−1

BA and 0.5 mg·L−1 NAA. On the other hand, the highest number of roots (3.33 per plant)
was achieved in a medium with 2 mg·L−1 NAA. The survival of the plantlets during
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the acclimatization process was high (even 93.33%) and they were phenotypically similar
to the mother plant. The application of easily accessible PGRs allows for the effortless
implementation of our protocol in horticultural practice, but also opens the possibility to
further study the combined effect of BA and NAA with less conventional PGRs.
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Abstract: Gypsophila paniculata is one of the most popular cut flowers in the world whose major
cultivars are blooming white. As is well known, blue flowers could be generated via the overexpres-
sion of the gene encoding flavonoid 3′5′-hydroxylase (F3′5′H) in species that naturally lack it. In
this study, we established the regeneration and a genetic transformation system for the commercial
cultivar ‘YX4’ of G. paniculata and introduced the F3′5′H of Platycodon grandiflorus (PgF3′5′H) success-
fully into ‘YX4’ using the established protocol. A total of 281 hygromycin (Hyg)-resistant plantlets
were obtained, and 38 of them were polymerase chain reaction (PCR) positive, indicating a 13.5%
transformation efficiency. Shoot apex without meristem was more suitable for explant due to its
high regeneration capacity, and the supplement of thidiazuron (TDZ) provided the most efficient
promotion of adventitious bud induction, whereas the supplement of 6-Benzyladenine (6-BA) and
1-naphthaleneacetic acid (NAA) did not affect much. Additionally, the combination of 1 day (d)
pre-culture, 5 d co-culture, 10 min infection, 30 mg·L−1 additional acetosyringone (AS) supplement,
and 10 mg·L−1 Hyg selection formed the optimized system for ‘YX4’ transformation. This reliable
and efficient agrobacterium-mediated transformation of the valuable commercial cultivar ‘YX4’ will
contribute not only to the creation and improvement of G. paniculata cultivars, but also to the function
research of genes associated with important ornamental traits.

Keywords: Gypsophila paniculata; regeneration; genetic transformation; commercial cultivar; PgF3′5′H

1. Introduction

Gypsophila paniculata, also known as baby’s breath, is a perennial herbaceous flower
of the Caryophyllacae family [1]. Since the clouds of tiny white or pink flowers cover the
bunches of the branching stems after blooming, G. paniculata is commonly used as fresh
or dried filler in flower arrangements and bouquets [2]. As the only species in the genus
Gypsophila used as a cut flower, G. paniculata is one of the top ten best-selling cut flowers in
the world [3]. To meet the large demand for seedlings in production, tissue culture, which
can rapidly and massively provide standard and uniform seedlings in plant factories, is
widely used in the propagation of G. paniculata [4].

In contrast to the systematic and mature propagation industry, the cultivar innovation
of G. paniculata remains slow. There were only 78 G. paniculata cultivars registered in the
EU until 2017, while hundreds of commercial cultivars of other ornamental crops have
been released every year [5]. Difficulties in crosses and low seed formation rates due to
the double flower phenotype might explain the slowness of the G. paniculata cultivar’s
release. To overcome this slowness, researchers have tried to establish a transgenic system
for G. paniculata since 1990s. Regenerated shoots were obtained from leaf or segmented
stem explants for several cultivars [6,7]. Later, an Agrobacterium tumefaciens (A. tumefaciens)-
mediated transformation system assisted by gibberellic acid was established for three
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cultivars [8]. However, neither a gene function study nor the traits modified using genetic
transformation have been reported in G. paniculata since then.

Flower colour is one of the most critical ornamental traits and is the primary breeding
target of many floricultural species, such as rose, carnation, lisianthus, etc. Most of the
natural G. paniculata cultivars bloom white except ‘Flamengo’, with pale-pink flowers [9].
Nevertheless, there is a huge market demand for the colourful G. paniculata. Thus, dyeing
technology has been developed to change the flower colour into carmine, tartrazine, blue,
and so on. However, the artificial variegation fails to stain the petals evenly, therefore
the dyed flowers usually display white spots, and some of them even wither. It is also
environmentally risky due to the potential pollution to the river system.

Over decades, the genetic and molecular networks regulating the formation of
flower colour have been studied in various ornamental species [10–14]. The water-
soluble anthocyanins belonging to flavonoids are responsible for the flower colour, which
ranges from orange/red to violet/blue [15]. Moreover, three well-known flavonoids,
pelargonidin, cyanidin, and delphinidin, contribute to the development of the red,
purple, and blue colours of the flowers, respectively [16]. An anthocyanin biosyn-
thetic pathway is conserved in most plant species, which involves various enzymes.
4-coumaroyl-CoA and 3-malonyl-CoA are the first substrates in the synthetic pathway,
which are then catalyzed by chalcone synthase (CHS) and form naringenin chalcone.
This is then converted to naringenin flavanone under the action of chalcone isomerase
(CHI). Flavanone 3-hydroxylase (F3H) turns naringenin into dihydrokaempferol. To
display blue, a precursor chemical, dihydromyricetin, is necessary, and flavonoid 3′,5′-
hydroxylase, encoded by F3′5′H, is considered a critical enzyme to introduce hydrox-
ylation of the flavonoid B ring of dihydrokaempferol. The dihydromyricetin is then
catalyzed by dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), and
flavonoid 3-O-glucosyltransferase (UFGT) step by step and is finally converted into
delphinidin 3-glucoside [17]. Lacking F3′5′H, the key enzyme that promotes delphinidin
synthesis, in species such as rose, chrysanthemum, and carnation, are unable to bloom
blue through traditional hybridization or mutation [7,18], which might be fixed by intro-
ducing exogenous F3′5′H into the non-blue cultivars [11,19–21]. The previous RNA-seq
data [22] of ‘YX4’ from three independent stages (flower bud stage, flower semi-open
stage, and flower fully open stage) revealed that G. paniculata harbouring F3′5′H did not
express somehow (Figure 1), resulting in the formation of white flowers.

It was reported that F3′5′H of different species exhibit diversity in catalytic efficiency,
and that the Kal from Campanula medium displayed the highest catalytic efficiency with
a unique sequence structure of nine amino acids (SKLDSSASA) [23,24]. The F3′5′H of
Platycodon grandifloras (PgF3′5′H) was the second gene reported to possess this special
sequence, whereas its catalytic function required further exploration [25]. In this study, we
established the regeneration and genetic transformation system for the commercial cultivar
‘YX4’ of G. paniculata and introduced PgF3′5′H into this cultivar, providing a basal tool for
further gene function analyses and gene editing.
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Figure 1. The delphinidin biosynthesis pathway in G. paniculata. Heat map of the expression of
delphinidin biosynthesis pathway genes was constructed using TBtools. The S1, S2, and S3 are flower
bud stage (S1), semi-open stage (S2), and fully open stage (S3), respectively. The scale bar is 1 cm. Ab-
breviations include CHS: chalcone synthase; CHI: chalcone isomerase; F3H: flavanone 3-hydroxylase;
F3′5′H: flavonoid 3′,5′-hydroxylase; DFR: dihydroflavonol 4-reductase; ANS: anthocyanidin synthase.

2. Materials and Methods
2.1. Plant Materials and Culture Conditions

Aseptic plantlets of G. paniculata cultivar ‘YX4’ were obtained from Yuxi Yunxing
Biological Technology Co., Ltd. (Yuxi, Yunnan Province, China). The aseptic plantlets
were propagated every month with Murashige–Skoog (MS, Duchefa, Haarlem, The Nether-
lands) [26] medium supplemented with 1 mg·L−1 6-Benzyladenine (6-BA, Sigma–Aldrich,
St. Louis, MO, USA), 0.1 mg·L−1 1-naphthaleneacetic acid (NAA, Sigma–Aldrich), 30 g·L−1

sucrose, and 8 g·L−1 agar. The pH of the propagation medium was adjusted to 5.95. The
plantlets were cultured at 23 ± 2 ◦C with 1500 lx light intensity (16 h light/8 h dark,
GreenPower LED with red and blue light in 4500 K, Philips, Amsterdam, The Netherlands).

2.2. Establishment of Regeneration System of G. paniculata

One-month-old robust plantlets were used in this study. First, the shoots were
cut, and all the leaves were removed. Then, the stem apexes were cut and sliced up
into 2–3 pieces. The segments were inoculated on MS-based adventitious bud induction
medium supplemented with different concentrations of cytokinin (6-BA or thidiazuron,
TDZ, Sigma–Aldrich) combined with 0.1 mg·L−1 NAA (Table 1). MS1 medium containing
only 0.1 mg·L−1 NAA was taken as control. All the medium contained 30 g·L−1 sucrose
and 8 g·L−1 agar and were adjusted to pH = 5.95. Thirty explants were included in each
treatment, which was repeated three times. The explants were cultured in a growth room
with the conditions mentioned above and relative data were collected one month later.
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Table 1. Composition of mediums used to establish regeneration system.

NO. PGRs’ Combination NO. PGRs’ Combination

T1 0.5 mg·L−1 TDZ + 0.1 mg·L−1 NAA B1 0.5 mg·L−1 6-BA + 0.1 mg·L−1 NAA
T2 1.0 mg·L−1 TDZ + 0.1 mg·L−1 NAA B2 1.0 mg·L−1 6-BA + 0.1 mg·L−1 NAA
T3 1.5 mg·L−1 TDZ + 0.1 mg·L−1 NAA B3 1.5 mg·L−1 6-BA + 0.1 mg·L−1 NAA
T4 2.0 mg·L−1 TDZ + 0.1 mg·L−1 NAA B4 2.0 mg·L−1 6-BA + 0.1 mg·L−1 NAA
T5 2.5 mg·L−1 TDZ + 0.1 mg·L−1 NAA B5 2.5 mg·L−1 6-BA + 0.1 mg·L−1 NAA
T6 3.0 mg·L−1 TDZ + 0.1 mg·L−1 NAA B6 3.0 mg·L−1 6-BA + 0.1 mg·L−1 NAA

PGRs, plant growth regulators, TDZ, thidiazuron; NAA, 1-naphthaleneacetic acid; 6-BA, 6-Benzyladenine.

2.3. Determination of Hygromycin (Hyg) Selection Pressure

Twenty explants were cultured with MS medium containing Hyg at different concen-
trations (0, 5, 10, 15, 20 mg·L−1), respectively. The explants were cultured in the dark for
5 d and then transferred to a regular growth room. The number of surviving adventitious
buds was counted after one month.

2.4. A. tumefaciens-Based Transformation

The A. tumefaciens strain EHA 105 containing pCAMBIA1301 with 35S-GUS and
35S-PgF3′5′H cassettes (pCAMBIA1301-GUS-PgF3′5′H, provided by Dr. Lulin Ma) was
activated on the solid Luria–Bertani (LB) medium containing 50 mg·L−1 kanamycin (Kan)
and rifampicin (Rif), followed by incubation at 28 ◦C for 16 h. The positive single colony
was then inoculated into the liquid LB medium containing 50 mg·L−1 Kan and shaken
cultured overnight (28 ◦C, 180 rpm) until the OD600 value reached 0.5–0.6. Stem apexes
pre-cultured for 1 d were soaked in the A. tumefaciens solution and shaken cultured at
200 rpm for 10 min. The explants were blotted on sterile filter paper and grown on the M3
(for co-culture) medium in the dark for 5 d. They were then transferred to the M4 (for first
selection) medium and cultured for two weeks. The adventitious buds were cut and grown
on the M5 (for second selection) medium when they reached 1.5 cm. Two weeks later,
the selected adventitious buds were transferred to the M6 medium and recovered for one
month. Regeneration plantlets with 6–7 pairs of leaves were rooting on the M7 medium.
The compositions of the medium mentioned above were listed in Table 2.

Table 2. Mediums used for G. paniculata genetic transformation.

Medium Number Composition

Pre-culture: M2 MS + 2.5 mg·L−1 TDZ + 0.1 mg·L−1 NAA
Co-culture: M3 MS + 2.5 mg·L−1 TDZ + 0.1 mg·L−1 NAA + 10 mg·L−1 AS

First selection: M4 MS + 2.5 mg·L−1 TDZ + 0.1 mg·L−1 NAA + 200 mg·L−1 Cef + 10 mg·L−1 Hyg
Second selection: M5 MS + 1.0 mg·L−1 6-BA + 0.1 mg·L−1 NAA + 200 mg·L−1 Cef + 10 mg·L−1 Hyg

Recover: M6 MS + 1.0 mg·L−1 6-BA + 0.1 mg·L−1 NAA + 200 mg·L−1 Cef
Rooting: M7 MS + 0.2 mg·L−1 IAA + 0.3 mg·L−1 NAA

AS, acetosyringone; Cef, cefotaxime sodium; Hyg, hygromycin; IAA, Indole-3-Acetic Acid.

2.5. Effects of Different Factors on Transformation

The effects of the pre-culture period (1, 2, and 3 d), co-culture period (3, 4, and 5 d),
infection period (10, 20, and 30 min) and AS concentration (10, 20 and 30 mg·L−1) on the
A. tumefaciens transformation efficiency were tested using an orthogonal experiment. All
the treatments had three replicates, and each replicate was conducted using 50 explants.
The number of adventitious buds was counted one month later.
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2.6. β-glucuronidase Test

β-glucuronidase (GUS, Sigma–Aldrich) staining was performed according to [27].
Callus induced from explants co-cultured with A. tumefaciens containing pCAMBIA1301-
GUS-PgF3′5′H were used for the histochemical analysis of GUS expression. The calli
were soaked in x-gluc staining solution (Solarbio, Beijing, China) at 37 ◦C for 12 h and
decolourised with 70% (v/v) ethanol for 2 h to remove chlorophyll.

2.7. Verification of Transgenic Plantlets Using PCR

The total DNA of plantlets which were resistant to Hyg and non-transformed plants
(used as negative control) was extracted using the hexadecyltrimethylammonium bromi
(CTAB) method [28]. The presence of the Hyg and PgF3′5′H genes was detected by using
polymerase chain reaction (PCR) with pCAMBIA1301-GUS-PgF3′5′H as the positive control.
The primers used were Hyg-F: GTTTCCACTATCGGCGAGTA, Hyg-R: GAGCCTGACC-
TATTGCATCTC; PgF3′5′H-F: TTCCTCCTCATCGTCCTC, PgF3′5′H-R: TGGCTAGGCAGT-
GTAAGC. The PCR was performed with the following reaction system: 94 ◦C for 3 min;
35 cycles of 94 ◦C for 1 min, 58 ◦C for 30 s, 72 ◦C for 1 min; 72 ◦C for 5 min. The amplified
products were separated via electrophoresis using 1% agarose gel.

2.8. Statistical Analasis

Images of callus in the GUS staining experiment were taken using a stereomicroscope.
To determine the effects of plant growth regulators on adventitious bud regeneration, one-
way analysis of variance (ANOVA) was used, and means were compared using a Tukey’s
Honest Significant Difference (HSD) test (p > 0.05). The statistic calculation was performed
using the Data Processing System (v15.10, Hangzhou Ruifeng Information Technology Co.,
Ltd., Hangzhou, China).

3. Results and Discussion
3.1. Establishing the Regeneration System of G. paniculata Cultivar ‘YX4’

Thirteen mediums with different combinations of plant growth regulators were tested
for ‘YX4’ regeneration using segments of shoot apex without meristem as explants. All the
mediums showed 100% callus induction capacity while the adventitious bud induction
rates and induction co-efficiency varied. The induction rate of adventitious bud was up
to 90% in our test, and it was 67% when using leaves as explants [7]. The supplement of
TDZ increased the number of adventitious buds induced significantly whereas 6-BA did
not contribute to the induction of adventitious shoot much, correlating with the former
report [7]. It was also observed that the higher concentration (2.5 mg·L−1) of TDZ reduced
the number of explants that formed the adventitious shoot but increased the induction
coefficient to 4.14 ± 0.22 (Table 3). Thus, we consider MS + 2.5 mg·L−1 TDZ + 0.01 mg·L−1

NAA as the optimized regeneration medium for further study.

3.2. Determination of Hyg Screening Pressure

To screen the Hyg-resistant concentration of G. paniculata shoot apical segments, we
cultured the explants on M2 mediums containing 0, 5, 10, 15, or 20 mg·L−1 Hyg. The results
showed that the survival ratio of the regenerated buds dropped as the concentration of Hyg
increased. The survival ratio dropped to 25% when supplemented with 10 mg·L−1 Hyg,
and no bud survived when the concentration was 20 mg·L−1 (Table 4). We also noticed
that, when adding 10 mg·L−1 Hyg to the medium, the meristem of the regenerated bud
was bleached although the leaves remained green, indicating the death of buds. Thus,
10 mg·L−1 was chosen as the selection concentration for ‘YX4’ transformation.
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Table 3. The effects of plant growth regulators on adventitious bud regeneration.

Medium
Number

Number of
Explants

Number of
Explants Forming

Callus 1

Number of
Explants with

Adventitious Buds

Number of
Adventitious

Buds 2

Bud Induction
Rates 3

Induction
Coefficient 4

MS1 30 30 27.33 ± 0.58 ab 37.33 ± 1.53 f 0.91 ± 0.02 ab 1.37 ± 0.07 fg
T1 30 30 27.00 ± 2.00 ab 80.67 ± 4.51 b 0.90 ± 0.07 ab 3.00 ± 0.33 b
T2 30 30 27.33 ± 1.15 ab 66.00 ± 3.61 cd 0.91 ± 0.04 ab 2.42 ± 0.22 cd
T3 30 30 26.33 ± 1.53 ab 55.33 ± 2.52 de 0.88 ± 0.05 ab 2.10 ± 0.03 de
T4 30 30 25.00 ± 1.73 abc 69.00 ± 18.68 bc 0.83 ± 0.06 abc 2.74 ± 0.56 bc
T5 30 30 23.00 ± 3.46 c 95.00 ± 13.57 a 0.77 ± 0.12 c 4.14 ± 0.22 a
T6 30 30 27.67 ± 1.53 a 80.00 ± 3.00 b 0.92 ± 0.05 a 2.89 ± 0.12 b
B1 30 30 25.33 ± 2.08 abc 44.33 ± 8.14 ef 0.84 ± 0.07 abc 1.74 ± 0.19 ef
B2 30 30 24.33 ± 1.53 bc 43.00 ± 5.57 ef 0.81 ± 0.05 bc 1.76 ± 0.12 ef
B3 30 30 26.67 ± 2.52 ab 45.67 ± 7.37 ef 0.89 ± 0.08 ab 1.72 ± 0.26 efg
B4 30 30 27.33 ± 0.58 ab 35.67 ± 8.02 f 0.91 ± 0.02 ab 1.31 ± 0.31 g
B5 30 30 26.33 ± 2.08 ab 43.33 ± 1.53 ef 0.88 ± 0.07 ab 1.65 ± 0.09 fg
B6 30 30 26.67 ± 0.58 ab 46.67 ± 1.53 ef 0.89 ± 0.02 ab 1.75 ± 0.07 ef

Statistical analysis was performed using Tukey’s HSD analysis (p > 0.05), different lowercase letters (a–g) indicate
significant differences. 1 explants display visible callus; 2 bud regenerated from calli with visible leaves; 3 number
of explants with adventitious buds/number of explants forming callus; 4 number of adventitious buds/number
of explants with adventitious buds.

Table 4. The screen of Hyg selection pressure for commercial cultivar ‘YX4’.

Concentration of
Hyg (mg·L−1)

Number of
Explants

Number of
Explants

Forming Callus

Number of Explants
Forming Survived
Adventitious Buds

Survival
Ratio (%)

0 20 20 20 100
5 20 20 13 65.0
10 20 20 5 25.0
15 20 20 2 10.0
20 20 20 0 0

3.3. Optimization of Transformation Conditions and Exogenous Gene Transformation

The only reported G. paniculata- and A. tumefaciens-based transformation was per-
formed using stem segments as explants, and the inoculation in A. tumefaciens was con-
ducted directly without pre-culture [8]. To obtain the best procedure for the genetic trans-
formation of ‘YX4’ using shoot apexes without meristem, we conducted the orthogonal
experiment, including four factors, pre-culture period, co-culture period, infection period,
and AS concentration, with three levels. GUS promoted by 35S promoter was introduced
into the explants in this experiment. As shown in Figure 2, GUS expression was detected in
the transgenic calli but exhibited blue pigmentation with varying degrees compared with
the non-transgenic calli, indicating the successful transformation of pCAMBIA1301-GUS-
PgF3′5′H. The observation of regenerated buds indicated that the infection time was the
most influential factor for ‘YX4’ transformation, and the co-culture period ranked second,
followed by the pre-culture period and AS concentration (Tables 5 and 6). The shorter
pre-culture period and longer co-culture duration provided a higher differential ratio
while the elongation of the infection duration affected the regeneration capacity obviously.
To summarize, the combination of 1d pre-culture, 5d co-culture, 10 min infection, and
30 mg·L−1 additional AS forms the optimized system for ‘YX4’ transformation.
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Table 5. The differentiation ratio of each orthogonal test group.

Test
Number

Number of
Explants

Pre-culture
Period (d)

Co-culture
Period (d)

Infection
Period (min)

AS
Concentration

(mg·L−1)

Number of
Explants

Forming Buds

Differentiation
Ratio

1 60 1 3 10 10 50 0.83
2 60 1 4 20 20 41 0.68
3 60 1 5 30 30 47 0.78
4 60 2 3 20 30 30 0.50
5 60 2 4 30 10 35 0.58
6 60 2 5 10 20 53 0.88
7 60 3 3 30 20 33 0.55
8 60 3 4 10 30 55 0.92
9 60 3 5 20 10 36 0.60

Table 6. Statistics analysis of the intersubjective effect.

T Value Pre-culture Period Co-culture Period Infection Period AS Concentration

T1 138 113 158 121
T2 118 131 107 127
T3 124 136 115 132
t1 46.00 37.67 52.67 40.33
t2 39.33 43.67 35.67 42.33
t3 41.33 45.33 38.33 44.00
R 6.67 7.66 14.34 3.67

Note: T1, T2, and T3 represent the sum of the number of the differentiation explants under different levels of the
same factor, respectively; t1, t2, and t3 represent the average number of differentiation explants under different
levels of the same factor; R is the range value.

3.4. Construction of Transgenic Blue G. paniculata

To test whether exogenous F3′5′H would promote the synthesis of delphinidin and
facilitate the creation of blue G. paniculata, we introduced PgF3′5′H into ‘YX4’ through the
optimized A. tumefaciens-mediated genetic transformation. The explants were cultured on
the M2 medium for 1 d, followed by a 10 min infection of A. tumefaciens and a subsequent
5 d co-culture on the M3 medium. The induction of transgenic adventitious buds was
then controlled by two rounds of Hyg selection (Figure 3). The regenerated Hyg-resistant
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plantlets were then verified using PCR. To increase the reliability of PCR verification, we
detected both Hyg and PgF3′5′H in the Hyg-resistant plants. A total of 38 out of 281 resistant
plantlets which possessed both Hyg and PgF3′5′H in the genomic DNA were obtained,
indicating that the transformation efficiency of ‘YX4’ reached 13.5%. The PCR-positive
plantlets were then rooted and transferred to the soil for growth. Unfortunately, we did
not observe blue flowers in any of them, which indicated that the function of exogenous
F3′5′H was also silenced in ‘YX4’. This could be caused by chimeric adventitious bud
formation, defects in exogenous gene transcription, or translation and silence in gene
function. However, the underlying mechanisms remain to be further explored.
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Figure 3. Construction of PgF3′5′H transgenic G. paniculata. (A), the schematic diagram of explants’
acquisition; (B), the freshly cut explants; (C), regenerated shoots under first selection; (D), surviving
regenerated shoots after second selection; (E), rooted seedlings on soil; (F), grown-up transgenic ‘YX4’
plant and flowers; (G), represented gel of PCR verification (p, plasmid; N, Non-transgenic plant; W,
water; M, DNA ladder; 1–12, Hyg-resistant plantlets), Scale bar = 1 cm.

4. Conclusions

G. paniculata is the only species in the genus Gypsophila that has been used as cut flow-
ers, and there is massive demand for new cultivars in the floricultural market. In contrast
to its rising status, the breeding of G. paniculata has stagnated, and new cultivars with
novel or improved traits are badly in need. Molecular genetics has become an important
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tool in floricultural breeding, in which novel flower cultivars have been created through
genetic transformation, such as the blue rose. In this study, we established the regeneration
and genetic transformation system for the commercial cultivar ‘YX4’ of G. paniculata and
introduced the PgF3′5′H successfully into ‘YX4’ using a shoot apex without meristem as an
explant. This reliable and efficient agrobacterium-mediated transformation of the valuable
commercial cultivar ‘YX4’ will facilitate genetic improvement, as well as the application of
gene-editing technology in this species. Nevertheless, one may notice that the expected
phenotype was not obtained in this study, as well as in many other attempts when the
traits of ornamental crops were modified. In addition to the efficient transformation system,
genetic study of the gene regulatory network controlling key traits also plays a critical role
in the breeding procedure, which requires more attention and should be involved.
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Abstract: Plectranthus amboinicus (Lour.) Spreng is a perennial plant from the mint family with
aromatic, succulent leaves and several health benefits. Multiple shoot regeneration was accomplished
in vitro using nodal segments (NS) explants of P. amboinicus pretreated with 0, 0.5, 5, 25, 50, and
100 µM thidiazuron (TDZ) for 4 h, then transferred to a growth regulator-free media. After 8 weeks of
growth, NS explants pre-treated with 25 µM TDZ for 4 h and then transferred to TDZ-free Murashige
and Skoog (MS) media produced the greatest number of shoots (27.3 per NS) with the longest average
shoot length (4.9 mm) in 97.2% of cultures. On the same medium, regeneration of roots in most
of the P. amboinicus shoots occurred spontaneously. The in vitro-regenerated P. amboinicus plantlets
were adequately hardened off and adapted to the ex-vitro environment with a 90% survival rate.
Total phenolic, tannin, and flavonoid contents, as well as 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical-scavenging/antioxidant activity, were significantly higher in in vitro-regenerated plants than
in ex vitro-plants. Flow cytometry (FCM) analysis validated the nuclear genome stability of the
in vitro generated plants, which assessed their nuclear DNA content and found it to be comparable
in genome size to that of the field-grown plants. The study found a quick and efficient method for
in vitro multiplication of P. amboinicus which can aid to increased availability and accessibility of this
plant species for various purposes. The genetic and phytochemical analysis of the in vitro propagated
plants can also provide valuable insight into the plant’s properties and potential applications, which
can further assist in its preservation and sustainable usage.

Keywords: plant biotechnology; in vitro regeneration; medicinal plant; tissue culture; nuclear DNA
content; phytochemicals

1. Introduction

Plectranthus amboinicus (Lour.) Spreng is a species of plant in the mint family, ‘Lami-
aceae’, frequently known as ‘Country Borage’, ‘Mexican mint’ or ‘Spanish thyme’, and
native to eastern and southern Africa, as well as naturally widespread throughout the
tropical and warm regions of the globe [1]. In addition to its ornamental value, this plant
has long been valued for its medicinal properties, particularly in the treatment of such
conditions as a runny nose, cough, sore throat, bronchitis, diarrhea, and insect bites [2,3].
It has several useful pharmacological effects, including antimicrobial [4,5], antitumor,
anti-inflammatory [6,7], anti-rheumatoid arthritis [8], anti-cancer [9], antioxidant [10–12],
antithrombotic [3], antihyperglycemic and antihyperlipidemic [13] properties. The plethora
of bioactive chemicals, including terpenoids, alkaloids, phenols, amino acids, glycosides,
flavonoids, tannins, and sesquiterpenoids, in this plant is responsible for its numerous
beneficial effects [2,3,14]. The Gas chromatography–mass spectrometry (GC-MS) analysis
showed that the extract had 25 bioactive compounds. Total phenol (48 mg GAE/g) and
total flavonoid (25 mg CE/g) content were found to be rather high in hexane leaf extracts
of P. amboinicus in an analysis reported by Ashaari et al. [2]. In addition, phenolic content
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(146.77 g GAE/kg extract) and antioxidant activity (0.491, 0.396, and 0.643 mol TE/kg ex-
tract in 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antioxidant power (FRAP),
and 2,2-azinobis (3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) tests, respectively) were
detected in P. amboinicus methanolic leaf extract [12].

The practice of cultivating plant cells, tissues, and organs in vitro plays a crucial role
in plant biotechnology and crop improvement, and it has proven to be a highly effective
method in producing a wide array of rare, endangered, medicinal, and economically valu-
able plants, thereby ensuring a steady supply of vital raw materials. Clonal multiplication
in vitro offers scalable options for large-scale plant propagation, conservation, and sus-
tainable utilization [15,16]. Multiple investigations on the in vitro micropropagation of
several species of Plectranthus, including P. amboinicus, have been reported by a number of
researchers in the past [17–27]. To this day, there are no reports on the use of thidiazuron
(TDZ) for in vitro proliferation and plant regeneration of P. amboinicus. TDZ (N-phenyl
N-1,2,3-thiazol-5-yl urea) was initially developed as a cotton defoliant; it is a diphenylurea
synthetic herbicide and plant growth regulator with strong cytokinin-like activities that
has been found to be effective in promoting shoot formation, improving shoot quality, and
increasing the number of shoots produced from explants. [28–30]. The significant effect of
TDZ on tissue culture regeneration is related to endogenous cytokinin production, changes
in cell membranes, nutritional absorption, metabolism, and better nutrient assimilation
in plant tissues, continuing to make it distinguish out from other plant growth regulators
(PGRs) [28,31,32]. The biological effect of TDZ is very variable and is determined by factors
such as the concentration of the compound, the amount of time it is exposed for, the kind of
explant that is utilized, and the genotype of the plant [33,34]. During the process of tissue
culture regeneration, the impacts of numerous elements, including as light, elicitors, and
PGRs, not only have an influence on the process of shoot regeneration and the production
of biomass, but they also have an impact on the synthesis of a variety of bioactive com-
pounds [35]. Plants are subjected to a variety of stresses during the processes of in vitro
culture and acclimatization and, in order for the plant’s cells to cope with these stresses
and maintain growth and development, they produce phytochemical compounds such as
phenols, alkaloids, flavonoids, terpenoids, tannins, and many others. It has been shown
that TDZ is effective for in vitro regeneration and synthesis of phytochemicals in a broad
range of medicinal plants, including Merwilla plumbea [36], Dendrobium nobile [37], Crocus
sativus [38], Tecoma stans [28], Linum usitatissimum [35,39] and Lagerstroemia speciosa [29].

Long-term exposure to TDZ has been found to have a negative impact on plant
growth and development leading to the appearance of undesired shoot abnormalities
such hyperhydricity, fasciation, shortening, and thickening. These abnormalities can then
cause poor elongation and weak rooting capacity, ultimately affecting the overall health
and productivity of the plant [40–42]. Regeneration of Arachis hypogaea [43] and Dianthus
caryophyllus [44] in a continuous culture that contained media with TDZ resulted in the
formation of unusual bud primordia that were unable to mature into fully developed
plantlets. Kadota and Niimi [45] reported that TDZ significantly increased the occurrence
of hyperhydric shoots in Pyrus pyrifolia by approximately ten times, compared benzyl
adenine or kinetin. Ivanova and van Staden [46] suggested that TDZ should be used with
caution in plant tissue culture, as its prolonged exposure can lead to the development of
flattened shoot anomalies in Aloe polyphylla that ultimately failed to develop into plantlets.
Furthermore, prolonged exposure to TDZ has been shown to negatively impact the rooting
capacity of Solanum melongena, leading to weak and poorly developed root systems [47].
The possibility of TDZ to induce genetic changes in the regenerated plants is a major
concern for its use in tissue culture and regeneration. The incidence of DNA polymorphism
was found to increase in Phalaenopsis bellina plants grown in vitro after being treated with
TDZ [48]. In this study, we develop an effective in vitro multiple shoot induction and
user-friendly plant regeneration system for P. amboinicus using nodal explants exposed with
TDZ for a very short period of time before being transfer to MS basal medium. In addition,
for the first time, the nuclear DNA content, genome size, phenolic contents, antioxidant
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potential and GC-MS profiles of in vitro-regenerated plants were evaluated and compared
to the ex-vitro donor-plant.

2. Materials and Methods
2.1. Starting Materials and Aseptic Cultures

Young proliferating shoots were collected from a Plectranthus amboinicus (Lour.) Spreng
plants growing in the growth room at the Botany & Microbiology Department, College
of Science, King Saud University. The collected shoots underwent a thorough washing
using the laboratory’s running tap water, after which they were subjected to a Tween-20
(0.1%, v/v), treatment for five minutes, and a subsequent rinsing in ultra-pure water (UPW)
to remove any traces of dust and debris. The shoot samples, now cleaned, were further
sterilized with 0.1% (w/v) aqueous mercury chloride (HgCl2, Riedel-de Haan AG, Seelze,
Germany) for 3 min, and then thoroughly washed with sterile UPW five times to remove
to the traces of mercury. To prepare the starting materials (nodal segments, NS) for the
subsequent in vitro culture studies, the sterilized shoots were cut into pieces that were
0.5–0.7 cm in length containing axillary node.

2.2. Thidiazuron (TDZ) Treatment and Shoot Regeneration

In the experiments TDZ (CAS number 51707-55-2, Duchefa Biochemie B.V., Haarlem,
The Netherlands) were used for the pulse treatment of the sterilized NS explants. The
NS explants were pre-soaked in a solution of Murashige and Skoog (MS) medium [49]
containing micro and macro salts including vitamins (plant cell culture tested, MDL number
MFCD00240976, Sigma-Aldrich, St. Louis, MO, USA) supplied with 0.5, 5, 25, 50 and
100 µM of TDZ for 4 h while gently shaking on a rotatory shaker (Incu-Shaker™ Mini,
Benchmark Scientific, Sayreville NJ, USA) at 100 rpm. The treated NS explants were blotted
dry on sterile filter papers and then transferred to agar (0.7%, w/v, plant cell culture
tested, CAS number 9002-18-0, Sigma-Aldrich, St. Louis, MO, USA) solidified MS basal
medium for further growth and regeneration. The untreated NS explants cultured on
MS basal medium serve as control. The pH of the culture medium was adjusted to 5.7
using 1 N aqueous NaOH (96.0%, WINLAB, Middlesex, UK) solution before autoclaving
at 121 ◦C (1.05 kg cm−2) for 20 min. Cultures were initiated on Petri dishes and further
maintained in 100 mL culture bottles at 23 ± 2 ◦C under 50 µmol m−2 s−1 cool white
fluorescent light (Philips 39-Watt T5 linear fluorescent tubes, Philips, Pila, Poland) with a
16/8 h day/night photoperiod.

2.3. Effect of Basal Media on Shoot Proliferation

Different basal media was also evaluated, after the determination of the most suitable
TDZ pre-soaking of NS for induction and proliferation of shoots. In addition to MS, the
four other types of media that were evaluated were: Gamborg B5 [50] medium (B5, Product
number G0209), Linsmaier and Skoog [51] medium (LS, Product number L0230) Nitsch [52]
medium (N, Product number N0224); Schenk and Hildebrandt [53] medium (SH, Product
number S0225), all of which were purchased from Duchefa Biochemie B.V. (Haarlem, The
Netherlands). Once every three weeks, the explants were moved to new culture vials with
fresh medium. The number of regenerated shoots per treated explant and the frequency
with which this occurred were determined after 8 weeks of culture on the medium.

2.4. Rooting and Acclimatization

The majority of the P. amboinicus shoots developed roots concurrently on the same
in vitro culture medium, and the shoots that were unable to do so were switched to 1

2 MS
media with 0.5 µM indole 3-butyric acid (IBA, CAS number 133-32-4, Duchefa Biochemie
B.V., Haarlem, The Netherlands). After washing with sterile water to remove any remnants
of the basal nutrient media, the TDZ-induced shoots that had already developed a root
system were carefully removed from the culture vials and transplanted into 12 cm diameter
pots filled with a soil mixture (Planta-Guard Germany). The plantlets were grown in a
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controlled environment (Plant Growth Chamber, Conviron Adaptis, Manitoba, Canada) at
a temperature of 24± 2 ◦C under 16-h day and 8-h night photoperiod with light intensity of
50 µmol m−2 s−1. The plants were watered twice a week with a nutrient solution consisting
of 1

2 MS basal media, which only included micro and macro salts, applied through sprinkling
from above. After 8 weeks, the survival rate of the plants was recorded, and the acclimated
in vitro P. amboinicus plants were transferred to the growth room for continued growth
and development.

2.5. Flow Cytometry (FCM) and Nuclear DNA Content

FCM analysis were carried out to determine the nuclear DNA (nDNA) content and
genome size of P. amboinicus donor plants and in vitro regenerated ones using a Beckman
Coulter XL-MCL flow cytometer system (Beckman Coulter, Inc. USA). From 100 mg of
fresh leaf tissues, nuclei were extracted by chopping them using a scalpel and suspending
the pieces in 1.0 mL of filtered Galbraith buffer [54] (pH 7.0) containing 20 mM MOPS
(CAS number 1132-61-2), 45 mM MgCl2 (CAS number 7791-18-6, Loba Chemie, Mumbai
India), 30 mM sodium citrate (CAS number 6132-04-3, Loba Chemie, Mumbai India) and
0.1% (v/v) Triton X-100 (CAS number 9036-19-5, Sigma-Aldrich, St. Louis, MO, USA). The
leaf-homogenates were filtered through a 22 µm membrane using micro syringe after being
chopped, and then they were mixed for 15 min with a 50 g/mL solution of propidium
iodide (PI, CAS number 25535-16-4, Sigma-Aldrich, St. Louis, MO, USA). To avoid the
staining of RNA, RNase (50 µ g/mL, DNase and protease-free, Catalog number EN0531,
Thermo Scientific™, Massachusetts, USA) was also included in the samples. The relative
nuclear DNA (nDNA, 2C) content of each leaf sample was determined by analyzing it three
times using flow cytometry (FCM) with a green laser (532 nm). The G1 peak mean values
were used to compute the nDNA content, as described by Doležel and Bartoš [55], and the
values were expressed in picograms (pg).

2C nDNA content of sample = standard 2C value × (sample 2C mean peak value/
standard 2C mean peak value)

The genome size of P. amboinicus samples was determined by applying the formula
as follows: genome size (bps) = (0.978 × 109) × 1C DNA content. This calculation relied
on the previously reported information that 1 pg of DNA is equivalent to 978 million base
pairs, as stated by Doležel et al. [56].

2.6. Preparation of Plant Extracts

Leaf samples from both in vitro-established and ex vitro-grown P. amboinicus donor
plants were oven-dried at 50 ◦C for 48 h. Using a laboratory grinder, the dried leaf samples
were processed to a fine powder. After grinding the materials to a fine powder, they
were extracted with 50 mL of methanol for 24 h while being shaken gradually at room
temperature. Following this step, the methanolic extracts were filtered using filter paper
(Whatman filter paper, Grade 1). The solvent was evaporated with the help of a rotary
evaporator (IKA Werke GmbH & Co. KG, Staufen im Breisgau, Germany).

2.6.1. Determination of Total Phenolics

The total phenolic content of P. amboinicus leaf extracts from both in vitro and ex
vitro-grown plants was determined using a modified version of the technique reported
by Singleton et al. [57]. The 10% (v/v) Folin-Ciocalteu reagent was added to a test tube
containing 3.2 mL of the plant extract, and the mixture was mixed thoroughly before
being let to stand for 5–10 min. Following the addition of 600 µL of a 20% (w/v) sodium
carbonate solution to the mixture, it was left to incubate at room temperature for one
hour. The absorbance of the mixtures was measured using a UV-Visible spectrophotometer
at a wavelength of 765 nm, and the total phenolic content in both the leaf samples was
calculated from the calibration curve (y = 0.0021x + 0.0245) using gallic acid as the reference
standard. The results were expressed in terms of mg of gallic acid equivalents (GAE) per g
dry weight of extract.
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2.6.2. Determination of Total Tannins

The total tannin content of in vitro and ex vitro grown plants of P. amboinicus leaf
extracts was measured using a technique reported by Chandran and Indira [58], with minor
changes. Following the addition of 200 µL of plant extract, 3.2 mL of 10% (v/v) Folin-
Ciocalteu reagent containing and 600 µL of sodium carbonate solution containing 35% were
mixed together in the test tube. The materials were well mixed and then incubated in the
dark for a period of thirty minutes so that the reaction could take place. The absorbance of
the mixture samples was measured using a UV-Visible spectrophotometer at a wavelength
of 700 nm. The total tannin content in both the leaf extracts was determined by using tannic
acid as a reference standard and the calibration curve (y = 0.0052x + 0.0171) to calculate the
total tannin content. The findings were represented as mg of tannic acid equivalents (TAE)
per g dry weight of extract.

2.6.3. Determination of Total Flavonoid

The total flavonoid content of P. amboinicus leaf extracts from both in vitro and ex
vitro grown plants was determined using a method reported by Ordoñez et al. [59]. It
was determined by mixing 2 mL of the extract with the same volume of 2% aluminum
chloride solution in a test tube. After waiting 30 min for the reaction to take place at room
temperature, the absorbance was taken at a wavelength of 420 nm using a UV-Visible
spectrophotometer. Using quercetin as a standard, the total flavonoid content of both
the leaf extracts was determined from the calibration curve (y = 0.0172x − 0.0657) and
represented as mg of quercetin equivalents (QE) per g dry weight (DW) of extract.

2.6.4. Antioxidant and 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Assay

P. amboinicus extracts from both in vitro and ex vitro grown plants were tested for their
capacity to scavenge free radicals using the DPPH radical scavenging assay [60]. A total
of 0.5 mL of extract at several concentrations (100–500 g/mL) was mixed with 135 µM of
DPPH solution in a test tube. After thoroughly mixing, the solution was permitted to rest in
the dark for half an hour. Using a spectrophotometer, we measured the absorbance of the
samples at 517 nm. By using the following formula: Antioxidant capacity = [(Absorbance of
control solution—Absorbance of sample solution)/Absorbance of control solution] × 100,
we were able to determine the sample’s antioxidant capacity.

2.6.5. Gas Chromatography-Mass Spectrometry (GC-MS)

The phytochemical analysis of the leaf extract of both in vitro and ex vitro grown
plants of P. amboinicus was performed by using a GC-MS (Turbomass, PerkinElmer Inc.,
Waltham, MA, USA). Individually, the samples of the extracts were injected into the Elite-
5MS column, which was 30 m long, 0.25 m thick, and 0.25 m in diameter. The carrier gas
was helium gas, which flowed at a rate of 1 mL/min. Starting at 40 ◦C, the temperature was
held for 2 min before gradually rising to 200 ◦C (at a rate of 5 ◦C per minute) and then being
held there for 2 min. The heat was turned up to 300 ◦C at a rate of 5 ◦C per minute, and it
stayed there for the next two minutes. The resulting mass spectra were cross-referenced to
those in the Adams and Wiley databases.

2.7. Statistical Analysis

The data on the shoot regeneration frequency and number of shoots from NS explants
of P. amboinicus were evaluated using one-way analysis of variance (ANOVA) in IBM
SPSS software version 26 (SPSS Inc., Chicago, IL, USA), and the graphs were made using
the Microsoft Excel for Macintosh (Microsoft Office suite 2019, Microsoft Corporation,
Washington, DC, USA). The data were given as means and standard errors (M ± SE) of
the sum total of the three repeated experiments, with a total of 10 explants used in each
experiment. Tukey’s HSD significant difference test in the BM SPSS software was used to
determine significant differences between the means using a p-value of 0.05.
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3. Results and Discussion
3.1. Effect of TDZ Pre-Treatment and Shoot Regeneration

In compared to purine-based cytokinins, TDZ is the most efficient synthetic cytokinin
for eliminating apical dominance in tissue culture, and it also fulfills the cytokinin and
auxin needs of regeneration responses in several plants. In the present study, we evaluated
the TDZ pulse treatment of P. amboinicus NS explants to minimize the deleterious effect of
extended TDZ exposure on the growth of in vitro shoots. Pretreatment of explants with
TDZ prior to culture initiation can improve the responsiveness of the explants to subsequent
regeneration procedures, which may overcome the inhibitory effects of endogenous growth
inhibitors, such as phenolic compounds, and can also help to break the dormancy of
explants, allowing for more efficient regeneration. In this study, the NS explants pre-soaked
with different concentrations (0, 0.5, 5, 25, 50 and 100 µM) of TDZ exhibited initial bud
break after one week of transfer on MS basal medium (Figure 1A). Explants pre-treated with
varying dosages of TDZ and subsequently transferred to MS media showed statistically
significant differences in the percentage of explants that produced shoots (range: 23–97%)
as well as the number of shoots (range: 7–27 shoot/explants) that were developed (Table 1).
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Figure 1. Shoot induction and plant regeneration from nodal segment explants of Plectranthus
amboinicus pretreated with thidiazuron for 4 h. (A) Shoot induction after 2 weeks of culture on
Murashige and Skoog basal medium from nodal segment explants pretreated with 25 µM TDZ.
(B) Proliferated shoot with roots after 8 weeks of culture on MS medium. (C) An acclimated plants
regenerated from nodal segment explants.
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Table 1. Effect of different concentrations of thidiazuron pretreatment on shoot regeneration from
nodal segment explants of Plectranthus amboinicus after 8 weeks of transfer on MS basal medium.

Thidiazuron (µM) % Regeneration Number of Shoots
Per Explant Shoot Length (cm)

0.0 23.25 ± 1.25 e 1.50 ± 0.57 e 2.87 ± 0.42 cd
0.5 46.30 ± 2.50 d 6.57 ± 0.95 d 3.55 ± 0.33 bc
5.0 68.25 ± 2.36 c 12.25 ± 2.06 c 4.02 ± 0.23 ab

25.0 97.15 ± 2.90 a 27.30 ± 1.91 a 4.93 ± 0.28 a
50.0 87.50 ± 2.80 b 18.25 ± 1.70 b 3.17 ± 0.19 bcd
100.0 65.95 ± 3.55 c 11.00 ± 1.29 c 2.50 ± 0.17 d

Data presented in the table are mean and standard error (M ± SE) of three repeated experiments recorded after
8 weeks of transfer on MS basal medium. Tukey’s HSD test with a p-value less than 0.05 indicates that distinct
letters in each column indicate significant differences between treatments.

Only 1-2 shoots were produced by the untreated NS explants cultured on MS basal
media, whereas the number and growth of the shoots were inhibited when the NS explants
were exposed to greater concentrations of TDZ (100 µM). After 8 weeks of growth on MS
basal media, the NS explants that were pre-treated with 25 µM TDZ produced the highest
number of 27.3 shoots per explant, with the longest average shoot length (4.9 mm) in 97.2%
of cultures (Figure 1B). Similarly, TDZ pretreatment improves in vitro shoot induction and
plant regeneration in a number of plant species including Rauvolfia tetraphylla [41] Cur-
culigo orchioides [61], Begonia semperflorens and Begonia spp. [62], Nyctanthes arbor-tristis [63],
Lepidium campestre [64], Mentha arvensis [65], Bacopa monnieri [66], Rhododendron mucronula-
tum [67]. It is suggested that TDZ may be needed as a trigger for initiating the proliferation
of shoot meristems and further incubation on TDZ free MS medium led the explants to
further development [68]. The potential of TDZ to sustain activity even after plant materials
have been transferred to a new growth medium may account for the extended activity
resulting from a brief TDZ treatment [69].

3.2. Effect of Basal Media on Shoot Regeneration

The successful in vitro growth and differentiation of an explant is a complex process
that is influenced by many factors, with the selection of a suitable nutrient-rich basal
medium being a critical aspect. The right basal medium can provide the necessary nutrients
and growth factors for the explant to thrive and develop into a mature plant. In this
study, we attempted to find the most optimal culture medium for the in vitro growth of
P. amboinicus explants. We compared the effectiveness of five different media, including
MS, B5, LS, N and SH (as shown in Figure 2) in inducing in vitro shoot growth and
plant regeneration from P. amboinicus explants that were pre-treated with 25 µM TDZ for
4 h. The results of this comparison will help to identify the most appropriate culture
medium for future in vitro growth experiments with P. amboinicus and other medicinal
plants. Number of shoots produced per explant varies significantly depending on the type
of media used, with 27.3 shoots/explants on MS medium and 12.2 shoots/explants on LS
medium, respectively (Figure 2). As a result of the comparison of various culture media,
we found that MS medium was the most suitable for shoot regeneration from P. amboinicus
NS explants that had been pre-treated with 25 µM TDZ. The use of MS medium, along
with regular sub-culturing, was crucial in achieving successful shoot regeneration from
P. amboinicus explants. The MS basal media contained a balanced mix of micro and macro
salts, as well as essential vitamins, to provide the necessary nutrients for the continued
proliferation of the shoots. This process ensured that the shoots received a consistent supply
of nutrients, promoting their growth and development over time.
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Figure 2. Data presented in the form of bar-graph are mean and standard error (M ± SE) of three
repeated experiments recorded after 8 weeks of transfer on different basal medium. Tukey’s HSD test
with a p-value less than 0.05 indicates that bar with distinct letters indicate significant differences
between medium.

3.3. Rooting and Acclimatization

In the present study, shoots that were regenerated from NS explants that had been
pretreated with TDZ developed roots on their own in the same MS basal media, resulted in
a reduction in the extra time and expenses required for the in vitro rooting of a microshoot.
It has been estimated that the spontaneous rooting of microshoots may save costs from
around 35 to 75 percent of the overall budget required for an in vitro regeneration [70]. The
shoots that were not yet have roots were rooted in 1

2 MS medium that contained 0.5 µM IBA.
Eight weeks after being transferred to MS basal media, shoots that had been regenerated
from NS explants that were pre-treated with optimal TDZ concentration (25 µM) produced
an average of 4.3 roots which was 4.7 cm in length. The development of spontaneous roots
system together with shoot on the same culture medium may be related to the endoge-
nous amount of auxin as well as some other intrinsic rooting factors [71]. After 4 weeks
of acclimatization in a growth chamber, the regenerated P. amboinicus micropropagated
plants with robust shoot and root systems were successfully transplanted into an ex-vitro
environment (Figure 1C), where they sustained a 90% survival rate.

3.4. Flow Cytometry (FCM) and Nuclear DNA Content

FCM is a fast, high-throughput technique for assessing a large number of cells in a short
period of time, and it may be used to examine the genetic stability of in vitro regenerated
plants by determining the DNA content and chromosome number of individual plant cells.
The flow cytometer counts the number of chromosomes and the ploidy level by sorting
cells based on the fluorescence intensity of DNA-specific dyes. This can help in figuring out
whether there were any alterations to the DNA content throughout the in vitro regeneration
process, which might have an effect on the stability and growth of the regenerated plants. In
the present study, the acclimated plants that were regenerated from NS explants after being
pre-treated with 25 µM TDZ were examined by FCM and compared with donor plants of
P. amboinicus in order to make sure that the genetic stability of the plants was maintained.
The histograms derived by the FCM analysis of both in vitro and ex vitro plants showed no
significant variations in mean PI fluorescence peak, indicating that there was no difference
nDNA content and ploidy level of the plants (Figure 3). Both the relative 2C nDNA content
and the genome size of the P. amboinicus plants that were grown in vitro were determined
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to be 5.63 pg and 275.8 Mbs respectively (Figure 4). There were no discernible differences
observed in either the amount of nDNA or the size of the genome among the donor plants
and in vitro plants that were regenerated from NS explants pretreated with 25 µM TDZ.
Similarly, the stability of nDNA content and genome size were also reported in the in vitro
plants of Viola uliginosa [72], Bacopa monnieri [66] and Rhododendron mucronulatum [67].
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donor plants of Plectranthus amboinicus. pg = picogram; Mbs = Megabase pairs.

3.5. Phytochemical Analysis

Total phenolics, flavonoids, and tannin contents in leaf extracts of in vitro plants
regenerated from NS explants pre-treated with 25 µM of TDZ were assessed and compared
to those of ex vitro grown donor plants of P. amboinicus (Table 2). Phenolic compounds
have emerged as potential targets for in vitro culture, which not only creates the optimal
circumstances for their production but also encourages increased secondary metabolite
accumulation and excretion by biosynthetic cells or tissues [73]. In the present study,
higher concentrations of total phenolics and total tannins were detected in plant extracts
grown in vitro compared to those of the ex-vitro grown donor plants (Table 2). While no
significant difference was observed in the contents of total flavonoids between the donor
plants and the in vitro plants that were regenerated from NS explants pre-treated with
25 µM of TDZ for 4 h (Table 2). Total phenolics, tannins, and flavonoid were measured
to be 81.2, 55.6, and 42.7 mg GAE, TAE, and QE/g DW respectively, in the leaf extracts
from in vitro regenerated P. amboinicus plants. It has been suggested that the discrepancy
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in the concentration of secondary metabolites in plants grown in vitro is regulated by the
composition of the media and growth regulators in which the plants are grown [36,74,75].

Table 2. Total phenolic compound, tannin and flavonoid contents of Plectranthus amboinicus plants
grown in vitro and ex vitro.

Phytoconstituents In Vitro Plants Ex Vitro Plants

Total phenolic (mg GAE/g DW) 81.23 ± 0.72 a 56.64 ± 0.31 b
Total Tannin (mg TAE/g DW) 55.68 ± 0.48 a 23.41 ± 52 b

Total Flavonoid (mg QE/g DW) 42.77 ± 0.43 a 40.27 ± 0.39 a
Data presented in the table are mean and standard error (M ± SE) of three repeated experiments recorded after
8 weeks of transfer on MS basal medium. Tukey’s HSD test with a p-value less than 0.05 indicates that distinct
letters in each column indicate significant differences between treatments.

3.6. Antioxidant and DPPH Radical Scavenging Assay

The antioxidant potential of methanol extracts of leaves of the ex vitro donor plants
and the plants that were regenerated in vitro from NS explants P. amboinicus pretreated
with 25 µM of TDZ was determined using DPPH free radicals scavenging assay. It was
determined that there was a concentration-dependent antioxidant activity against DPPH,
and that the activity was at its highest at 300 µg/mL. The strongest levels of antioxidant
activity were found in in vitro regenerated plants of P. amboinicus (67.0%), compared to ex
vitro donor plants (59.3%) (Figure 5). The results of the study revealed that the antioxidant
capability of regenerated plants was regulated directly by the quantities of total phenolics
and total tannins. Tannins are secondary antioxidants that have the capacity to bind metal
ions like Fe(II), interfere with one of the reaction stages in the Fenton reaction, and slow
down the oxidation process [76]. By binding to metal ions and inhibiting the Fenton reaction,
tannins in regenerated plants effectively reduce the concentration of ROS and prevent
the damage caused by in vitro-induced oxidative stress. In addition to their antioxidant
properties, tannins have also been shown to possess anti-inflammatory, anti-tumor, and
anti-microbial properties, making them a highly valuable component of plant defense
mechanisms. Similarly, high antioxidant activity was reported in in vitro regenerated
plants of Ceropegia santapaui [77], Coleonema pulchellum [75], Cucumis anguria [78], Angelica
glauca [79] and Ruta chalepensis [80] all of which are in agreement with our findings.
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3.7. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

GC-MS is a widely used analytical technique for identifying and analyzing the chemi-
cal composition of plants, and it may offer useful information about the potential therapeu-
tic effects of various chemicals such as alkaloids, flavonoids, amino acids, organic acids
etc. The analysis can also be used to identify any changes in the metabolic profile of the
in vitro regenerated plants compared to their wild-type counterparts, providing insight
into the genetic and environmental factors that influence plant growth and development.
In the present study, the chromatographic examination made it possible to identify 19
and 21, respectively, of the bioactive compounds that were present in ex vitro and in vitro
P. amboinicus plants (Table 3).

Table 3. Gas chromatography-mass spectrometry (GC-MS) analysis from leaf extracts of Plectranthus
amboinicus plants grown in vitro and ex vitro.

Name
Retention Time (min) Area %

Formula
Molecular

Weight (g/mol)Ex Vitro In Vitro Ex Vitro In Vitro

Beta-myrcene 5.03 5.05 0.08 0.04 C10H16 136.23
1-methyl-2-(1-methylethyl)-benzene 5.38 5.39 1.54 2.38 C10H14 134.22
Gamma-terpinene 5.66 5.67 2.65 4.75 C10H16 136.23
3-Hydroxy-2-methyl-4H-pyran-4-one - 6.11 - 0.03 C6H6O3 126.11
Cyclononanone 6.24 6.24 0.1 0.13 C9H16O 140.22
Terpinen-4-ol 6.7 6.69 0.11 0.12 C10H18O 154.25
5-(Hydroxymethyl)-2-furancarboxaldehyde - 6.96 - 0.25 C6H6O3 126.11
2-Furanmethanol 6.98 - 0.31 - C5H6O2 98.1
2,5-Cyclohexadiene-1,4-dione 7.2 7.18 0.07 0.05 C6H4O2 108.09
5-Methyl-2-(1-methylethyl)-phenol 7.5 7.45 91.38 86.69 C10H14O 150.22
Alpha-copaene 8.2 8.14 0.12 0.18 C15H24 204.36
Trans-caryophyllene 8.54 8.47 1.88 2.2 C15H24 204.35
Alpha-humulene - 8.7 - 0.22 C15H24 204.35
Trans ocimene 8.8 - 0.17 - C10H16 136.23
Aromadendrene - 8.91 - 0.34 C15H24 204.35
Delta-cadinene 9.22 9.04 0.09 0.11 C15H24 204.35
(-)-Curcuhydroquinone 9.49 - 0.23 - C15H22O2 234.16
Caryophyllene oxide - 9.51 - 0.19 C15H24O 220.35
(-)-Caryophyllene oxide 9.74 - 0.26 - C15H24O 220.35
Hybridalactone 10.14 - 0.08 - C21H30O3 330.5
cis-(Z)-alpha-Bisabolene epoxide 10.28 - 0.04 - C15H24O 220.35
trans-Z- alpha-Bisabolene epoxide 10.4 - 0.03 - C15H24O 220.35
BIS[(1S,2S,3S,5R)-(+)-isopinocamphyl]
phosphorochloridate - 11.15 - 0.16 C10H18O 154.25

Hexadecanoic acid - 11.4 - 0.51 C16H32O2 256.42
3,7,11,15-Tetramethyl 2-hexadecen-1-ol - 11.59 - 0.02 C20H40O 296.53
10-Heneicosene - 12.24 - 0.32 C21H42 294.56
9,12,15-Octadecatrienoic acid - 12.4 - 0.59 C18H30O2 278.43
Octadecanoic acid - 12.52 - 0.1 C18H36O2 284.48
5-Methyl-2-(1-methylethylidene)
cyclohexanone 12.56 - 0.16 - C10H16O 152.23

Tridecanoic Acid 15.12 - 0.1 - C13H26O2 214.34

The heatmap in Figure 6 depicts a cluster analysis based on the levels of phyto-
chemicals in leaf extracts from in vitro and donor plants, as measured by GC-MS. The
study found that both ex vitro and in vitro plants contained eleven chemicals that were
chemically identical to one another. In both the ex vitro and in vitro leaf extracts of
P. amboinicus plants, it was found that 5-methyl-2-(1-methylethyl)-phenol was the main
chemical constituent, accounting for 91.38 and 86.69 percent of the total, respectively.
Eleven phytocompounds were found in in vitro plants, but they were not present in
ex vitro donor plants, some of which have biological activities such as octadecanoic
acid (0.1%), caryophyllene oxide (0.19%), Alpha-humulene (0.22%), 5-(Hydroxymethyl)-2-
furancarboxaldehyde (0.25%), 10-heneicosene (0.32%), aromadendrene (0.34%), hexade-
canoic acid (0.51%), 9,12,15-octadecatrienoic acid (0.59%). The possible reasons for the
increased number of phytochemical substances in in vitro propagated plantlets compared
to the field grown plants could be influenced by various factors, including the tissue culture
conditions, the supply of the nutrient media, the presence of growth regulators, genetic
modifications and chemical and abiotic elicitors [80–82].
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4. Conclusions

This is the first report describing the TDZ induced plant regeneration, as well as total
phenolics, total tannin, total flavonoid contents, DPHH radical-scavenging activity and
GC-MS profiles of leaf extracts from in vitro and ex vitro growing plants of P. amboinicus.
In this study a simple and efficient protocol for plant regeneration was established from
NS explants that had been pretreated with 25 µM of TDZ followed by their transfer onto
the MS basal media which offer an alternative approach for rapid in vitro propagation
and mass multiplication of P. amboinicus. The application of TDZ pulse treatment for a
short duration of 4h allows the production of healthy shoots with no abnormalities, as
well as the development of spontaneous roots on the same medium, saving money and
time in comparison to the technique of prolonged exposure to TDZ and other growth
regulators. Moreover, the characteristics of the in vitro-regenerated plants were analyzed
and compared to the ex-vitro donor plants with regards to the nuclear DNA content,
genome size, phenolic content, antioxidant capacity, and GC-MS profiles. The results of the
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nuclear genome stability and biochemical analyses of the in vitro propagated P. amboinicus
plants could lead to the development of conservation and sustainable use strategies for this
valuable natural resource.
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Abstract: Sages are medicinal and aromatic plants that constitute a large pool from which active
compounds of great pharmaceutical potential can be derived, while at the same time, they also have
ornamental value. The purpose of this study was to develop the micropropagation protocols of
Salvia fruticosa, S. officinalis, S. ringens, S. tomentosa, and S. pomifera ssp. pomifera to facilitate their
exploitation in the pharmaceutical and floriculture industries. In vitro cultures of S. ringens and
S. pomifera ssp. pomifera was studied for the first time. Shoot tips and single node explants from
in vitro seedlings were initially cultured on hormone free (Hf)-MS medium, followed by subcultures
on MS medium supplemented with 6-benzyladenine (BA) for all species, as well as with zeatin
(ZEA), kinetin (KIN), 6-(γ,γ-dimethylallyamino) purine (2iP), or meta-topolin (mT) for S. fruticosa and
S. officinalis, at concentrations 0.0 to 3.2 mg L−1, in combination with 0.01 mg L−1 1-naphthaleneacetic
acid (NAA). S. officinalis was the most efficient in shoot multiplication of all the studied species. The
highest multiplication indices were found using 0.8 mg L−1 BA for S. fruticosa, 0.4 mg L−1 BA, or
mT for S. officinalis, and lower than 0.8 mg L−1 BA for the other three species. Hyperhydricity was a
problem at the multiplication stage, and was most pronounced in single node explants, increasing
in proportion to cytokinin concentration. Microshoots rooted at high percentages (75–85%) on half-
strength MS medium with 0.0 or 0.5 mg L−1 Indole-3-butyric acid (IBA), except for those of S. ringens,
which rooted best at 1.0–2.0 mg L−1 IBA. Ex vitro acclimatization was highly successful (80–95%)
on peat–perlite substrate (1:1 v/v). Thus, the present study resulted in efficient micropropagation
protocols for five Mediterranean sage species native to Greece, which will facilitate breeding programs
and the promotion of these species in the floriculture and pharmaceutical industries.

Keywords: cytokinin; explant type; hyperhydricity; in vitro; sage; Salvia fruticosa; Salvia officinalis;
Salvia pomifera ssp. pomifera; Salvia ringens; Salvia tomentosa

1. Introduction

The genus Salvia (tribe Mentheae) is the largest in the Lamiaceae family, with 986 ac-
cepted species names [1] displaying a remarkable range of variation; it is not a mono-
phyletic genus [2]. It has undergone marked species radiations in three regions of the
world, Mediterranean and Central Asia, Eastern Asia, and Central and South America [2].
Salvia is distinguished from other Mentheae by its staminal structure, having two stamens
instead of the four found in most members of the tribe Menthae, and a distinct stamen
morphology [3]. The name Salvia comes from the Latin salvus (healthy), and a plant
called “Salvia” by the Romans, likely the type species for the genus Salvia, S. officinalis,
was described for the first time by Pliny the Elder. The common name in English, sage, is
attributed to different species of the genus Salvia, which are widely used as ornamental or
medicinal plants [4].

Sages are medicinal and aromatic plants from which active compounds of great
pharmaceutical potential can be derived. The leaves of sages are rich in essential oils
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and secondary metabolites such as phenolics and terpenoids, and there is widespread
knowledge and use of many native Salvia spp. in various countries for medicinal and
perfumery purposes, as well as culinary plants, supported by a huge number of scientific
publications [5–12]. In addition, numerous cultivars, varieties, and hybrids of Salvia are
widely used worldwide as ornamental plants for their flower interest and fragrant foliage.
Further, Salvia spp. are valuable along with other aromatic herbs for healing gardens and
therapeutic landscapes, which are gaining ground internationally [13].

The climate crisis has reinforced the need for the ecological and sustainable design of
green projects. Therefore, Salvia spp. native to eastern Mediterranean regions are worth
promoting for use in these landscape regeneration contexts, due to their resistance to
xerothermic conditions, low maintenance needs, and their contribution to the rescue of
insect pollinators [14–18]. In addition, the floriculture industry is constantly looking for
new plant species to compete in international markets, and the Mediterranean flora is an
inexhaustible reservoir.

In Greece are found 30 taxa (species and subspecies) of the genus Salvia [19]. Two of these
are widely known commercially as medicinal and ornamental plants, S. officinalis and S. fruticosa
(S. triloba), and there are hundreds of research papers on their properties [9,15–17,20–24]. How-
ever, a number of the other native sages of Greece have also been studied for their medicinal,
cosmetic, and floricultural value [16,17,23,25–33].

The research project SALVIA-BREED-GR (https://www.salvia-breed-gr.com/el/) was
carried out for four years (2019–2022) in order to explore the native sages of Greece, with the
aim of promoting to the ornamental plant industry new sage products of high ornamental
value suitable for xeriscaping. Four species, S. fruticosa Mill., S. officinalis L., S. ringens Sibth.,
and Sm., S. tomentosa Mill.; and one subspecies, S. pomifera L. ssp. pomifera, members of
macchia vegetation, were selected for this project, and among other parameters, their seed
and clonal propagation were studied.

S. fruticosa (Greek sage Figure 1a), is a strongly aromatic perennial evergreen shrub
(120 cm tall), bearing lilac or pink flowers (Figure 1b) in early spring. It is endemic to the
Mediterranean coastal zone, with a wider distribution from Sicily to Israel. In Greece, it is
found in Central Greece, the Peloponnese, and the Aegean islands [34]. It is widely used
for the preparation of an herbal tea (faskomilo).

Figure 1. Native to Greece Salvia spp.; S. fruticosa plant (a) and inflorescence (b), S. officinalis plant (c)
and inflorescence (d), S. ringens plant (e) and inflorescence (f), S. tomentosa plant (g) and inflores-
cence (h), S. pomifera ssp. pomifera plant (i) and inflorescence (j).
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S. officinalis (Dalmatian sage, common sage, sage, (Figure 1c) is a strongly aromatic
perennial evergreen shrub (60 cm tall), bearing violet-blue flowers (Figure 1d) in May–July.
It is naturally widespread on the Apennines and the eastern Adriatic coast, but naturalized
in many places throughout the world [35]. In Greece, it is found in the north and the east,
and in the Ionian islands. Since antiquity, it has been used as a medicinal plant, while
nowadays is cultivated in many varieties as a medicinal and ornamental plant, being one
of the most important Salvia species worldwide.

S. ringens (Figure 1e) is a perennial evergreen plant with a slightly woody base and
low vegetation (30 cm). Its leaves have a light aroma. It bears a few violet-blue flowers on
branching long (60 cm) stocks (Figure 1f) during late spring through summer. It is found in
the southern and eastern parts of the Balkan Peninsula. In Greece, it spreads north, and in
the highlands of Macedonia, Epirus, and Central Greece [35].

S. tomentosa (Figure 1g) is a strongly aromatic perennial evergreen plant (80 cm tall),
bearing violet flowers with reddish-brown calyces (Figure 1h) in late spring or early summer.
Its geographical distribution extends from South-Eastern Europe to Transcaucasia [36]. In
Greece, it is found in the central and north-eastern areas, and in Eastern Aegean Islands [19].

S. pomifera ssp. pomifera (Figure 1i) is an endemic shrub of Greece found in Crete
and the Peloponnese [34]. It is a strongly aromatic perennial evergreen plant (80 cm tall),
bearing pink or violet flowers (Figure 1j) in spring to early summer on slightly curving
flower stocks.

All the above sages have been found to be suitable for use as ornamental plants
under limited water supply [14–17], which makes them valuable plants for xeriscaping
and landscaping in arid and semi-arid regions. Research on their propagation using stem
cuttings has shown that this is a suitable method for their commercial production [37],
although its effectiveness may depend on the season or climatic conditions. In contrast, the
seed propagation of these sage species was found to be unstable in terms of germination
rates, and in most species, especially in S. ringens and S. tomentosa, the germination rate
was extremely low [33,38,39], verifying that seed germination is a global problem of the
Salvia spp. [40,41]. Concerning the micropropagation of these Mediterranean Salvia spp.,
there are many works published on the in vitro culture of S. officinalis [42–51], two on
S. fruticosa [42,52], and one on S. tomentosa [53] while there were no reports found on the
micropropagation of S. ringens and S. pomifera ssp. pomifera.

The commercial production of many ornamental, medicinal, and aromatic plants is
based on the use of tissue culture and micropropagation at some stage of their develop-
ment; micropropagation technique is important for developing, selecting, multiplying and
conserving the critical genotypes of these plants [54–56]. In medicinal plants, tissue culture
is used to produce active compounds for pharmaceutical and herbal industries. In addition,
in vitro culture techniques are applied for the conservation of the genetic material of many
threatened medicinal plants [55].

Shoot proliferation in most micropropagation protocols proposed for S. officinalis
was low, as in most cases, up to three shoots per explant were produced using shoot
tip or nodal explants on MS medium [57] supplemented with rather low concentrations
(0.5 to 1.5 mg L−1) of 6-benzyladenine (BA), alone or in combination with a low con-
centration (0.1 mg L−1) of 1-naphthaleneacetic acid (NAA) [33,45,46,50,58]. Even lower
BA concentrations (0.2–0.5 mg L−1) were found to be appropriate for the shoot prolifera-
tion of S. fruticosa [52], inducing lower proliferation indices compared to S. officinalis. In
S. officinalis, a liquid culture in MS with BA and a low concentration of auxin resulted in
similarly low proliferation, as in solid medium [48], while the proliferation was doubled
when triacontanol at 20 mg L-I was added into the liquid medium [48]. Similarly increased
proliferation was achieved when adventitious shoots were induced from nodal or leaf ex-
plants excised from in vitro seedlings on MS medium with 1.5 mg L−1 thidiazuron (TDZ),
combined with 0.1 mg L−1 indole-3-acetic acid (IAA) [51].

The nature and origin of explants has been shown to significantly influence the in vitro
response [59–62], as the ability for totipotency differs in plant cells. In the micropropagation
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of S. officinalis, both shoot tip explants [46,48,49] and nodal explants [43,47,50,58] have been
used, and more often, shoot tips showed higher response rates [49], as has also been shown
in other medicinal Lamiaceae herbs [63,64]. In S. fruticosa [52] and other Mediterranean
sages [65,66], as well as in other medicinal Lamiaceae herbs, nodal explants have been
shown to produce more shoots than the shoot tip explants [67–71]. Further, the juvenile
or adult origins of the explants may affect their response to micropropagation differently.
Explants originating from seedlings often present high shoot proliferation, as has been
shown for some native Mediterranean species [72,73]. The use of seedlings as mother plants
is recommended when native species are reintroduced to the landscape, because a higher
genetic diversity is promoted. In addition, seedling mother material contributes to the
selection of specific genotypes that present special characteristics as high medicinal value.

The in vitro rooting of medicinal Lamiaceae herbs, including Salvia spp., presented
no difficulties [38,50,52,53,65–69,71,72,74–76], and in a number of these species, auxin
supplementation was not necessary for rooting [38,45,65,72,75]. In contrast, S. fruticosa
microshoots rooted only in the presence of auxin [52]. Half-strength MS medium sup-
plemented with IBA at 0.5–1.5 mg L−1 and occasionally up to 4.0 mg L−1 has been the
most appropriate protocol, with a few exceptions in which full-strength MS medium was
used [52,66].

The aim of this work was to develop protocols for the micropropagation of S. fruticosa,
S. officinalis, S. ringens, S. tomentosa, and S. pomifera ssp. Pomifera, in order to facilitate
their introduction into the pharmaceutical and floriculture industries, by providing high-
value plant material for cultivation without seasonal constraints and the selection and
conservation of critical genotypes. The micropropagation of S. ringens and S. pomifera ssp.
pomifera were studied for the first time to our knowledge. The in vitro micropropagation
studies of S. fruticosa and S. officinalis aimed to further improve the protocols due to
the commercial importance of these species. Thus, five types of cytokinins at various
concentrations were tested as for their efficacy in shoot proliferation from shoot tip and
singe node explants of seedling origin. In vitro rooting and ex vitro acclimatization were
also studied, and the responses of the five species to all stages of micropropagation were
compared and discussed.

2. Materials and Methods
2.1. In Vitro Culture Establishment Stage

The establishment of in vitro cultures was performed on hormone free (Hf)-MS
medium [57] with 30 g L−1 sucrose, under the culture conditions described below. Shoot
tip and single node explants of the 1st, 2nd, or 3rd visible node below the shoot tip, about
0.6 cm long, excised from 3-month-old in vitro grown seedlings of S. fruticosa, S. officinalis,
S. ringens, S. tomentosa, and S. pomifera ssp. pomifera were used as explants. The seedlings
were germinated in vitro, following the method described by Vlachou et al. [77], and grown
on Hf-MS medium with 30 g L−1 sucrose.

2.2. Shoot Multiplication Stage

Aiming to increase the plant material to be used in experiments on shoot proliferation,
up to six subcultures (the number depending on Salvia spp.) on MS medium supplemented
with 0.4 mg L−1 6-benzyladenine (BA) and 0.01 mg L−1 1-naphthaleneacetic acid (NAA)
were performed for each Salvia species.

The media used in the shoot multiplication stage were based on preliminary work,
and on previous reports on Mediterranean sages and other Lamiaceae [33,38,45,50,58].

2.2.1. Effect of Explant Type and BA Concentration on the Proliferation of the Five Salvia spp.

The aim of this experiment was to investigate the effect of BA concentration in relation
to explant type (shoot tip and single node) and Salvia species, on shoot proliferation. Shoot
tip and single node explants of the five Salvia spp. were cultured, either on Hf-MS medium
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or on MS medium supplemented with BA at four concentrations, i.e., 0.4, 0.8, 1.6, and
3.2 mg L−1, in combination with 0.01 mg L−1 NAA.

The explants were 0.6 cm long and they were excised from microshoots grown on MS
medium supplemented with 0.4 mg L−1 BA and 0.01 mg L−1 NAA.

2.2.2. Effect of Explant Type, and Cytokinin Type and Concentration on the Proliferation of
S. fruticosa and S. officinalis

Shoot tip and single node explants, 0.6 cm long, were excised from the microshoots of
in vitro cultures (on MS medium with 0.4 mg L−1 BA and 0.01 mg L−1 NAA) of S. fruticosa
and S. officinalis, and cultured on MS medium with 30 g L−1 sucrose. The medium was
either Hf (control) or supplemented with 0.01 mg L−1 1-naphthaleneacetic acid (NAA) in
combination with a cytokinin of five different types, i.e., BA, zeatin (ZEA), kinetin (KIN), 6-
(γ,γ-dimethylallylamino) purine (2iP), or meta-topolin (mT), at four concentrations, i.e., 0.4,
0.8, 1.6, and 3.2 mg·L−1.

2.2.3. Explant Number and Data Collection at the Shoot Multiplication Stage

The number of explants used in each experiment at the multiplication stage is pre-
sented at the base of each relevant data table.

Data were collected after 30 d of culture. The percentage of explants that responded to
form shoots, the percentage of those that formed normal shoots or normal, together with hy-
perhydrated shoots and the percentage of explants that formed only hyperhydrated shoots
(Figure 2), were recorded. The number of normal and hyperhydrated shoots produced,
shoot length, and the number of nodes per shoot of the normal shoots were also recorded.
The “multiplication index” of each culture was calculated by multiplying the percentage of
explants that produced normal shoots (i.e., explants with all shoots hyperhydrated were
not included) by the mean number of normal shoots per responding explant, and by the
mean node number per normal shoot.

Figure 2. Responses of single node explants of S. officinalis during the multiplication stage to produce
normal and hyperhydrated shoots, (a) or hyperhydrated shoots only (b). NSh = normal shoot,
HSh = hyperhydrated shoot. Size bars= 1.0 cm.

2.3. In Vitro Rooting

For the experiment on in vitro root induction and development, microshoots produced
on MS medium supplemented with 0.4 or 0.8 mg L−1 BA and 0.01 mg L−1 NAA, approxi-
mately 2.0 cm long, were used. Microshoots were cultured on half-strength MS medium
with 20 g L−1 sucrose supplemented with various concentrations of IBA, i.e., 0.0, 0.5, 1.0,
2.0, or 4.0 mg L−1.

Three replicates of 10 microshoots were used for each treatment. Data were collected
after 30 d of culture. The percentage of explants that formed roots, and the number and
length of roots were recorded.

2.4. Ex Vitro Acclimatization

For ex vitro acclimatization, the rooted microshoots of all rooting media after being
rinsed thoroughly with running tap water to remove growth medium were transferred to
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500 mL containers (eight plantlets per container), on peat (high-moor with adjusted pH of
up to 5.5–6.5, Klasmann-Delimann Gmbh, Geeste, Germany) and perlite (particles diameter
1–5 mm, Perloflor, ISOCON S.A., Athens, Greece) substrate 1:1 (v/v), were transferred ex
vitro into trays (eight plantlets per 500 mL volume tray) with a mixture of peat: perlite (1:1,
v/v). The trays were covered with plastic wrap (SANITAS; Sarantis S.A., Greece) and placed
in a growth chamber (20 ◦C and 16 h cool white fluorescent light, 37.5 mmol·m−2·s−1)
for 1 week. Then, the plastic wrap was removed and transferred to a heated glasshouse
(37◦58′58.0′′ N, 23◦42′19.2′′ E) for an additional 4 weeks.

Six to 10 replicates of eight rooted microshoots were used, and their survival was
estimated at 30 d after transfer to the greenhouse.

2.5. In Vitro Culture Conditions

All media were solidified with 8 g L−1 agar, and their pH was adjusted to 5.7 before
agar addition and autoclaving (121 ◦C for 20 min). Initial cultures from in vitro seedlings,
subcultures, and rooting experiments took place in 145 mL glass vessels with 25 mL
medium (four explants or microshoots per vessel), covered with a magenta plastic cap.
The cultures were maintained at 25 ± 2 ◦C with a 16 h photoperiod at 37.5 µmol m−2 s−1

fluorescent light, provided by cool-white fluorescent lamps.

2.6. Statistical Analysis

A completely randomized design was used. The significance of the results was tested
through either one-, two-, or three-way analysis of variance (ANOVA), and the means
of the treatments were compared via Student’s t test at p ≤ 0.05 (JMP 13.0 software, SAS
Institute Inc., Cary, NC, USA).

3. Results
3.1. Establishment Stage

For the establishment of in vitro cultures, seedlings that germinated and grew in vitro
were used as mother plants. The germination rates of S. ringens, S. pomifera ssp. pomifera, and
S. tomentosa were very low, and especially in S. tomentosa, it was lower than 10% [77]. Thus,
for these sage species, the mother material was limited. At the culture establishment stage,
which took place on Hf-MS medium, shoot tip explants of all five Salvia spp. responded at
higher percentages to produce normal shoots compared to single node explants (26–93% vs.
10–75%, depending on the species), as the latter showed higher hyperhydricity, which in the
case of S. pomifera ssp. pomifera and S. tomentosa reached 40–50%. Apart from hyperhydricity
problems, S. tomentosa also showed much a lower explant response to producing shoots,
compared to all other species (Table 1). In all of the sage species, single node explants,
which bear two buds due to the phyllotaxis of Salvia spp., produced more shoots compared
to shoot tip explants, but shoots on single node explants were shorter and with fewer nodes
(Table 1, Figure 3) and thus, the shoot tip explants presented higher multiplication indices
compared to single node explants (Table 1), with the exception of S. officinalis.

Table 1. Effect of Salvia species and explant type on axillary shoot production of explants excised
from in vitro seedlings of Greek sage species, at the establishment stage of in vitro cultures on a
hormone-free MS medium.

Salvia sp. Explant Type
Shoot-Producing
Explants 1/2 (%)

Mean Number of
NSh
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Table 1. Cont.
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Mean Number of
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Figure 3. Typical responses of shoot tip and single node explants excised from in vitro seedlings of
Salvia spp., during the in vitro establishment stage on hormone-free MS medium. Size bars = 1.0 cm.

3.2. Shoot Multiplication on BA Media
3.2.1. S. fruticosa

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high
percentages (70–100%) to produce shoots in all media tested, with single node explants
showing a decrease in response with increasing BA concentration, which was significantly
lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants
produced only hyperhydrated shoots, while others produced both normal and hyperhy-
drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated
explants that was more pronounced in single node ones, which at the two highest BA
concentrations, only 20–30% produced normal shoots and 40–50% produced only hyperhy-
drated shoots (Figure 4b). In contrast, at the highest BA concentration, shoot tip explants
produced normal shoots in 68%, and only hyperhydrated shoots in 32% (Figure 4b).

The number of shoots per responding explant was higher in single node explants
when normal and hyperhydrated shoots were counted together (Figures 5a and 6a), but as
single node explants formed more hyperhydrated shoots compared to the tip explants, the
production of normal shoots was not statistically significantly different between the two
types of explants (Figure 5b). At 0.8 mg L−1 BA; however, single node explants produced
significantly more normal shoots compared to the tip ones (Figure 5b).
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Figure 4. Effect of 6-benzyladenine (BA) concentration on explant response percentage for shoot
production when shoot tip or single node (nodal) explants of each Salvia species shown were cultured
on MS medium, either hormone free or supplemented with 0.01 mg L−1 1-naphthaleneacetic acid
(NAA) and BA concentration marked. Total shooting (%): percentage of explants that responded for
shoot production. Explants formed both normal and hyperhydrated shoots. Explants formed only
hyperhydrated shoots. Response of explants (black bold letters) was statistically analyzed separately
from the respective explants (red underlined letters). Mean separation using Student’s t, p ≤ 0.05;
means followed by the same letter are not significantly different at p ≤ 0.05, n = 30.
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Figure 5. Effect of BA concentration on normal, hyperhydrated, and total number of shoots produced
per explant of Salvia spp. shown when shoot tip or single node (nodal) explants were cultured on MS
medium, either hormone free or supplemented with 0.01 mg L−1 NAA and BA concentration marked.
Response for normal and hyperhydrated shoot production was statistically analyzed separately
(black bold letters and red underlined letters, respectively). Mean separation via Student’s t, p ≤ 0.05;
means followed by the same letter are not significantly different at p ≤ 0.05, n = 30. Normal shoots
per explant. Hyperhydrated shoots per explant.
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Figure 6. Characteristic response of shoot tip and single node explants of Salvia fruticosa (a),
S. officinalis (b), S. pomifera spp. pomifera (c), S. ringens (d) and S. tomentosa (e) during the multi-
plication stage, when cultured on MS medium either hormone free (Hf) or supplemented with
0.01 mg L−1 NAA and BA concentration (mg L−1) marked. Size bar s = 1.0 cm.

Shoot length and number of nodes per shoot were the highest in Hf medium, while all
media with BA reduced to a similar extent the shoot length and number of nodes in the
generated shoots, to half of that of Hf medium (Figure 7a,b).
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Figure 7. Effect of BA concentration on shoot length (cm) and node number per shoot, produced
using shoot tip or single node (nodal) explants of each Salvia species shown cultured on MS medium,
either hormone free or supplemented with 0.01 mg L−1 NAA and BA concentration marked. Only
normal shoots 3 were recorded. Mean separation using Student’s t, p ≤ 0.05; means followed by the
same letter are not significantly different at p ≤ 0.05, n = 30. 3 Normal shoots per explant.
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Both types of explants gave a similar multiplication index in Hf and low BA media,
while at 1.6 and 3.2 mg L−1 BA, the multiplication index was significantly higher when
shoot tip explants were used (Figure 8a).

Figure 8. Effect of BA concentration on the shoot multiplication index of Salvia fruticosa (a), S. officinalis
(b), S. pomifera spp. pomifera (c), S. ringens (d) and S. tomentosa (e), when shoot tip or single node (nodal)
explants were cultured on MS medium, either hormone free or supplemented with 0.01 mg L−1 NAA
and BA concentration marked. Mean separation using Student’s t, p ≤ 0.05; means followed by the
same letter are not significantly different at p ≤ 0.05, n = 30. Multiplication index = shoot-producing
explants 1 (%) ×mean shoot number 3 ×mean node number 1. Explants that formed both normal
and hyperhydrated shoots. 3 Normal shoots per explant.

3.2.2. S. officinalis

In S. officinalis, almost all explants of both types produced shoots (Figure 4c), but some
of the explants produced only hyperhydrated shoots (Figure 4d). The explants showed the
highest percentage of normal shoot production on Hf medium, which gradually decreased
with the gradual increase in BA concentration, while the production of hyperhydrated
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explants gradually increased (Figure 4d). Shoot tip explants showed higher response
percentages for normal shoot production compared to single node explants, while the latter
showed higher percentages of hyperhydration, except in the medium with 0.8 mg L−1 BA
(Figure 4d). At the highest BA concentrations, hyperhydration was 50–57 and 90% for shoot
tip and single node explants, respectively (Figure 4d).

Increasing the BA concentration in the medium resulted in an increase in shoot produc-
tion per explant (Figures 5c and 6b), and at the same time, an increase in the hyperhydrated
shoots (Figure 5d). So, at the two highest BA concentrations, the approximately five shoots
formed per explant 2–4 were hyperhydrated, and in single node explants at 3.2 mg L−1 BA,
all shoots were hyperhydrated (Figure 5d).

There was an indication that shoot length and node number per shoot were higher in
shoot tip explants compared to single node explants, and this decreased at the highest BA
concentration (Figure 7c,d).

The highest multiplication index was shown with 0.4 mg L−1 BA using shoot tip
explants (Figure 8b).

3.2.3. S. pomifera ssp. pomifera

In S. pomifera ssp. pomifera, shoot tip explants showed the highest response to produce
shoots (94%) on Hf medium (Figure 4e), and only 2% produced only hyperhydrated shoots
(Figure 4f), while single node explants responded in a lower percentage (74%), and 12% of
the responded explants produced only hyperhydrated shoots (Figure 4e,f). The gradual
increase in BA concentration induced a proportional decrease in explant response, and an
increase in hyperhydration (Figure 4e,f). The negative effect of BA on shoot production was
stronger in single node explants, which at the two highest BA concentrations, responded at
very low percentages (20%) and produced only hyperhydrated shoots (Figure 4e,f).

Single node explants produced higher shoot numbers at almost all BA concentrations
compared to shoot tip explants (Figure 5e), but most of them were hyperhydrated, especially
at the two highest BA concentrations (Figure 5f). Single node explants on Hf medium and
shoot tip explants on the two highest BA concentrations produced the highest number of
normal shoots (two shoots per explant, Figure 5f), while single node explants at the two
highest BA concentrations produced double the number (3–4) shoots per explant, but they
were all hyperhydrated (Figures 5f and 6c).

Shoot tip explants gave longer shoots with a higher number of nodes compared to
single node explants (Figure 7e,f). Shoot length gradually decreased with increasing BA
concentration (Figure 7e). The number of nodes per shoot was similar in the HF medium
and in the media with the two lowest BA concentrations (Figure 7f). Both shoot length
and number of nodes were significantly reduced in the media with the two highest BA
concentrations (Figure 7e,f).

Shoot tip explants showed much higher multiplication indices compared to single
node explants. The multiplication index was highest in the HF medium and gradually
decreased with increasing BA concentration (Figure 8c).

3.2.4. S. ringens

In S. ringens, the shoot tip explants had a consistent response for shoot production in all
media tested compared to single node explants, whose response decreased at BA concentra-
tions of 0.8 mg L−1 and higher (Figure 4g). In addition, shoot tip explants produced normal
shoots at much higher percentages (78–88%), compared to single node explants (Figure 4h).
Further, hyperhydration was more pronounced in single node explants, especially at the
highest BA concentration (Figure 4h).

Increasing BA up to 1.6 mg L−1 resulted in a slight increase in both normal and
hyperhydrated shoots (Figure 5g,h). Most normal shoots were produced at 1.6 mg L−1 BA
(Figure 5h). In the two lowest BA concentrations, shoot tip explants gave slightly longer
shoots with more nodes than single node explants, and the highest elongation and number
of nodes (Figures 6d and 7g,h).
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Shoot tip explants resulted in higher multiplication indices than single node explants,
except in the HF medium, which reached its highest value in the 0.8 mg L−1 BA medium
(Figure 8d).

3.2.5. S. tomentosa

In S. tomentosa, shoot tip explants responded at higher percentages to produce shoots,
both normal and hyperhydrated, compared to single node explants, and Hf medium
induced the highest response, similar to 0.4 and 0.8 mg L−1 BA media, while the response
percentage was almost halved in the medium with 3.2 mg L−1 BA (Figure 4i,j). The
percentage of hyperhydrated explants was not affected by the medium plant growth
regulators in both explant types (Figure 4j).

Single node explants produced a greater number of shoots in all media compared
to shoot tip explants, and both explant types produced the highest number of shoots
at the highest BA concentration (Figure 5i). Single node explants also produced more
normal shoots compared to shoot tip explants in HF medium and in the two lowest BA
concentrations, while in the two highest BA concentrations, most of the shoots produced
were hyperhydrated; the number of hyperhydrated shoots in both explant types gradually
increased with increasing BA concentration (Figure 5j).

The shoot length was greater in HF medium and at the lowest BA concentration
(Figures 6e and 7i), and the node number was greater in HF medium and similar in all BA
media (Figure 7j).

The multiplication index was highest when single node explants were cultured on HF
medium, halved when 0.4 mg L−1 BA was added to the medium, and lowest at the highest
BA concentration in both types of explant (Figure 8e).

3.3. Effects of Cytokinin Type and Concentration on the Multiplication of S. fruticosa and S. officinalis

Aiming to increase shoot proliferation in the commercial species S. fruticosa and
S. officinalis, the effect of BA on the response of shoot tip and single node explants for shoot
production was compared with that of four other cytokinins, i.e., ZEA, Kin, 2iP, and mT.
Three-way ANOVA showed in most cases a significant interaction of the experimental
factors (cytokinin type, cytokinin concentration, and explant type). In both species, factor
means indicated that a gradual increase in cytokinin concentration induced a gradual
decrease in the percentage of explants responding to produce normal shoots, and an increase
in hyperhydration expressed as the percentage of explants producing only hyperhydrated
shoots or the number of hyperhydrated shoots produced per explant (Tables 2 and 3).
Furthermore, a gradual increase in cytokinin concentration, although causing a gradual
increase in the number of normal and hyperhydrated shoots, simultaneously reduced the
length and number of nodes per shoot, leading to a decrease in the multiplication index
(Tables 2 and 3). Concerning the cytokinin type, in both sage species, KIN induced the
highest percentage of response to produce normal shoots, and the lowest percentage of
explants that produced only hyperhydrated shoots (Tables 2 and 3). In S. fruticosa, BA, ZEA,
and mT produced the highest number of normal and hyperhydrated shoots per explant,
and KIN and mT, the longest shoots; while in S. officinalis, BA and mT produced the
highest numbers of normal and hyperhydrated shoots per explant, and ZEA produced the
longest ones. mT in S. fruticosa and BA in S. officinalis achieved the highest multiplication
index (Tables 2 and 3). In both sage species, shoot tip explants responded at a higher
percentage than single node explants to produce normal shoots, while single node explants
showed higher hyperhydration levels. Further, shoot tip explants produced slightly fewer
shoots, both normal and hyperhydrated (statistically not significant), which were longer
and had more nodes compared to single node explants and resulted in a slightly higher
multiplication index than single node explants (Tables 2 and 3).
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Table 2. The effect of the experimental factors, i.e., cytokinin type, BA, zeatin (ZEA), kinetin (KIN),
6-(γ,γ-dimethylallyamino) purine (2iP), and meta-topolin (mT), cytokinin concentration (0.4, 0.8, 1.6,
and 3.2 mg L−1) and explant type (shoot tip and single node) on shoot multiplication of S. fruticosa.
All media except BA also contained 0.01 mg L−1 NAA.

Three-Way ANOVA
Shoot-

Producing
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0.4 74.5 17.6 1.5 1.4 a z 2.1 a 0.4 2.1
0.8 66.6 23.6 1.7 1.3 ab 2.0 a 0.5 2.2
1.6 58.1 31.3 1.6 1.2 b 1.8 b 0.8 1.6
3.2 44.5 41.2 1.8 1.1 b 1.7 b 1.1 1.3
BA 57.6 31.3 2.0 0.7 c 1.4 d 0.8 1.6

ZEA 51.2 32.8 1.7 1.1 b 1.9 bc 0.9 1.5
KIN 70.9 21.0 1.4 1.7 a 2.1 ab 0.5 2.0
2iP 62.8 22.4 1.3 1.1 b 1.8 c 0.4 1.4
mT 62.1 34.6 1.8 1.6 a 2.3 a 1.0 2.6

Shoot tip 70.7 25.1 1.5 1.4 a 2.1 a 0.5 2.1
Single node 51.2 31.8 1.8 1.1 b 1.7 b 0.9 1.5

Significance §

FCytokinin type - - - *** *** - -
FCytok. concentration - - - ** *** - -

FExplant type - - - *** *** - -
FCytok. × Concentration - - NS NS NS - ***
FCytok. × Explant type - - ** NS NS - *
F Cytok. × Expl. type - - * NS NS - NS

FCytok. × Conc.
× Expl. type

*** *** NS NS NS *** NS

z Mean comparison in columns within each main factor with Student’s t test at p ≤ 0.05; means followed by the
same letter are not significantly different at p ≤ 0.05. § NS or * or ** or ***, non-significant at p ≤ 0.05 or significant
at p ≤ 0.05 or p ≤ 0.01 or p ≤ 0.001, respectively. 1 The explants produced normal and hyperhydrated shoots.
2 The explants produced hyperhydrated shoots only.
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3.2. Shoot Multiplication on BA Media 

3.2.1. S. fruticosa 

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high 

percentages (70–100%) to produce shoots in all media tested, with single node explants 

showing a decrease in response with increasing BA concentration, which was significantly 

lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants 

produced only hyperhydrated shoots, while others produced both normal and hyperhy-

drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated 

NSh = normal shoot.
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3.2. Shoot Multiplication on BA Media 

3.2.1. S. fruticosa 

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high 

percentages (70–100%) to produce shoots in all media tested, with single node explants 

showing a decrease in response with increasing BA concentration, which was significantly 

lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants 

produced only hyperhydrated shoots, while others produced both normal and hyperhy-

drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated 

HSh = hyperhydrated shoot.
Multiplication index = shoot-producing explants 1 (%) ×mean shoot number
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0.4 72.6 25.8 1.9 2.8 a z 2.9 a 0.6 3.8
0.8 58.2 41.0 2.0 2.3 b 3.1 a 0.8 3.1
1.6 43.2 55.9 2.0 2.1 b 2.8 a 1.1 2.1
3.2 33.4 65.6 1.8 1.6 c 2.1 b 1.9 1.8
BA 43.0 56.5 2.4 2.5 b 2.8 bc 2.0 3.7

ZEA 50.0 50.0 1.7 2.8 a 3.2 a 0.9 2.4
KIN 70.1 27.1 1.5 2.0 c 2.3 d 0.6 2.3
2iP 65.0 33.5 1.5 1.9 c 2.9 b 0.6 2.6
mT 30.5 68.3 2.5 1.8 c 2.4 cd 1.4 2.4

Shoot tip 60.0 42.1 1.9 2.6 a 3.2 a 0.8 3.0
Single node 46.8 52.1 1.9 1.8 b 2.3 b 1.4 2.4

Significance §

FCytokinin type - - - *** *** - -
FCytok. concentration - - - ** *** - -

FExplant type - - - *** *** - -
FCytok. × Concentration - - NS NS NS - ***
FCytok. × Explant type - - ** NS NS - *
F Cytok. × Expl. type - - * NS NS - NS

FCytok. × Conc.
× Expl. type

*** *** NS NS NS *** NS

z Mean comparison in columns within each main factor with Student’s t test at p ≤ 0.05; means followed by the
same letter are not significantly different at p ≤ 0.05. § NS or * or ** or ***, non-significant at p ≤ 0.05 or significant
at p ≤ 0.05 or p ≤ 0.01 or p ≤ 0.001, respectively. 1 The explants produced normal and hyperhydrated shoots.
2 The explants produced hyperhydrated shoots only.
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.

Due to interactions between experimental factors, the results were further analyzed
using one-way ANOVA, and the treatment means were compared.

In S. fruticosa, all cytokinins, with the exception of mT, affected the percentage of
explant response to produce normal and hyperhydrated shoots in a similar manner; i.e., at
the lowest concentration (0.8 mg L−1) they induced high response percentages for normal
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shoot production, such as Hf medium, while as the concentration increased, there was a
proportional decrease in the response percentage for the production of normal shoots and
an increase in explant hyperhydration (Table 4). mT at the lowest concentration caused a
lower response percentage compared to other cytokinins and the control, which increased
when 0.8 mg L−1 was used. As in previous experiments with BA, shoot tip explants
responded at higher percentages compared to single node explants, while single node
explants showed higher hyperhydration. An increase in cytokinin concentration caused a
gradual increase in shoot number in both normal and hyperhydrated shoots, and a decrease
in shoot length. Although ZEA at the highest concentration resulted in the highest number
of shoots per explant, half of them were hyperhydrated, so that normal shoot production
on ZEA media was similar to that of BA, while the other cytokinins produced slightly lower
shoot numbers (Table 4 and Figure 9). Multiplication indices were higher in Hf medium,
as well as those with low cytokinin concentrations, and reached the highest value in the
medium, with 0.8 mg L−1 mT (Table 4).

Figure 9. Characteristic shoot multiplication of shoot tip and single node explants of S. fruticosa cul-
tured on MS medium supplemented with 0.01 NAA (mg.L−1), and cytokinin type and concentration
(mg.L−1) marked. Size bars= 1.0 cm.
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Table 4. Effect of cytokinin type and concentration on shoot multiplication of S. fruticosa shoot tip or
single node explants, excised from culture established from in vitro grown seedlings, in the presence
of 0.01 mg L−1 NAA.

PGRs
Concentration

(mg L−1)

Shoot-
Producing Explants 1/2 (%)

Mean Number of
NSh
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3.2 KIN  67 fg/33 lm 1.8 hi/0.8 fg 2.5 ef 2.8 ef 3.4 g 

0.4 2iP 83 b/17 p 1.0 l/0.2 ij 1.8 jk 2.5 fgh 2.1 kl 

0.8 2iP  71ef/25 n 1.0 l/0.3 ij 1.9 jk 2.9 ef 2.1 kl 

1.6 2iP 62 gh/38 klm 1.0 l/0.4 hi 1.9 jk 3.3 cd 2.0 lm 

3.2 2iP 58 hi/42 jk 1.0 l/0.4 hi 2.0 ijk 4.0 ab 2.3 jk 

0.4 mT 67 fg/33 lm 2.5 efg/0.4 hi 2.6 de 3.5 bc 5.9 b 

0.8 mT  40 kl/60 f 2.9 bc/0.6 gh 2.4 fg 3.3 cd 3.8 g 

1.6 mT 20 n/80 bc 3.0 b/1.1 ef 2.3 g 2.8 ef 1.7 mn 

3.2 mT 10 o/83 b 3.3 b/1.2 e 1.4 m 1.5 l 0.5 p 

Single node explant     

0.0 (Hf ₸₸₸) 79 bcd/17 p 1.9 hi/0.4 hi 1.9 jk 2.4 gh 3.6 fg 

0.4 BA 63 gh/33 lm 2.5 efg/1.7 d 2.5 ef 3.0 de 4.7 cd 

0.8 BA  58 hi/42 jk 2.6 de/1.8 d 2.8 d 3.0 de 4.5 de 

1.6 BA  3 p/97 a 2.0 gh/2.5 c 1.5 lm 2.5 fgh 0.2 p 

3.2 BA  0 q/100 a 0.0 m/4.1 b - - 0.0 r 

0.4 ZEA  67 fg/33 lm 1.8 hi/0.9 fg 3.9 b 3.3 cd 4.0 ef 

0.8 ZEA  54 ij/46 ij 2.0 gh/0.8 fg 2.6 de 3.1 de 3.3 gh 

1.6 ZEA  35 lmn/65 e 2.0 gh/1.3 e 1.6 lm 2.3 hij 1.6 n 

3.2 ZEA  23 n/77 c 2.0 gh/1.5 de 1.5 lm 2.4 gh 1.1 o 

0.4 KIN  79 bcd/17 p 1.6 i/0.3 ij 1.7 klm 1.7 kl 2.1 kl 

0.8 KIN  83 b/17 p 1.7 i/0.5 hi 1.7 klm 1.9 jk 2.7 i 

1.6 KIN  63 gh/33 lm 1.8 hi/0.7 gh 1.8 jk 1.7 kl 1.9 mn 

3.2 KIN  54 ij/46 ij 1.9 hi/1.1 ef 1.9 jk 2.2 hij 2.3 jk 

0.4 2iP 79 bcd/21 op 2.0 gh/0.4 hi 1.7 klm 2.0 ij 3.2 gh 

0.8 2iP  63 gh/33 lm 2.0 gh/0.7 gh 1.9 jk 2.7 ef 3.4 g 

1.6 2iP 54 ij/42 jk 1.9 hi/0.9 fg 2.0 ijk 2.8 ef 2.9 hi 

3.2 2iP 50 jk/50 hi 2.0 gh/1.1 ef 2.1 hi 2.8 ef 2.8 hi 

0.4 mT 57 hi/43 jk 2.7 cde/0.6 gh 2.0 ijk 2.6 fg 4.0 ef 

0.8 mT  30 mn/70 d 2.7 cde/0.7 gh 1.6 lm 2.4 gh 1.9 mn 

1.6 mT 20 n/80 bc 2.8 bc/1.2 e 1.7 klm 3.2 cd 1.8 mn 

3.2 mT 0 q/97 a 0.0 m/5.5 a - - 0.0 r 

Fone-way ANOVA ***/*** ***/*** *** *** *** 
z Mean separation in columns using Student’s t, p ≤ 0.05; means followed by the same letter are not 

significantly different at p ≤ 0.05; *** significant at p ≤ 0.001, n = 30. Multiplication index = shoot-

producing explants 1 (%) × mean shoot number ₸ × mean node number ₸. 1 The explants produced 

normal and hyperhydrated shoots. 2 The explants produced hyperhydrated shoots only. ₸ NSh = 

normal shoot. ₸₸ HSh = hyperhydrated shoot. ₸₸₸ Hf = hormone free. ) 84 b z/8 n 1.0 j/0.1 n 2.2 a 3.3 a 2.8 cd
0.4 BA 80 bc/20 kl 1.6 def/0.3 lmn 0.8 fgh 1.2 ij 1.5 ijk
0.8 BA 67 fgh/27 jk 1.6 def/0.5 kl 0.8 fgh 1.6 fgh 1.7 hi
1.6 BA 67 fgh/33 hij 1.9 cde/0.8 hij 0.7 gh 1.7 efg 2.2 efg
3.2 BA 67 fgh/33 hij 2.0 bcd/0.8 hij 0.7 gh 1.6 fgh 2.1 fgh
0.4 ZEA 83 b/13 mn 1.1 ij/0.2 mn 1.6 bcd 2.5 bcd 2.3 efg
0.8 ZEA 67 fgh/21 kl 1.4 fgh/0.3 lmn 1.3 def 2.5 bcd 2.3 efg
1.6 ZEA 59 ij/29 ij 1.3 ghi/0.6 j 1.1 ef 2.3 cde 1.8 ghi
3.2 ZEA 21 op/58 b 2.2 abc/2.3 b 0.7 gh 1.2 ij 0.6 klm
0.4 KIN 92 a/8 n 1.0 j/0.2 mn 2.1 a 2.5 bcd 2.3 efg
0.8 KIN 83 b/17 lm 1.2 hij/0.3 lmn 2.0 ab 2.5 bcd 2.5 def
1.6 KIN 71 def/21 kl 1.3 ghi/0.5 kl 1.9 abc 2.0 def 1.8 ghi
3.2 KIN 58 ij/30 ij 1.5 efg/0.8 hij 1.7 bcd 2.0 def 1.7 hi
0.4 2iP 83 b/17 lm 1.0 j/0.2 mn 1.5 bcd 2.2 cde 1.8 ghi
0.8 2iP 75 cd/21 kl 1.1 ij/0.2 mn 1.2 def 1.9 efg 1.6 ij
1.6 2iP 75 cd/21 kl 1.2 hij/0.3 lmn 1.1 ef 1.8 efg 1.6 ij
3.2 2iP 71 def/29 ij 1.2 hij/0.3 lmn 0.8 fgh 2.1 def 1.8 ghi
0.4 mT 73 de/21 kl 1.7 def/0.6 j 2.0 ab 2.9 ab 3.6 b
0.8 mT 77 c/23 jkl 2.2 abc/0.6 j 1.8 bc 2.7 bc 4.6 a
1.6 mT 65 gh/35 hij 1.8 cde/0.9 gh 1.6 bcd 2.4 bcd 2.8 cd
3.2 mT 62 hi/38 fgh 2.1 abc/1.0 fgh 1.4 cde 1.7 efg 2.2 efg

Single node explant
0.0 (Hf
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Index 

Shoot tip explant     
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1.6 ZEA  55 ij/45 ij 1.2 jk/0.7 gh 2.9 cd 3.6 bc 2.4 jk 

3.2 ZEA  29 mn/71 d 2.3 fgh/1.3 e 2.0 ijk 2.5 fgh 1.7 mn 

0.4 KIN  75 de/17 p 1.0 l/0.2 ij 2.5 ef 2.6 fg 2.0 lm 

0.8 KIN  75 de/25 n 1.1 kl/0.5 hi 2.6 de 2.8 ef 2.3 jk 

1.6 KIN  71ef/29 mn 1.1 kl/0.7 gh 2.5 ef 2.5 fgh 2.0 lm 

3.2 KIN  67 fg/33 lm 1.8 hi/0.8 fg 2.5 ef 2.8 ef 3.4 g 

0.4 2iP 83 b/17 p 1.0 l/0.2 ij 1.8 jk 2.5 fgh 2.1 kl 

0.8 2iP  71ef/25 n 1.0 l/0.3 ij 1.9 jk 2.9 ef 2.1 kl 

1.6 2iP 62 gh/38 klm 1.0 l/0.4 hi 1.9 jk 3.3 cd 2.0 lm 

3.2 2iP 58 hi/42 jk 1.0 l/0.4 hi 2.0 ijk 4.0 ab 2.3 jk 

0.4 mT 67 fg/33 lm 2.5 efg/0.4 hi 2.6 de 3.5 bc 5.9 b 

0.8 mT  40 kl/60 f 2.9 bc/0.6 gh 2.4 fg 3.3 cd 3.8 g 

1.6 mT 20 n/80 bc 3.0 b/1.1 ef 2.3 g 2.8 ef 1.7 mn 

3.2 mT 10 o/83 b 3.3 b/1.2 e 1.4 m 1.5 l 0.5 p 

Single node explant     

0.0 (Hf ₸₸₸) 79 bcd/17 p 1.9 hi/0.4 hi 1.9 jk 2.4 gh 3.6 fg 

0.4 BA 63 gh/33 lm 2.5 efg/1.7 d 2.5 ef 3.0 de 4.7 cd 

0.8 BA  58 hi/42 jk 2.6 de/1.8 d 2.8 d 3.0 de 4.5 de 

1.6 BA  3 p/97 a 2.0 gh/2.5 c 1.5 lm 2.5 fgh 0.2 p 

3.2 BA  0 q/100 a 0.0 m/4.1 b - - 0.0 r 

0.4 ZEA  67 fg/33 lm 1.8 hi/0.9 fg 3.9 b 3.3 cd 4.0 ef 

0.8 ZEA  54 ij/46 ij 2.0 gh/0.8 fg 2.6 de 3.1 de 3.3 gh 

1.6 ZEA  35 lmn/65 e 2.0 gh/1.3 e 1.6 lm 2.3 hij 1.6 n 

3.2 ZEA  23 n/77 c 2.0 gh/1.5 de 1.5 lm 2.4 gh 1.1 o 

0.4 KIN  79 bcd/17 p 1.6 i/0.3 ij 1.7 klm 1.7 kl 2.1 kl 

0.8 KIN  83 b/17 p 1.7 i/0.5 hi 1.7 klm 1.9 jk 2.7 i 

1.6 KIN  63 gh/33 lm 1.8 hi/0.7 gh 1.8 jk 1.7 kl 1.9 mn 

3.2 KIN  54 ij/46 ij 1.9 hi/1.1 ef 1.9 jk 2.2 hij 2.3 jk 

0.4 2iP 79 bcd/21 op 2.0 gh/0.4 hi 1.7 klm 2.0 ij 3.2 gh 

0.8 2iP  63 gh/33 lm 2.0 gh/0.7 gh 1.9 jk 2.7 ef 3.4 g 

1.6 2iP 54 ij/42 jk 1.9 hi/0.9 fg 2.0 ijk 2.8 ef 2.9 hi 

3.2 2iP 50 jk/50 hi 2.0 gh/1.1 ef 2.1 hi 2.8 ef 2.8 hi 

0.4 mT 57 hi/43 jk 2.7 cde/0.6 gh 2.0 ijk 2.6 fg 4.0 ef 

0.8 mT  30 mn/70 d 2.7 cde/0.7 gh 1.6 lm 2.4 gh 1.9 mn 

1.6 mT 20 n/80 bc 2.8 bc/1.2 e 1.7 klm 3.2 cd 1.8 mn 

3.2 mT 0 q/97 a 0.0 m/5.5 a - - 0.0 r 

Fone-way ANOVA ***/*** ***/*** *** *** *** 
z Mean separation in columns using Student’s t, p ≤ 0.05; means followed by the same letter are not 

significantly different at p ≤ 0.05; *** significant at p ≤ 0.001, n = 30. Multiplication index = shoot-

producing explants 1 (%) × mean shoot number ₸ × mean node number ₸. 1 The explants produced 

normal and hyperhydrated shoots. 2 The explants produced hyperhydrated shoots only. ₸ NSh = 

normal shoot. ₸₸ HSh = hyperhydrated shoot. ₸₸₸ Hf = hormone free. ) 71 def/17 lm 1.7 def/0.3 lmn 1.4 cde 2.3 cde 2.8 cd
0.4 BA 67 fgh/20 kl 2.0 bcd/0.6 j 0.7 gh 1.5 ghi 2.0 fgh
0.8 BA 50 kl/27 jk 2.5 a/1.0 fgh 0.6 h 1.2 ij 1.5 ijk
1.6 BA 40 mn/40 ef 2.4 ab/1.0 fgh 0.6 h 1.2 ij 1.2 jk
3.2 BA 23 op/50 c 2.2 abc/1.2 ef 0.6 h 1.1 j 0.5 lm
0.4 ZEA 50 kl/29 ij 2.0 bcd/0.7 ij 1.2 def 1.7 efg 1.7 hi
0.8 ZEA 46 lm/33 hij 1.9 cde/1.0 fgh 1.1 ef 1.7 efg 1.5 ijk
1.6 ZEA 46 lm/37 ghi 2.0 bcd/1.0 fgh 1.0 efg 1.7 efg 1.6 ij
3.2 ZEA 13 p/62 a 2.0 bcd/2.4 a 0.8 fgh 1.3 hij 0.3 m
0.4 KIN 83 b/13 mn 1.4 fgh/0.3 lmn 1.6 bcd 2.0 def 2.3 efg
0.8 KIN 71 def/21 kl 1.6 def/0.4 kl 1.5 bcd 2.0 def 2.3 efg
1.6 KIN 63 ghi/25 jkl 1.6 def/0.7 ij 1.5 bcd 2.1 def 2.1 fgh
3.2 KIN 46 lm/33 hij 1.8 cde/1.0 fgh 1.4 cde 1.9 efg 1.6 ij
0.4 2iP 78 c/8 n 1.6 def/0.2 mn 1.2 def 1.4 ghi 1.7 hi
0.8 2iP 63 ghi/17 lm 1.6 def/0.2 mn 1.0 ef 1.7 efg 1.7 hi
1.6 2iP 33 n/33 hij 1.5 efg/0.8 hij 0.9 efg 1.4 ghi 0.7 klm
3.2 2iP 25 o/33 hij 1.5 efg/0.7 ij 0.9 efg 1.8 efg 0.7 klm
0.4 mT 56 jk/27 jk 1.7 def/0.6 j 1.9 abc 2.7 bcd 2.6 def
0.8 mT 67 fgh/29 ij 2.2 abc/0.9 gh 1.4 cde 2.4 bcd 3.5 b
1.6 mT 58 ij/42 de 1.7 def/1.4 d 1.2 def 1.6 fgh 1.6 ij
3.2 mT 38 mn/62 a 1.5 ghi/1.6 cd 1.0 ef 2.0 def 1.1 jk

Fone-way ANOVA ***/*** ***/*** *** *** ***
z Mean separation in columns using Student’s t, p≤ 0.05; means followed by the same letter are not significantly dif-
ferent at p≤ 0.05; *** significant at p≤ 0.001, n = 30. Multiplication index = shoot-producing explants 1 (%) ×mean
shoot number
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Figure 3. Typical responses of shoot tip and single node explants excised from in vitro seedlings of 

Salvia spp., during the in vitro establishment stage on hormone-free MS medium. Size bars = 1.0 cm. 

3.2. Shoot Multiplication on BA Media 

3.2.1. S. fruticosa 

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high 

percentages (70–100%) to produce shoots in all media tested, with single node explants 

showing a decrease in response with increasing BA concentration, which was significantly 

lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants 

produced only hyperhydrated shoots, while others produced both normal and hyperhy-

drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated 

× mean node number

Horticulturae 2023, 9, x FOR PEER REVIEW 7 of 30 
 

 

Table 1. Effect of Salvia species and explant type on axillary shoot production of explants excised 

from in vitro seedlings of Greek sage species, at the establishment stage of in vitro cultures on a 

hormone-free MS medium. 

Salvia sp. Explant Type 
Shoot-Producing 

Explants ½ (%) 

Mean Number 

of NSh ₸/HSh ₸₸ 

Mean Shoot 

Length (cm) 

Mean NSh Node 

Number 

Multi-Plica-

tion Index ₸ 

S. fruticosa 

(n= 18) 

Shoot tip 67.0 c z/17 de 1.2 bc/0.2 cd 1.6 cd 3.2 bc 2.6 c 

Single node 56.0 d/22 cd 1.9 a/0.7 b 0.8 d 1.1 d 1.2 de 

S. officinalis 

(n= 30) 

Shoot tip 93.3 a/7 f 1.1 c/0.1 d 3.6 a 4.7 a 4.8 b 

Single node 75.0 b/23 c 2.1 a/0.8 ab 3.0 b 3.7 b 5.8 a 

S. pomifera ssp. 

pomifera (n= 12) 

Shoot tip 92.0 a/8 f 1.0 c/0.1 d 1.6 d 2.1 cd 1.9 cd 

Single node 46.0 e/50 a 1.8 a/1.0 a 1.0 d 1.6 d 1.3 cde 

S. ringens 

(n= 40) 

Shoot tip 87.0 a/0 g 1.0 c/0.0 d 3.0 ab 5.2 a 4.5 b 

Single node 27.1 f/18 cd 1.4 b/0.4 c 2.4 bc 4.5 a 1.6 cde 

S. tomentosa 

(n= 7) 

Shoot tip 26.0 f/10 ef 1.0 c/0.2 cd 1.9 bcd 2.4 cd 0.6 de 

Single node 10.0 g/40 b 2.0 a/0.9 ab 1.4 cd 2.0 cd 0.4 e 

FSalvia sp.   -/- -/- *** *** - 

Fexplant type   -/- -/- ** *** - 

FSalvia sp. × expl. type   ***/*** **/* NS NS *** 

Fone-way ANOVA   ***/*** ***/*** *** *** *** 
z Mean separation in columns using Student’s t, p ≤ 0.05; means followed by the same letter are not 

significantly different at p ≤ 0.05. NS: nonsignificant or *, **, *** significant at p ≤ 0.05 or p ≤ 0.01 or p 

≤ 0.001, respectively, n = 7–58. Multiplication index = shoot-producing explants 1 (%) × mean shoot 

number ₸ × mean node number ₸. 1 The explants produced normal and hyperhydrated shoots. 2 The 

explants produced hyperhydrated shoots only. ₸ NSh = normal shoot. ₸₸ HSh = hyperhydrated 

shoot. 

 

Figure 3. Typical responses of shoot tip and single node explants excised from in vitro seedlings of 

Salvia spp., during the in vitro establishment stage on hormone-free MS medium. Size bars = 1.0 cm. 

3.2. Shoot Multiplication on BA Media 

3.2.1. S. fruticosa 

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high 

percentages (70–100%) to produce shoots in all media tested, with single node explants 

showing a decrease in response with increasing BA concentration, which was significantly 

lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants 

produced only hyperhydrated shoots, while others produced both normal and hyperhy-

drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated 

. 1 The explants produced normal and hyperhydrated shoots.
2 The explants produced hyperhydrated shoots only.
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Salvia spp., during the in vitro establishment stage on hormone-free MS medium. Size bars = 1.0 cm. 

3.2. Shoot Multiplication on BA Media 

3.2.1. S. fruticosa 

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high 

percentages (70–100%) to produce shoots in all media tested, with single node explants 

showing a decrease in response with increasing BA concentration, which was significantly 

lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants 

produced only hyperhydrated shoots, while others produced both normal and hyperhy-

drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated 

NSh = normal shoot.

Horticulturae 2023, 9, x FOR PEER REVIEW 7 of 30 
 

 

Table 1. Effect of Salvia species and explant type on axillary shoot production of explants excised 

from in vitro seedlings of Greek sage species, at the establishment stage of in vitro cultures on a 

hormone-free MS medium. 

Salvia sp. Explant Type 
Shoot-Producing 

Explants ½ (%) 

Mean Number 

of NSh ₸/HSh ₸₸ 

Mean Shoot 

Length (cm) 

Mean NSh Node 

Number 

Multi-Plica-

tion Index ₸ 

S. fruticosa 

(n= 18) 

Shoot tip 67.0 c z/17 de 1.2 bc/0.2 cd 1.6 cd 3.2 bc 2.6 c 

Single node 56.0 d/22 cd 1.9 a/0.7 b 0.8 d 1.1 d 1.2 de 

S. officinalis 

(n= 30) 

Shoot tip 93.3 a/7 f 1.1 c/0.1 d 3.6 a 4.7 a 4.8 b 

Single node 75.0 b/23 c 2.1 a/0.8 ab 3.0 b 3.7 b 5.8 a 

S. pomifera ssp. 

pomifera (n= 12) 

Shoot tip 92.0 a/8 f 1.0 c/0.1 d 1.6 d 2.1 cd 1.9 cd 

Single node 46.0 e/50 a 1.8 a/1.0 a 1.0 d 1.6 d 1.3 cde 
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3.2. Shoot Multiplication on BA Media 

3.2.1. S. fruticosa 

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high 

percentages (70–100%) to produce shoots in all media tested, with single node explants 

showing a decrease in response with increasing BA concentration, which was significantly 

lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants 

produced only hyperhydrated shoots, while others produced both normal and hyperhy-

drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated 

HSh = hyperhydrated shoot.
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In S. officinalis, at the two highest concentrations of cytokinins, especially in BA, the
single node explants had a lower response percentage to produce normal shoots than
the shoot tip explants, as they showed very high hyperhydricity percentages reaching
100%. Increasing the concentrations of all cytokinins gradually decreased the percentage
of explants that gave normal shoots, and increased the percentage of hyperhydrated
explants (Table 5). At the same time, there was a small increase in the number of normal
and hyperhydrated shoots, and a generally small decrease in their length (Table 5 and
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Figure 10). S. officinalis showed higher proliferation indices than S. fruticosa, which were
highest in 0.4 mg L−1 BA in both shoot tip and single node explants (Table 5).

Table 5. Effect of cytokinin concentration and type on shoot multiplication of shoot tip or single
node explants of S. officinalis excised from culture established from in vitro grown seedlings, in the
presence of 0.01 mg L−1 NAA.

PGRs
Concentration

(mg L−1)

Shoot-
Producing Explants 1/2

(%)

Mean Number of
NSh
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0.0 (Hf ₸₸₸) 93 a z/7 p 1.0 l/0.1 j 3.4 c 3.7 bc 3.4 g 

0.4 BA 77 cd/23 op 2.6 de/1.0 ef 3.7 bc 3.6 bc 7.2 a 

0.8 BA  50 jk/50 hi 2.6 de/1.5 de 3.8 bc 4.1 ab 5.3 c 
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1.6 ZEA  55 ij/45 ij 1.2 jk/0.7 gh 2.9 cd 3.6 bc 2.4 jk 

3.2 ZEA  29 mn/71 d 2.3 fgh/1.3 e 2.0 ijk 2.5 fgh 1.7 mn 

0.4 KIN  75 de/17 p 1.0 l/0.2 ij 2.5 ef 2.6 fg 2.0 lm 

0.8 KIN  75 de/25 n 1.1 kl/0.5 hi 2.6 de 2.8 ef 2.3 jk 

1.6 KIN  71ef/29 mn 1.1 kl/0.7 gh 2.5 ef 2.5 fgh 2.0 lm 

3.2 KIN  67 fg/33 lm 1.8 hi/0.8 fg 2.5 ef 2.8 ef 3.4 g 

0.4 2iP 83 b/17 p 1.0 l/0.2 ij 1.8 jk 2.5 fgh 2.1 kl 

0.8 2iP  71ef/25 n 1.0 l/0.3 ij 1.9 jk 2.9 ef 2.1 kl 

1.6 2iP 62 gh/38 klm 1.0 l/0.4 hi 1.9 jk 3.3 cd 2.0 lm 

3.2 2iP 58 hi/42 jk 1.0 l/0.4 hi 2.0 ijk 4.0 ab 2.3 jk 

0.4 mT 67 fg/33 lm 2.5 efg/0.4 hi 2.6 de 3.5 bc 5.9 b 

0.8 mT  40 kl/60 f 2.9 bc/0.6 gh 2.4 fg 3.3 cd 3.8 g 

1.6 mT 20 n/80 bc 3.0 b/1.1 ef 2.3 g 2.8 ef 1.7 mn 

3.2 mT 10 o/83 b 3.3 b/1.2 e 1.4 m 1.5 l 0.5 p 

Single node explant     

0.0 (Hf ₸₸₸) 79 bcd/17 p 1.9 hi/0.4 hi 1.9 jk 2.4 gh 3.6 fg 

0.4 BA 63 gh/33 lm 2.5 efg/1.7 d 2.5 ef 3.0 de 4.7 cd 

0.8 BA  58 hi/42 jk 2.6 de/1.8 d 2.8 d 3.0 de 4.5 de 

1.6 BA  3 p/97 a 2.0 gh/2.5 c 1.5 lm 2.5 fgh 0.2 p 

3.2 BA  0 q/100 a 0.0 m/4.1 b - - 0.0 r 

0.4 ZEA  67 fg/33 lm 1.8 hi/0.9 fg 3.9 b 3.3 cd 4.0 ef 

0.8 ZEA  54 ij/46 ij 2.0 gh/0.8 fg 2.6 de 3.1 de 3.3 gh 

1.6 ZEA  35 lmn/65 e 2.0 gh/1.3 e 1.6 lm 2.3 hij 1.6 n 

3.2 ZEA  23 n/77 c 2.0 gh/1.5 de 1.5 lm 2.4 gh 1.1 o 

0.4 KIN  79 bcd/17 p 1.6 i/0.3 ij 1.7 klm 1.7 kl 2.1 kl 

0.8 KIN  83 b/17 p 1.7 i/0.5 hi 1.7 klm 1.9 jk 2.7 i 

1.6 KIN  63 gh/33 lm 1.8 hi/0.7 gh 1.8 jk 1.7 kl 1.9 mn 

3.2 KIN  54 ij/46 ij 1.9 hi/1.1 ef 1.9 jk 2.2 hij 2.3 jk 

0.4 2iP 79 bcd/21 op 2.0 gh/0.4 hi 1.7 klm 2.0 ij 3.2 gh 

0.8 2iP  63 gh/33 lm 2.0 gh/0.7 gh 1.9 jk 2.7 ef 3.4 g 

1.6 2iP 54 ij/42 jk 1.9 hi/0.9 fg 2.0 ijk 2.8 ef 2.9 hi 

3.2 2iP 50 jk/50 hi 2.0 gh/1.1 ef 2.1 hi 2.8 ef 2.8 hi 

0.4 mT 57 hi/43 jk 2.7 cde/0.6 gh 2.0 ijk 2.6 fg 4.0 ef 

0.8 mT  30 mn/70 d 2.7 cde/0.7 gh 1.6 lm 2.4 gh 1.9 mn 

1.6 mT 20 n/80 bc 2.8 bc/1.2 e 1.7 klm 3.2 cd 1.8 mn 

3.2 mT 0 q/97 a 0.0 m/5.5 a - - 0.0 r 

Fone-way ANOVA ***/*** ***/*** *** *** *** 
z Mean separation in columns using Student’s t, p ≤ 0.05; means followed by the same letter are not 

significantly different at p ≤ 0.05; *** significant at p ≤ 0.001, n = 30. Multiplication index = shoot-

producing explants 1 (%) × mean shoot number ₸ × mean node number ₸. 1 The explants produced 

normal and hyperhydrated shoots. 2 The explants produced hyperhydrated shoots only. ₸ NSh = 

normal shoot. ₸₸ HSh = hyperhydrated shoot. ₸₸₸ Hf = hormone free. ) 93 a z/7 p 1.0 l/0.1 j 3.4 c 3.7 bc 3.4 g
0.4 BA 77 cd/23 op 2.6 de/1.0 ef 3.7 bc 3.6 bc 7.2 a
0.8 BA 50 jk/50 hi 2.6 de/1.5 de 3.8 bc 4.1 ab 5.3 c
1.6 BA 50 jk/50 hi 2.9 bc/1.6 de 2.9 cd 3.3 cd 4.8 cd
3.2 BA 43 jkl/57 gh 3.5 a/1.8 d 2.4 fg 2.8 ef 4.2 ef
0.4 ZEA 79 bcd/21 op 1.1 kl/0.2 ij 5.6 a 4.3 a 3.7 fg
0.8 ZEA 58 hi/42 jk 1.0 l/0.4 hi 2.6 de 4.2 a 2.4 jk
1.6 ZEA 55 ij/45 ij 1.2 jk/0.7 gh 2.9 cd 3.6 bc 2.4 jk
3.2 ZEA 29 mn/71 d 2.3 fgh/1.3 e 2.0 ijk 2.5 fgh 1.7 mn
0.4 KIN 75 de/17 p 1.0 l/0.2 ij 2.5 ef 2.6 fg 2.0 lm
0.8 KIN 75 de/25 n 1.1 kl/0.5 hi 2.6 de 2.8 ef 2.3 jk
1.6 KIN 71 ef/29 mn 1.1 kl/0.7 gh 2.5 ef 2.5 fgh 2.0 lm
3.2 KIN 67 fg/33 lm 1.8 hi/0.8 fg 2.5 ef 2.8 ef 3.4 g
0.4 2iP 83 b/17 p 1.0 l/0.2 ij 1.8 jk 2.5 fgh 2.1 kl
0.8 2iP 71 ef/25 n 1.0 l/0.3 ij 1.9 jk 2.9 ef 2.1 kl
1.6 2iP 62 gh/38 klm 1.0 l/0.4 hi 1.9 jk 3.3 cd 2.0 lm
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0.4 mT 67 fg/33 lm 2.5 efg/0.4 hi 2.6 de 3.5 bc 5.9 b
0.8 mT 40 kl/60 f 2.9 bc/0.6 gh 2.4 fg 3.3 cd 3.8 g
1.6 mT 20 n/80 bc 3.0 b/1.1 ef 2.3 g 2.8 ef 1.7 mn
3.2 mT 10 o/83 b 3.3 b/1.2 e 1.4 m 1.5 l 0.5 p
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0.4 KIN  79 bcd/17 p 1.6 i/0.3 ij 1.7 klm 1.7 kl 2.1 kl 

0.8 KIN  83 b/17 p 1.7 i/0.5 hi 1.7 klm 1.9 jk 2.7 i 
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3.2 KIN  54 ij/46 ij 1.9 hi/1.1 ef 1.9 jk 2.2 hij 2.3 jk 
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0.4 BA 63 gh/33 lm 2.5 efg/1.7 d 2.5 ef 3.0 de 4.7 cd
0.8 BA 58 hi/42 jk 2.6 de/1.8 d 2.8 d 3.0 de 4.5 de
1.6 BA 3 p/97 a 2.0 gh/2.5 c 1.5 lm 2.5 fgh 0.2 p
3.2 BA 0 q/100 a 0.0 m/4.1 b - - 0.0 r
0.4 ZEA 67 fg/33 lm 1.8 hi/0.9 fg 3.9 b 3.3 cd 4.0 ef
0.8 ZEA 54 ij/46 ij 2.0 gh/0.8 fg 2.6 de 3.1 de 3.3 gh
1.6 ZEA 35 lmn/65 e 2.0 gh/1.3 e 1.6 lm 2.3 hij 1.6 n
3.2 ZEA 23 n/77 c 2.0 gh/1.5 de 1.5 lm 2.4 gh 1.1 o
0.4 KIN 79 bcd/17 p 1.6 i/0.3 ij 1.7 klm 1.7 kl 2.1 kl
0.8 KIN 83 b/17 p 1.7 i/0.5 hi 1.7 klm 1.9 jk 2.7 i
1.6 KIN 63 gh/33 lm 1.8 hi/0.7 gh 1.8 jk 1.7 kl 1.9 mn
3.2 KIN 54 ij/46 ij 1.9 hi/1.1 ef 1.9 jk 2.2 hij 2.3 jk
0.4 2iP 79 bcd/21 op 2.0 gh/0.4 hi 1.7 klm 2.0 ij 3.2 gh
0.8 2iP 63 gh/33 lm 2.0 gh/0.7 gh 1.9 jk 2.7 ef 3.4 g
1.6 2iP 54 ij/42 jk 1.9 hi/0.9 fg 2.0 ijk 2.8 ef 2.9 hi
3.2 2iP 50 jk/50 hi 2.0 gh/1.1 ef 2.1 hi 2.8 ef 2.8 hi
0.4 mT 57 hi/43 jk 2.7 cde/0.6 gh 2.0 ijk 2.6 fg 4.0 ef
0.8 mT 30 mn/70 d 2.7 cde/0.7 gh 1.6 lm 2.4 gh 1.9 mn
1.6 mT 20 n/80 bc 2.8 bc/1.2 e 1.7 klm 3.2 cd 1.8 mn
3.2 mT 0 q/97 a 0.0 m/5.5 a - - 0.0 r

Fone-way ANOVA ***/*** ***/*** *** *** ***
z Mean separation in columns using Student’s t, p≤ 0.05; means followed by the same letter are not significantly dif-
ferent at p≤ 0.05; *** significant at p≤ 0.001, n = 30. Multiplication index = shoot-producing explants 1 (%) ×mean
shoot number
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Salvia spp., during the in vitro establishment stage on hormone-free MS medium. Size bars = 1.0 cm. 

3.2. Shoot Multiplication on BA Media 

3.2.1. S. fruticosa 

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high 

percentages (70–100%) to produce shoots in all media tested, with single node explants 

showing a decrease in response with increasing BA concentration, which was significantly 

lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants 

produced only hyperhydrated shoots, while others produced both normal and hyperhy-

drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated 
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3.2. Shoot Multiplication on BA Media 

3.2.1. S. fruticosa 

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high 

percentages (70–100%) to produce shoots in all media tested, with single node explants 

showing a decrease in response with increasing BA concentration, which was significantly 

lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants 

produced only hyperhydrated shoots, while others produced both normal and hyperhy-

drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated 
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3.2. Shoot Multiplication on BA Media 

3.2.1. S. fruticosa 

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high 

percentages (70–100%) to produce shoots in all media tested, with single node explants 

showing a decrease in response with increasing BA concentration, which was significantly 

lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants 

produced only hyperhydrated shoots, while others produced both normal and hyperhy-

drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated 

NSh = normal shoot.
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3.2. Shoot Multiplication on BA Media 

3.2.1. S. fruticosa 

In S. fruticosa, both type of explants, shoot tip, and single node, responded at high 

percentages (70–100%) to produce shoots in all media tested, with single node explants 

showing a decrease in response with increasing BA concentration, which was significantly 

lower compared to the shoot tip explants in all BA media (Figure 4a). Some of the explants 

produced only hyperhydrated shoots, while others produced both normal and hyperhy-

drated shoots. An increase in BA concentration resulted in an increase in hyperhydrated 

HSh = hyperhydrated shoot.
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Figure 10. Characteristic shoot multiplication of shoot tip and single node explants of S. officinalis cul-
tured on MS medium supplemented with 0.01 NAA (mg.L−1) and cytokinin type and concentration
(mg.L−1) marked. Size bars= 1.0 cm.

3.4. In Vitro Rooting
3.4.1. S. fruticosa

One-third of S. fruticosa microshoots rooted on Hf 1/2 MS medium, while the highest
percentage of rooting (75%) was achieved on medium supplemented with the lowest
IBA concentration tested, i.e., 0.5 mg L−1. An increase in IBA concentration resulted in a
corresponding decrease in rooting, although the two highest IBA concentrations (2 and
4 mg L−1) resulted in the same percentage of rooting (Figure 11). The number of roots
formed in a microshoot increased, while the root length decreased proportionally with
increasing IBA concentration in the medium (Figures 11 and 12a).

3.4.2. S. officinalis

S. officinalis microshoots, in contrast to S. fruticosa, rooted at the highest percentage
(85%) on Hf medium, as well as on a medium with 0.5 mg L−1 IBA, and a gradual increase
in IBA resulted in a corresponding reduction in rooting, but as in S. fruticosa, the two
highest IBA concentrations led to the same percentage of rooting (Figure 11). IBA resulted
in an increase in root number regardless of concentration, while the root length was similar
in all media except that with the highest IBA concentration, which resulted in a halving of
root length (Figures 11 and 12b).
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Figure 11. Effect of IBA concentration on in vitro rooting of marked Salvia spp. microshoots, on 
½MS medium supplemented with indole-3-butyric acid (IBA) concentration marked (n = 15–30). 

Figure 11. Effect of IBA concentration on in vitro rooting of marked Salvia spp. microshoots, on
1/2 MS medium supplemented with indole-3-butyric acid (IBA) concentration marked (n = 15–30).

3.4.3. S. ringens

In S. ringens, higher rooting percentages (70–73%) were induced using IBA concentra-
tions of higher than 0.5 mg L−1, which also resulted in a greater number of roots, while the
root length was similar in Hf medium and those with the two lowest IBA concentrations,
and decreased in those with the two highest concentrations (Figures 11 and 12c).

3.4.4. S. tomentosa

S. tomentosa microshoots rooted at the highest percentage (75%) on Hf medium, and a
gradual increase in IBA concentration in the medium resulted in a corresponding decrease
in rooting (Figure 11). Root number was not affected by IBA, while root length decreased
gradually with increasing IBA concentration (Figures 11 and 12d).
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Figure 12. Typical in vitro rooting of Salvia fruticosa (a), S. officinalis (b), S. ringens (c) and S. tomentosa
(d) microshoots, cultured on 1

2 MS medium supplemented with IBA at concentration (mg.L−1) marked
(left), and ex vitro acclimatized plantlets about 6 weeks old (right). Size bars = 1.0 cm.

3.4.5. S. pomifera ssp. pomifera

Shoot tip explants of S. pomifera ssp. pomifera rooted at 80% when cultured on Hf
MS medium, and formed numerous and long roots (Figure 6c). The small number of
mother plants of this Salvia species available for the establishment of in vitro cultures due
to the very low percentage of seed germination, as well as the low percentage of shoot
multiplication, along with the high percentage of hyperhydrated shoots, did not allow for
the production of sufficiently long normal shoots that could be used for rooting. As a result,
in vitro rooting was not tested further for this species.
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3.5. Ex Vitro Acclimatization

In all five Salvia spp., in vitro rooted microshoots coming from MS medium sup-
plemented with 0.4 or 0.8 mg L−1 BA and 0.01 mg L−1 NAA, except for S. pomifera ssp.
pomifera, whose microshoots were obtained from the Hf MS medium, acclimatized ex vitro
at percentages of 80–95% (Figures 12 and 13).

Figure 13. Ex vitro acclimatization of rooted microshoots of Salvia spp., on a peat–perlite substrate
1:1 (v/v) (n = 6–10 repetitions of 8 rooted microshoots).

4. Discussion

In vitro cultures of all five Salvia spp. were successfully established on Hf-MS medium
from either shoot tip or single node explants excised from in vitro-grown seedlings, but
explant response varied with Salvia species and explant type. Most shoot tip explants elon-
gated when placed in culture, while single node explants produced two shoots, as expected
due to the phyllotaxis of Salvia sp., confirming a previous report for S. officinalis [49]. Previ-
ous reports also showed reduced establishment rates due to explant necrosis, browning,
and hyperhydricity [45]. In our work, almost all (96–100%) S. officinalis and S. pomifera
ssp. pomifera explants of both types produced shoots, while in S. fruticosa, the response
was slightly reduced (78–87%), as was the case for the shoot tip explants of S. ringens (87%
response) too, while single node explants of S. ringens and both explant types of S. tomentosa
responded at much lower percentages (36–50%) (Table 1). A problem at the establishment
stage was the hyperhydricity of the produced shoots that was more pronounced in single
node explants (18–50%), with the exception of S. fruticosa, which developed hyperhydrated
shoots at a quite high percentage (17%) in shoot tip explants as well. The growth conditions
mostly associated with hyperhydricity are limited aeration; high levels of total nitrogen,
ammonium nitrogen, and cytokinin in the medium; and ethylene accumulation in the aerial
part of the culture vessel [78–82]. As the medium of the establishment stage did not contain
cytokinin, and vessels were covered with magenta caps that allowed for aeration, the most
possible reason for the appearance of hyperhydricity seems to be the nitrogen richness
of the MS medium. Nitrogen levels have been positively correlated with the increased
occurrence of hyperhydricity in a number of species [79,82–84]. However, a low-nitrogen
medium may not be suitable for shoot production, as in a previous work with S. fruticosa,
MS medium was found superior to low-nitrogen media such as Nitsch and Nitsch and
B5 [52].

Pronounced hyperhydricity has been reported in the micropropagation of several species
of macchia, such as Globularia alypum [85], Lithodora zahnii [86], Anthyllis barba-jovis [87,88],
Calamintha cretica [38], and Clinopodium nepeta [75].

At the shoot multiplication stage, in the presence of BA, shoot tip explants responded
at higher percentages for shoot production compared to single node explants, with the
exception of S. officinalis, where explants of both types responded at 100% (Figure 4). Increas-
ing the BA concentration resulted in a corresponding decrease in explant response that was
more pronounced in single node explants and in S. pomifera ssp. pomifera and S. tomentosa,
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and at the same time, it proportionally increased the number of shoots produced per ex-
plant while reducing their length and number of nodes. As in the establishment stage, the
hyperhydricity was particularly pronounced in single node explants and increased propor-
tionally with increasing BA concentration. Thus, the multiplication index in S. pomifera ssp.
pomifera and S. tomentosa decreased with increasing BA concentration, and in S. fruticosa it
was rather indifferent; while in S. officinalis, for both explant types, and in S. ringens, only
for shoot tip explants, low BA concentrations (0,4 or 0.8 mg L−1, respectively) resulted in
increased multiplication indices compared to Hf-medium and a medium with higher BA
content, indices that were the highest among all species.

Multiplication indices, in terms of normal shoots (excluding hyperhydrated shoots)
in the most productive treatment for each species, were rather low in S. fruticosa (2.6) and
S. pomifera ssp. pomifera (3.8), average in S. ringens (5.5) and S. tomentosa (5.4), and high in
S. officinalis (7.2). These indices are considered satisfactory, as in all previous works on the
in vitro propagation of Mediterranean sages, the multiplication indices were in almost all
cases much lower than the present ones [33,44,48,50–52].

Regarding the effect of different types of cytokinin, i.e., BA, ZEA, KIN, 2iP, and
mT, on the shoot multiplication of S. fruticosa and S. officinalis, it was found that mT
at 0.8 mg L−1 induced the highest multiplication indices in S. fruticosa, both in shoot
tip and single node explants, while in S. officinalis, mT at the lowest concentration of
0.4 mg L−1 also induced high multiplication indices, but lower than those induced by
0.4 mg L−1 BA. BA was superior for shoot multiplication in S. officinalis compared to all
other cytokinins tested, in agreement with previous works, which also showed that BA
or BAP in combination, as in the present study, with an auxin in low concentration, was
superior to KIN [45,49,52], thidiazuron (TDZ) [50,52], 2iP, and ZEA [50] for proliferation.
To the contrary, for adventitious shoots regeneration through callus, TDZ was more suitable
than BA and KIN [51]. In S. fruticosa, a previous work had shown that BA is superior to KIN
for proliferation [52], while in our work, BA, KIN, ZEA, and 2iP induced a similar response.

As discussed above for BA, increasing the concentration of cytokinin of all types
in the medium resulted in an analogous increase in shoot number per explant, with a
simultaneous decrease in shoot length and number of nodes, and a significant increase in
hyperhydricity leading to a decrease in the multiplication indices. Single node explants
showed a slightly lower response rate for shoot production, and more pronounced hyperhy-
dricity compared to shoot tip explants in all cytokinin types, while at the highest cytokinin
concentrations, the production of normal shoots was very low from single node explants
due to hyperhydricity. In S. fruticosa, Arikat et al. [52] reported that single node explants
almost failed to produce shoots when BA, KIN, or TDZ were used at concentrations of
higher than 1 mg L−1, but he did not report on hyperhydricity. Hyperhydricity has been
reported previously in S. officinalis [45,48,50], as well as in S. scarlea [33].

Cytokinins has been shown to induce hyperhydricity in some plant species during
in vitro propagation, depending on the cytokinin type and concentration [38,75,79,89,90].
Decreasing the concentration of cytokinin in the medium or using a different type of
cytokinin resulted in a reduction in hyperhydricity [70,86,91], often with a simultaneous
reduction in shoot production [38,75], as shown in the present work. Therefore, measures
aimed at eliminating hyperhydricity should be complex and specific for each plant species.

In vitro rooting was successful (a rooting percentage of higher than 80%) in all five
species. S. officinalis, S. tomentosa, and S. pomifera ssp. pomifera rooted at high percent-
ages (75–83%) on Hf medium, or in the presence of the lowest IBA concentration tested
(0.5 mg L−1), while S. ringens and S. fruticosa rooted at low percentages on Hf medium
(35 and 35%, respectively) and at 1.0 and 0.5 mg L−1 IBA, respectively, were required
to achieve high rooting percentages. Our results confirmed those of Avato et al. [45],
who also found that auxin supplementation was not necessary for rooting in S. officinalis.
Arikat et al. [52] also found that S. fruticosa rooted only in the presence of a low concentra-
tion of auxin (0.5 mg L−1 IBA). An equally low concentration of IBA (0.5–1.0 mg L−1) was
shown to induce maximum rooting rates in the microshoots of S. officinalis (65–70%) [50]
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and Salvia hispanica (65–70%) [76], while similar concentrations of IBA induced the high-
est percentage of rooting in S. scarlea, which however, did not exceed 40% [33]. IBA at
low concentrations (up to 1 mg L−1) was effective for the rooting of other Mediterranean
medicinal Lamiaceae as well [33,67,68,71,72,75,76]. Half-strength MS medium was used in
most of the above works, as in the present study, as rather low concentrations of nutrients
positively affect rooting [92].

In S. officinalis and S. tomentosa, where auxin supplementation was not necessary
for rooting, root number was indifferent to auxin concentration in the medium, while
in S. fruticosa and S. ringens, which showed low rooting ability in auxin-free medium,
increasing auxin content, in addition to higher rooting rates, also induced a higher number
of roots per microshoot. In contrast, a gradual increase in IBA resulted in a gradual
decrease in root length in all five species, as previously found for S. scarlea [66], Teucrium
capitatum [72], and C. cretica [38].

Rooted microshoots of all five sage species acclimatized ex vitro at percentages of
higher than 80%, retaining the characteristics of the mother plants, as has been shown for
other sages [33,66–68,71,74,76] and a number of other medicinal Lamiaceae [38,69,72,75].

5. Conclusions

The five Mediterranean sages, S. fruticosa, S. officinalis, S. ringens, S. tomentosa, and
S. pomifera spp. pomifera, native to Greece, showed many similarities, but also some
quantitative differences in their in vitro propagation. All were successfully established on
Hf-MS medium in the initial culture from either shoot tip or single node explants excised
from seedlings grown in vitro, showing low proliferation indices, except for S. officinalis,
which stood out with the highest indices. In the multiplication stage, the explant response
for shoot production was high, but the number of shoots produced per explants was rather
low. Supplementing the medium with various types and concentrations of cytokinin in
combination with auxin did not significantly increase the proliferation indices, as the
number of shoots produced per explant remained below five, and a significant proportion
of them were hyperhydrated. Shoot tip explants produced normal shoots at much higher
percentages compared to single node explants. All five sages rooted readily in vitro, either
without or under low auxin, and they acclimatized ex vitro at high percentages. Thus,
the present study led to efficient micropropagation protocols for five Mediterranean sage
species native to Greece, which are expected to facilitate their sustainable exploitation in
the pharmaceutical and floriculture industries.

Author Contributions: Conceptualization, M.P., G.V. and A.N.M.; methodology, M.P., G.V. and
A.N.M.; validation, M.P., G.V. and A.N.M.; formal analysis, G.V. and A.N.M.; investigation, M.P., G.V.
and A.N.M.; resources, M.P.; data curation, G.V. and A.N.M.; writing—original draft preparation,
M.P., G.V. and A.N.M.; writing—review and editing, M.P., G.V. and A.N.M.; visualization, M.P., G.V.
and A.N.M.; supervision, M.P.; project administration, M.P.; funding acquisition, M.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was co-financed by the European Regional Development Fund of the Eu-
ropean Union and Greek national funds through the Operational Program Competitiveness, En-
trepreneurship and Innovation, under the call RESEARCH—CREATE—INNOVATE (project code:
T1EDK-04923, project: SALVIA-BREED-GR).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. The Plant List. Version 1.1. 2013. Available online: http://www.theplantlist.org/ (accessed on 29 April 2022).
2. Walker, J.B.; Sytsma, K.J.; Treutlein, J.; Wink, M. Salvia (Lamiaceae) is not monophyletic: Implications for the systematics, radiation,

and ecological specializations of Salvia and tribe Mentheae. Am. J. Bot. 2004, 91, 1115–1125. [CrossRef] [PubMed]

95



Horticulturae 2023, 9, 96

3. Bentham, G. Labiatae. In Genera Plantarum; Bentham, G., Hooker, J.D., Eds.; Reeve and Co.: London, UK, 1876; Volume 2,
pp. 1160–1196.

4. Online Etymology Dictionary. Available online: https://www.etymonline.com/word/salvia (accessed on 11 December 2021).
5. Hamidpour, M.; Hamidpour, R.; Hamidpour, S.; Shahlari, M. Chemistry, Pharmacology, and Medicinal Property of Sage (Salvia) to

Prevent and Cure Illnesses such as Obesity, Diabetes, Depression, Dementia, Lupus, Autism, Heart Disease, and Cancer. J. Tradit.
Complement. Med. 2014, 4, 82–88. [CrossRef] [PubMed]

6. Bonesi, M.; Loizzo, M.R.; Acquaviva, R.; Malfa, G.A.; Aiello, F.; Tundis, R. Anti-inflammatory and antioxidant agents from
Salvia genus (Lamiaceae): An assessment of the current state of knowledge. Anti-Inflamm. Anti-Allergy Agents Med. Chem. 2017,
16, 70–86. [CrossRef] [PubMed]

7. Lopresti, A.L. Salvia (Sage): A review of its potential cognitive-enhancing and protective effects. Drugs R&D 2017,
17, 53–64. [CrossRef]

8. Hao, D.C.; Ge, G.B.; Xiao, P.G. Anticancer drug targets of Salvia phytometabolites: Chemistry, biology and omics. Curr. Drug
Targets 2018, 19, 1–20. [CrossRef]

9. Ververis, A.; Savvidou, G.; Ioannou, K.; Nicolaou, P.; Christodoulou, K.; Plioukas, M. Greek sage exhibits neuroprotective activity
against amyloid beta-induced toxicity. Evid. Based Complement. Altern. Med. 2020, 2020, 2975284. [CrossRef]

10. Afonso, A.F.; Pereira, O.R.; Cardoso, S.M. Salvia species as nutraceuticals: Focus on antioxidant, antidiabetic and anti-obesity
properties. Appl. Sci. 2021, 11, 9365. [CrossRef]
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Abstract: In vitro propagation of olive (Olea euorpea L.) always remained a challenging task due to
its woody nature and oxidation of culture. The current study intended to optimize shoot induction
and proliferation protocol for different cultivars (“Leccino”, “Gemlik”, “Moraiolo” and “Arbosana”)
of olive-on-olive media (OM) provided with different concentrations (0, 0.5, 1.5, and 2.5 mgL−1) of
6-benzylaminopurine (BAP) by pre-exposing their explants (nodal segments) with different regimes
(0, 24, and 48 h) of cooling. The impacts of treatments were evaluated on morphological (shoot
induction percentage, primary shoot length, number of leaves shoot−1, and number of shoots per
explant−1), physiological (total chlorophyll, carotenoids, CO2 assimilation, and proline), biochemical
(primary and secondary metabolites) attributes of cultivars after 50 to 60 days of culture. Data
recorded were subjected to statistical analysis. All traits depicted significant increases in all genotypes
with increasing pre-cooling treatments and increasing supplementations of 6-benzylaminopurine
(BAP). This increase was the highest for the interaction of 48 h pre-cooling and 2.5 mgL−1 BAP
concentration. Moreover, correlation analysis of all traits revealed significant paired association
among them in a positive direction, while principal component analysis (PCA) revealed the extent of
association varied with types of treatments and the nature of genotypes. Among cultivars, Arbosana
depicted more dramatic changes in morphological traits, physiological attributes, and biochemical
contents due to varying interactions of pre-cooling and BAP treatments as compared to Moraiolo,
Gemlik, and Leccino with in vitro systems.

Keywords: explants; shoot induction; metabolites; micropropagation; correlation

1. Introduction

Olive (Olea euorpea L.) is an important plant of the Mediterranean region and an
important source of traditional landscape, food, and oil. Various traditional methods of
propagation such as grafting, cuttings, and leafy stem rooting are commonly used for
olive multiplication [1]. These methods ensure the preservation of genetic traits but have
numerous limitations such as season dependence, low success rate, nutrient requirement,
the hygienic status of the mother plant, and variable response from cultivar to cultivar [2].
Moreover, these methods require large spaces and extensive areas to establish plant nurs-
eries and do not guarantee the production of disease-free plants. From this perspective, the
in vitro propagation method is one of the best choices for the commercial propagation of
olives with a high survival rate throughout the season [3]. In addition, the multiplication
of olives using tissue culture is not an easy task, owing to some challenges such as explants
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oxidation, high phenolic contents, the laborious establishment of shoot culture, cultivars
dependency, and difficulties in disinfection [4]. Although in the past various shoot induc-
tion protocols of olives were optimized within micropropagation systems, all were cultivar
dependent [1,5,6]. Successful in vitro propagation of olive is highly associated with type
and culture medium composition. For example, Revilla et al. [7] successfully propagated
olive using Kuniyuki walnut medium supplemented with 6-benzylaminopurine (BAP)
as a growth regulator while sucrose was a carbohydrate source. Likewise, Piexe et al. [1]
used BAP and coconut water for successful shoot induction in olive. Correspondingly,
Chaari-Rkhis et al. [6] found olive medium (OM) [8] with supplementation of growth regu-
lators is more effective in boosting the shooting and proliferation of different olive cultivars.
In the same way, Hamooh and Shah [9] found zeatin as an active hormonal supplement
in enhancing the shooting traits of different olive cultivars. Furthermore, Ali et al. [5]
explicated that individual and combined application of BAP within in vitro olive medium
significantly improves the growth-related traits of olive explants. Plant growth regulators
such as BAP have a tendency to initiate intracellular processes that substantially improve
related physiological and biochemical activities within the plant system [10]. Moreover,
organic substances such as humic acids play an important role in plant tissue culture
and micropropagation since they can act as growth by reducing the mutagenic effects
of various chemical compounds [11–14]. Hence, a culture medium supplemented with
proper hormonal concentrations is more effective in inducing growth and differentiation
within in vitro culture system. The growth regulators such as BAP not only accelerate the
differentiation processes of culture but also regulate the post-differentiation events [15].
Plantlets established within a nutrient medium containing a proper concentration of growth
regulators show robust physiological and metabolic activities that consequently result in
their early establishment within in vitro culture [16].

Hitherto, very limited studies have been conducted to elucidate the impacts of in vitro
hormonal treatments on the dynamic association of physiological and metabolic traits
with morphological traits of plant cultures [17]. Therefore, the effective role of hormones
always remained a potential consideration while optimizing a protocol for any micro-
propagation system [10]. Apart from this, the choice of explants for olive propagation
is also important for the successful establishment of culture [6]. Although in previous
studies successful cultures of olive were established on OM using axillary buds as explants
source, observed shoot induction percentage was comparatively low in explants that were
not provided by proper pre-culturing treatments [6,18,19]. In addition, perennial plants
including olives protect their delicate reproductive meristematic tissues in specialized
structures known as buds, whose growth is strictly regulated by dormancy mechanisms
imposing physiological constraints on their growth until optimum conditions return [20].
Dormancy is released in buds or primrodia by prolonged intervals of chilling. Moreover,
axillary buds become dormant due to various endogenous factors such as the accumulation
of ABA [21]. Infact, ABA masks intercellular communication during dormancy due to
enhanced activity of callose synthase causing a high accumulation of callose that results in
blockage of plasmodesmata [22]. Vernalin has the tendency to dissolve callose content that
restores cellular communication and breaks bud dormancy by reciprocating the effect of
ABA [23]. Moreover, chilling treatments break bud dormancy due to the increase in the
production of vernalin, as reported by Leida et al. [19] in peach plants. In this context, the
pre-cooling treatment is effective in breaking the dormancy owing to its tendency to counter
the effect of ABA by stimulating the activity of vernalin [24]. Moreover, nodal segments are
considered better explants than axillary buds due to their comparatively high resistance
against oxidation due to the deposition of a high content of phenolic compounds [3]. The
oxidation of phenolics is harmful in plant tissue culture as it leads to the browning of
explants and medium that stops cell division and finally results in the failure of tissue
culture [25]. Oxidative browning of explants can be prevented by controlling the leaching
of phenolic compounds from plant tissue by providing them with some pre-treatments
such as cooling [26]. Although high phenolic contents are a great obstacle in devising
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successful shooting protocols for woody plants, their effect can be nullified by pre-culturing
treatments [27]. In this perspective, nodal explants can get rid of seasonal dormancy by
properly exposing them to the proper durations of pre-cooling. To date, no comprehensive
study has been conducted for the optimization of olive in vitro propagation protocol at
a physiological, molecular, and biochemical level using different pre-cooling treatments
for explants and varying concentrations of BAP. In this regard, the current study was
conducted to optimize shoot induction protocol for olives using four different cultivars
(“Leccino”, “Gemlik”, “Moraiolo” and “Arbosana”), by culturing their pre-cooled explants
on OM using different concentrations of BAP. Furthermore, the effects of these treatments
were assessed on the physiological, biochemical, and growth traits of plantlets grown
within the micropropagation system.

2. Materials and Methods

In the current study, four different cultivars of olive such as “Leccino” (Italy), “Gemlik”
(Turkey), “Moraiolo” (Italy), and “Arbosana” (Spain) were evaluated for the optimization of
shoot induction protocol in a three replicate experiment using three factorial arrangements
in randomized complete block design (RCBD) at plant tissue culture lab of Jilin Agricultural
University, China.

2.1. Explant Disinfection, Media Preparation, and Treatments

The nodal segments obtained from soft, healthy, and lateral one-year-old branches of
olive cultivars were used as explants. After detaching the leaves, branches were divided
into 10 cm long pieces that were thoroughly washed for 30 min under running tap water.
Subsequently, branch segments were cut into nodal segments of size 1–1.5 cm as explicated
Chaari-Rkhis et al. [6]. The nodal segments were surface sterilized by treating them with
70% ethanol for 1 to 2 min. Afterward, they were dipped in 15% sodium hypochlorite
solution for 10 min. Finally, the nodal segments were rinsed four times using sterilized
distilled water and each step was conducted for 5 min. All sterilization steps were carried
out under laminar air flow hood by sustaining sterilized atmosphere. In addition, Rugini [8]
olive medium (OM) (PhytoTech labs, Lenexa, KS, USA) with optimized pH (5.75 ± 0.5) was
prepared and supplemented with different concentrations (0, 0.5, 1.5, and 2.5 mgL−1) of 6-
benzylaminopurine (BAP) (PhytoTech labs, USA) by following manufacturer’s instruction
within 300 mL glass bottle. Before adding BAP, media was autoclaved as per method of
Chaar-Rkhis et al. [6] at 121 ◦C under 15 psi pressure for 15 min. Afterward, media was
cooled to 50 ◦C and filter sterilized BAP solution was added. Before culturing, explants
were wrapped in aluminum foil were subjected to pre-cooling treatments of 0, 24, and 48 h
at 4 to 8 ◦C in a chiller. Afterward, 3 to 4 explants (nodal segments) from each cultivar were
cultured on Rugini [8] olive medium (OM) (PhytoTech labs, USA) in glass bottles under
laminar flow chamber. For each treatment, three bottles were used.

2.2. In Vitro Propagation and Data Collection

The cultured bottles were kept in growth chamber under controlled conditions. The
cultures were provided with 2500 lux light intensity, 25 ◦C temperature, and 16 h photope-
riod. The data for growth, physiological, and biochemical parameters were collected from
50 to 60 days old plantlets of olives. For this purpose, we followed destructive sampling.
Furthermore, cultures facing browning were immediately shifted within fresh medium.

2.3. Measurement of Growth Traits

The morphological parameters were evaluated on the basis of percentage of the induced
shoots (PIS), length of primary shoot (cm) (LPS), number of leaves per shoot (NLPS), and
number of shoots per explant (NSPE). The data for PIS were recorded for each cultivar by
applying percentage formula while the data obtained for LPS and NLPS were estimated
on average basis from randomly selected five primary shoots from each treatment before
subjecting to statistical analysis. In the same way, data were recorded for NSPE.
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2.4. Assessment of Physiological Parameters

Among physiological parameters such as total chlorophyll, carotenoids, and proline
were estimated following the methods used by Mahmood et al. [28]. In addition, proline
content was estimated based on reactivity with ninhydrin using UV–Vis spectrophotometer
(DeNovix, Wilmington, DE, USA). On the other hand, assimilation rate of CO2 (ACO2) was
measured using specific apparatus IRGA (ADC BioScientific, Hoddesdon, UK).

2.5. Assessment ofBiochemical Contents
2.5.1. Quantification of Primary Metabolites

Leaf carbohydrates were quantified using the method of Boussadia et al. [29]. The
carbohydrate contents such as fructose, glucose, and sucrose were extracted using ethanol
reagent and extract was subjected to centrifugation at 5000 rpm for 10 min. Afterward,
metabolites were quantified using high pH anion-exchange chromatography. On the other
hand, starch content was estimated using acid hydrolysis method used by Chow and
Landhausser [30]. For this purpose, dried 50 mg leaf samples were extracted using 80% hot
ethanol that subsequently followed enzymatic digestion. Afterward, quantification was
performed at 525 after adding H2SO4.

2.5.2. Quantification of Secondary Metabolites

Among secondary metabolites, total phenols were estimated following the method
used by Siddiqui et al. [31]. For this purpose, Folin–Ciocalteu reagent was used, with gallic
acid as the standard. In addition, total flavonoids were calculated following the procedure
by Zhao et al. [32] and quantified using colorimetric assay method, with rutin as standard.
Total tannins content was determined by following the protocol of Fadda and Mulas [33].
For this purpose, 2 mL of extracted sample was treated with 10 mL vanillin hydrochloride
and for quantification; absorbance was recorded at 500 nm. Total alkaloid contents were
determined by following the procedure optimized by Li et al. [34]. In this regard, the
prepared standard solution of leaf extract was quantified using UV–Vis spectrophotometer
(DeNovix, USA), and absorbance was recorded as 418 nm.

2.6. Statistical Analysis

A tri-replicate experiment was conducted in randomized complete block design
(RCBD) using three factorial arrangements with pre-cooling as one factor, varieties as
second factor, and BAP concentrations as third factor. The data collected were evaluated
statistically by applying analysis of variance (ANOVA) at a 5% probability level, with
the help of computer-based software Statistix ver. 8.1 (McGraw-Hill 2008). Furthermore,
correlation and principal component analysis (PCA) were conducted with the help of
computer-based statistical tool RStudio version 1.3.959 (RStudio Team 2020) using the Per-
formaceAnalytics, FactoMineR, factoextra, devtools, ggplot2, ggpubr, gplots, and pheatmap
packages of R version 4.1.0 (R Core Team 2021).

3. Results
3.1. Growth Traits

All individual factors of treatments significantly (p ≤ 0.01) affected the mean values of
growth-related traits such as LPS, PIS, NLPS, and NSPE in all olive cultivars (Table 1). All growth
traits showed statistically significant (p ≤ 0.01) increase with changing regimes of pre-cooling
and increasing concentrations of BAP (Table 1). Moreover, among cultivars “Arbosana” (V4)
plantlets recorded a maximum improvement in the aforementioned growth traits followed by
“Moraiolo” (V3), “Leccino” (V2), and “Gemlik” (V1) as indicated in Table 1. In addition, V4
revealed a maximum mean value for LPS (3 cm) that was significantly (p ≤ 0.01) different from
the means of other varieties. Correspondingly, V4 exhibited significantly (p ≤ 0.01) high PIS
(85%) as compared to V3 (75%), V2 (70%), and V1 (60%) as shown in Table 1. Similarly, under
the same conditions, V4 depicted statistically (p ≤ 0.01) distinct improvement in NLPS (5) and
NSPE (4). In addition, among two-way interactions, the interaction of BAP with pre-cooling
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(T × LB) and cultivars (V × LB) illustrated statistically distinct (p ≤ 0.05) change in all growth
traits (Tables 5 and 6). At all regimes of pre-cooling, BAP manifested maximum improvements
in growth-related traits of olive cultivars at concentration 2.5 mgL−1 (L4) (Table 6); however,
this improvement was more dramatic at 48 h (T3) interval of pre-cooling (Table 5). Overall, the
performance of explants from all cultivars was notably different under varying concentrations
of BAP and changing regimes of pre-cooling. Likewise, the two-way interaction T × V, and the
three-way interaction T × V × LB showed no significant effect on the growth traits of cultivars.

Table 1. Effect of different pre-cooling treatments and varying concentrations of BAP on growth traits
of different olive (Olea euorpea L.) genotypes cultured within micropropagation system using OM.

Treatments LPS (cm) PIS NLPS NSPE

Pre-cooling (T) (Hours)

T1 (0 h) 1.97 ± 0.11 b 70.02 ± 2.00 c 3.71 ± 0.15 c 2.045 ± 0.10 c

T2 (24 h) 2.27 ± 0.13 ab 78.05 ± 1.87 b 3.93 ± 0.17 b 2.56 ± 0.13 b

T3 (48 h) 2.55 ± 0.15 a 83.06 ± 1.62 a 4.28 ± 0.20 a 4.00 ± 0.19 a

LSD 0.35 1.96 0.13 0.14

Varieties (V)

V1 (Leccino) 1.98 ± 0.15 c 65 ± 2.23 d 3.58 ± 0.18 d 2.05 ± 0.13 d

V2 (Gemlik) 2.26 ± 0.14 b 70 ± 2.49 c 3.88 ± 0.19 c 2.43 ± 0.18 c

V3 (Morailo) 2.34 ± 0.15 b 75 ± 2.74 b 4.09 ± 0.20 b 3.60 ± 0.20 b

V4 (Arbosana) 3.00 ± 0.17 a 85 ± 3.13 a 5.00 ± 0.23 a 4.00 ± 0.21 a

LSD 0.10 2.70 0.08 0.08

BAP (LB) (mgL−1)

L1 (0) 1.05 ± 0.034 d 68 ± 0.073 d 2.48 ± 0.045 d 2.5 ± 0.021 d

L2(0.5) 2.03 ± 0.083 c 75 ± 0.80 c 3.40 ± 0.09 c 3 ± 0.093 c

L3 (1.5) 2.32 ± 0.088 b 79 ± 1.93 b 4.18 ± 0.10 b 3.25 ± 0.10 b

L4(2.5) 2.55 ± 0.083 a 84 ± 1.87 a 4.58 ± 0.98 a 4.01 ± 0.14 a

LSD 0.08 1.30 0.11 0.08

Significance

T * * ** *
V ** ** ** **
LB ** ** ** **

T × V ns ns ns ns
T × LB * * * *
V × LB * * * *

T × V × LB ns ns ns ns
Means with same letter (s) in each column indicate no significant difference in traits due to treatments. *, ** represent
significant differences at p ≤ 0.05 and p ≤ 0.01, respectively, while “ns” represents non-significant difference (LPS,
length of primary shoot; PIS, percentage of induced shoots; NLPS, number of leaves per shoot; NSPE, number of
shoots per explant).

3.2. Physiological Parameters

All traits except proline depicted a significant increase with increasing regimes of
pre-cooling and BAP concentrations (Table 2). In addition, among cultivars “Arbosana”
(V4) illustrated a maximum increase in all physiological traits followed by “Moraiolo”
(V3), “Gemlik” (V2) and “Leccino” (V1). Furthermore, V4 exhibited maximum chlorophyll
content (50 µg cm−2) that was slightly higher than the mean chlorophyll contents of other
varieties (Table 2). Correspondingly, V4 recorded the highest (8 µmol m−2s−1) while V1
recorded the lowest mean value (7 µmol m−2s−1) for ACO2 at 2.5 mgL−1 (L4) concentration
of BAP in plantlets whose explants were treated with 48 h interval of pre-cooling. In
addition, under analogous conditions, V4 depicted a statistically significant (p ≤ 0.01)
increase in carotenoids (5.29 µg cm−2) and a decline in proline (38.7 µg g−1 FW) contents.
Among physiological traits, chlorophyll and carotenoids showed significant (p ≤ 0.05)
variation due to the two-way interaction of BAP with pre-cooling treatments (T × LB)
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and cultivars (V × LB) (Tables 5 and 6). All cultivars pre-treated with a 48 h regime of
cooling illustrated maximum chlorophyll and carotenoid contents at a BAP concentration of
2.5 mgL−1 (Tables 5 and 6). In general, explants from all cultivars pre-treated with different
cooling intervals responded differently under provided in vitro conditions due to varying
concentrations of BAP. All traits showed no significant variation due to two-way interaction
T × V and three-way interaction T × V × LB.

Table 2. Effect of different pre-cooling treatments and varying concentrations of BAP on physiological
parameters of different olive (Olea euorpea L.) genotypes cultured within micropropagation system
using OM.

Treatments Total Chlorophyll
(µg cm−2)

Carotenoids
(µg cm−2)

ACO2
(µmol m−2s−1)

Proline
(µg g−1 FW)

Pre-cooling (T) (Hours)

T1 (0 h) 41.83 ± 2.52 b 4.53 ± 0.20 c 6.93 ± 0.37 c 42.00 ± 2.10 a

T2 (24 h) 47.96 ± 3.07 a 5.05 ± 0.25 b 7.47 ± 0.39 b 39.70 ± 1.76 b

T3 (48 h) 51.55 ± 3.45 a 5.52 ± 0.32 a 8.09 ± 0.42 a 38.87 ± 1.76 b

LSD 5.12 0.38 0.32 1.91

Varieties (V)

V1 (Leccino) 42 ± 2.00 c 4.81 ± 0.28 c 6.59 ± 0.40 c 41.32 ± 2.35 a

V2 (Gemlik) 46.57 ± 3.37 b 4.93 ± 0.35 a 7.41 ± 0.44 b 39.74 ± 2.29 b

V3 (Morailo) 48.53 ± 3.76 ab 5.09 ± 0.30 b 7.76 ± 0.48 ab 41.00 ± 2.14 a

V4 (Arbosana) 50.37 ± 4.11 a 5.29 ± 0.28 c 7.93 ± 0.50 a 38.70 ± 2.08 c

LSD 2.74 0.11 0.36 0.59

BAP (LB) (mgL−1)

L1 (0) 19.70 ± 0.26 d 2.71 ± 0.050 d 3.82 ± 0.10 d 48.66 ± 0.63 a

L2(0.5) 27.62 ± 0.70 c 4.17 ± 0.12 c 5.82 ± 0.12 c 46.62 ± 0.62 b

L3 (1.5) 32.53 ± 0.83 b 4.84 ± 0.11 b 6.40 ± 0.12 b 43.37 ± 0.61 c

L4(2.5) 37.68 ± 0.77 a 5.44 ± 0.13 a 6.95 ± 0.12 a 23.41 ± 0.20 d

LSD 0.60 0.14 0.17 1.24

Significance

T * * ** *
V ** ** * **
L ** ** ** **

T × V ns ns ns ns
T × LB * * ns *
V × LB * * ns ns

T × V × LB ns ns ns ns
Means with same letter (s) in each column indicate no significant difference in traits due to treatments. *, ** represent
significant differences at p ≤ 0.05 and p ≤ 0.01, respectively, while “ns” represents non-significant difference.

3.3. Biochemical Contents
3.3.1. Primary Metabolites

All primary metabolic contents including fructose, glucose, sucrose, and starch varied
significantly (p ≤ 0.01, p ≤ 0.05) due to the individual effect of olive cultivars’ pre-cooling
regimes and varying concentrations of BAP within OM (Table 3). All metabolites depicted
statistically significant (p ≤ 0.01) increase at the pre-cooling treatment of 48 h (T3) and BAP
concentration of 2.5 mgL−1 (L4) as shown in Table 3. On the other hand, among cultivars,
“Arbosana” (V4) revealed the highest rise in all primary metabolites followed by “Moraiolo”
(V3), “Gemlik” (V2), and “Leccino” (V1). Moreover, V4 recorded maximum fructose
(0.04 mg g−1 DW), sucrose (0.5 mg g−1 DW), and starch (0.7 mg g−1 DW) contents as
compared to other cultivars. In the same way, V3 demonstrated the maximum (1.42 mg
g−1 DW) and V1 recorded the minimum (1 mg g−1 DW) increase in the amount of glucose.
In addition, among two-way interactions T × LB significantly (p ≤ 0.05) altered the mean
values of glucose, sucrose, and fructose contents while V × LB significantly (p ≤ 0.05)
altered the mean values of fructose and sucrose content (Tables 5 and 6). All pre-cooled
olive cultivars showed a maximum rise in the quantities of primary metabolites when OM
augmented with BAP at 2.5 mgL−1 (L4), however, this incline was more dramatic in all
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cultivars that followed the pre-cooling treatment of 48 h (T3) as concluded by Tables 5 and 6.
As a whole, explants from all cultivars pre-treated with different cooling regimes behaved
differently under provided in vitro conditions due to varying levels of BAP. On the other
hand, all primary metabolites showed no significant variation due to two-way interaction
T × V and three-way interaction p× V × LB.

Table 3. Effect of different pre-cooling treatments and varying concentrations of BAP on primary
metabolites of different olive genotypes cultured within micropropagation system using OM.

Treatments Starch
mg g−1 DW

Glucose
mg g−1 DW

Fructose
(mg g−1 DW)

Sucrose
(mg g−1 DW)

Pre-cooling (T) (Hours)

T1 (0 h) 0.33 ± 0.05 b 1.04 ± 0.10 c 0.029 ± 0.002 c 0.29 ± 0.03 c

T2 (24 h) 0.53 ± 0.06 ab 1.19 ± 0.10 b 0.032 ± 0.003 b 0.41 ± 0.04 b

T3 (48 h) 0.62 ± 0.06 a 1.39 ± 0.12 a 0.035 ± 0.004 a 0.51 ± 0.05 a

LSD 0.21 0.08 0.002 0.07

Varieties (V)

V1 (Leccino) 0.42 ± 0.06 b 1.07 ± 0.11 c 0.024 ± 0.003 b 0.32 ± 0.04 d

V2 (Gemlik) 0.41 ± 0.06 b 1.13 ± 0.11 bc 0.027 ± 0.004 b 0.38 ± 0.05 c

V3 (Morailo) 0.47 ± 0.07 b 1.42 ± 0.11 a 0.028 ± 0.004 b 0.42 ± 0.05 b

V4 (Arbosana) 0.68 ± 0.08 a 1.20 ± 0.15 b 0.039 ± 0.005 a 0.48 ± 0.06 a

LSD 0.11 0.08 0.08 0.03

BAP (LB) (mgL−1)

L1 (0 ) 0.09 ± 0.01 d 0.21 ± 0.02 d 0.007 ± 0.0003 d 0.05 ± 0.004 d

L2 (0.5 ) 0.19 ± 0.01 c 0.55 ± 0.01 c 0.020 ± 0.0014 c 0.19 ± 0.014 c

L3 (1.5) 0.32 ± 0.02 a 0.67 ± 0.02 b 0.031 ± 0.0020 b 0.26 ± 0.009 b

L4 (2.5 ) 0.26 ± 0.01 b 0.83 ± 0.02 a 0.040 ± 0.0024 a 0.31 ± 0.010 a

LSD 0.02 0.02 0.002 0.006

Significance

T ** * ** *
V ** ** ** *
LB ** ** ** **

T × V ns ns ns ns
T × LB ns * * *
V × LB ns ns * *

T × V × LB ns ns ns ns
Means with same letter (s) in each column indicate no significant difference in traits due to treatments. *, ** represent
significant differences at p ≤ 0.05 and p ≤ 0.01, respectively, while “ns” represents non-significant difference.

3.3.2. Secondary Metabolites

Among individual treatment factors, pre-cooling regimes significantly (p ≤ 0.05,
p ≤ 0.01) increased alkaloids and phenolic contents (Table 4). On the other hand, varying
BAP concentrations significantly (p ≤ 0.05) impacted the amount of secondary metabolic
contents including alkaloids, phenols, tannins, and flavonoids (Table 4). Moreover,
among cultivars “Arbosana” (V4) manifested a more dramatic increase in the concentra-
tions of alkaloids, phenols, and flavonoids followed by “Moraiolo” (V3), “Gemlik” (V2)
and “Leccino” (V1). In addition, V4 illustrated the maximum alkaloids (2.5 mg g−1 DW)
that were a bit higher than the alkaloid content of other cultivars (Table 4). Following
the analogous trend, V4 revealed a more dramatic rise in flavonoid (1.54 mg g−1 DW)
and phenol content (1.5 mg g−1 DW) unlike other cultivars (Table 4). Among two-way
interactions T × LB and V × LB significantly altered the mean values of alkaloids and
flavonoids (Tables 5 and 6). The BAP made a statistically distinct (p ≤ 0.05) rise in
alkaloids and flavonoid contents of all olive cultivars at a concentration of 2.5 mgL−1

(L4) under all pre-cooling treatments; however, this rise was at the maximum at 48 h
(Tables 5 and 6). Generally, plantlets from all cultivars whose explants followed different
pre-cooling treatments before culturing showed variable responses within in vitro con-
ditions on OM augmented with different concentrations of BAP. In addition, two-way
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interaction T × V and three-way interaction T × V × LB showed no significant effect on
the concentration of secondary metabolites.

Table 4. Effect of different pre-cooling treatments and varying concentrations of BAP on secondary
metabolites of different olive genotypes cultured within micropropagation system using OM.

Treatments Alkaloids
mg (g DW)−1

Flavonoids
mg (g DW)−1

Tannins
mg (g DW)−1

Phenols
mg (g DW)−1

Pre-cooling (T) (Hours)

T1 (0 h) 1.52 ± 0.074 c 1.35 ± 0.067 b 0.63 ± 0.015 a 0.70 ± 0.025 a

T2(24 h) 1.75 ± 0.077 b 1.44 ± 0.077 ab 0.65 ± 0.014 a 0.85 ± 0.026 a

T3 (48 h) 2.00 ± 0.09 a 1.60 ± 0.082 a 0.72 ± 0.015 a 0.93 ± 0.026 a

LSD 0.18 0.15 0.17 0.14

Varieties (V)

V1 (Leccino) 1.5 ± 0.093 d 1.39 ± 0.084 c 1.45 ± 0.084 a 1.00 ± 0.049 d

V2 (Gemlik) 1.70 ± 0.10 c 1.42 ± 0.080 bc 1.43 ± 0.080 a 1.03 ± 0.055 bc

V3 (Morailo) 1.84 ± 0.10 b 1.50 ± 0.095 ab 1.49 ± 0.095 a 1.08 ± 0.059 ab

V4 (Arbosana) 2.5 ± 0.01 a 1.54 ± 0.098 a 1.50 ± 0.098 a 1.5 ± 0.064 a

LSD 0.045 0.09 0.1 0.06

BAP (LB) (mgL−1)

L1 (0) 1.02 ± 0.031 d 0.84 ± 0.035 d 0.68 ± 0.017 d 0.73 ± 0.026 d

L2 (0.5) 1.64 ± 0.054 b 1.20 ± 0.049 c 0.80 ± 0.027 c 1.04 ± 0.035 c

L3 (1.5) 1.48 ± 0.054 c 1.42 ± 0.054 b 1.01 ± 0.032 b 1.27 ± 0.031 a

L4(2.5) 1.85 ± 0.062 a 1.62 ± 0.068 a 1.11 ± 0.027 a 1.16 ± 0.033 b

LSD 0.023 0.040 0.055 0.028

Significance

T * ** ns ns
V ** ** ns *
LB ** ** ** **

T × V ns ns ns ns
T × LB * * ns *
V × LB * * ns ns

T × V × LB ns ns ns ns
Means with same letter (s) in each column indicate no significant difference in traits due to treatments. *, ** represent
significant differences at p ≤ 0.05 and p ≤ 0.01, respectively, while “ns” represents non-significant difference.
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3.4. Correlation and Principal Component Analysis (PCA)

Correlation analysis illustrated a significantly high paired association among
growth traits, physiological parameters, and biochemical contents of all olive cultivars
subjected to different pre-cooling regimes and varying in vitro concentrations of BAP
(Table 7). All primary and secondary metabolites revealed a significantly high paired
association with physiological traits such as chlorophyll and ACO2. Furthermore, all
growth traits of plantlets depicted a strong paired association between themselves,
and physiological traits as illustrated in Table 1. On the other hand, principal com-
ponent analysis (PCA) deciphered varying responses of traits with respect to varying
concentrations of BAP, different regimes of pre-cooling, and types of cultivars. The
response of all traits under study revealed analogous behavior at varying doses of BAP
such as L2 (0.5 mgL−1), L3 (1.5 mgL−1), and L4 (2.5 mgL−1) as compared to control
(Figure 1). However, the divergence of trait clusters from graph origin was different at
all applied concentrations of BAP which revealed a differential extent of association of
traits at each concentration. Overall, this divergence of traits cluster from origin was
the highest for 2.5 mgL−1 (L4), which was an indicator of a promising increase in the
strength of traits association. In addition, the PCA graph for pre-cooling treatments
revealed the analogous response of all traits at treatments T2 and T3 as compared to
control (T1) as illustrated in Figure 2. Correspondingly, the differential divergence of
trait clusters from the origin at each pre-cooling treatment showed the varying extent
of association among traits that was maximum at T3. This indicated variable associated
response of traits with changing regimes of pre-cooling. Furthermore, the PCA graph
for all olive cultivars revealed the complementary response of all traits as explicated by
the merged circles of clusters (Figure 3). However, the divergence cultivars with respect
to the proximity of traits from origin were different, which indicated the differential
response of each cultivar for the same sort of traits. Among cultivars, “Arbosana” (V4)
manifested a response of traits in close proximity followed by “Moraiolo” (V3), “Gemlik”
(V2), and “Leccino” (V1).

Table 7. Correlation table describing the significance of association between different metabolic,
physiological, and growth traits of different cultivars of olives due to different regimes of pre-cooling
and BAP levels.

Starch 0.91 *** 0.95 *** 0.94 *** 0.94 *** 0.93 *** 0.92 *** 0.88 *** 0.95 *** 0.94 *** 0.91 *** 0.92 *** 0.94 *** 0.93 *** 0.92 *** 0.94 ***

Glucose 0.92 *** 0.97 *** 0.97 *** 0.98 *** 0.96 *** 0.97 *** 0.90 *** 0.85 *** 0.88 *** 0.91 *** 0.91 *** 0.94 *** 0.93 *** 0.90 ***

Fructose 0.93 *** 0.96 *** 0.92 *** 0.95 *** 0.90 *** 0.92 *** 0.92 *** 0.89 *** 0.92 *** 0.93 *** 0.92 *** 0.93 *** 0.94 ***

Sucrose 0.98 *** 0.98 *** 0.97 *** 0.97 *** 0.95 *** 0.91 *** 0.92 *** 0.95 *** 0.95 *** 0.96 *** 0.93 *** 0.92 ***

Chlorophyll 0.96 *** 0.98 *** 0.96 *** 0.94 *** 0.92 *** 0.92 *** 0.96 *** 0.95 *** 0.95 *** 0.95 *** 0.93 ***

ACO2 0.96 *** 0.96 *** 0.93 *** 0.89 *** 0.92 *** 0.93 *** 0.95 *** 0.97 *** 0.94 *** 0.93 ***

Carotenoids 0.96 *** 0.94 *** 0.91 *** 0.91 *** 0.94 *** 0.95 *** 0.96 *** 0.95 *** 0.94 ***

Proline 0.90 *** 0.85 *** 0.87 *** 0.91 *** 0.91 *** 0.93 *** 0.91 *** 0.90 ***

Alkaloids 0.97 *** 0.93 *** 0.95 *** 0.97 *** 0.95 *** 0.92 *** 0.93 ***

Flavonoids 0.94 *** 0.96 *** 0.94 *** 0.90 *** 0.89 *** 0.91 ***

Phenols 0.96 *** 0.93 *** 0.90 *** 0.89 *** 0.87 ***

Tannins 0.95 *** 0.91 *** 0.90 *** 0.89 ***

PIS 0.97 *** 0.93 *** 0.96 ***

LPS 0.95 *** 0.96 ***

NLPS 0.94 ***

NSPE

*** Indicates significant extent of paired association among traits at p ≤ 0.001.
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Figure 1. PCA graph demonstrating the extent of association and divergence of physiological,
biochemical, and growth-related traits of different olive genotypes from origin under varying concen-
trations (L1, control; L2, 0.5 mgL−1; L3, 1.5 mgL−1; L4, 2.5 mgL−1) of BAP with respect to control.
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Figure 2. PCA graph demonstrating the extent of association and divergence of physiological,
biochemical, and growth-related traits of different olive genotypes from origin under varying pre-
cooling treatments (T1, control; T2, 24 h; T3, 48 h).

112



Horticulturae 2022, 8, 1108

Figure 3. PCA graph explicating the varying extent of association and divergence of physiological,
biochemical, and growth-related traits from origin with respect to type of genotypes (V1, Leccino; V2,
Gemlik; V3, Moraiolo; V4, Arbosana).

4. Discussion

The current study intended to elucidate the impacts of various combinations of pre-
cooling treatments and BAP concentrations on morphological, physiological, and biochem-
ical traits of different olive genotypes cultured on OM during in vitro conditions. Despite
incessant efforts, the delineation of optimized protocols for shoot induction in olive always
remained a case of potential concern. In this context, the current study deeply assessed
the impacts of different pre-cooling and BAP treatments on different olive cultivars for
setting appropriate shoot induction protocol. For BAP, the present study noticed that
for the induction of shooting and proliferation activity, at least its supplementation is
mandatory at a concentration of 0.5 mgL−1. Likewise, in the past, various studies proved
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that the addition of zeatin in OM is mandatory for inducing shooting in axillary buds of
olive, however, its concentration at 2.5 mgL−1 depicted comparatively better results [1,6].
However, the supplementation of zeatin was variable in terms of effectivity for differ-
ent olive cultivars [9]. Therefore, BAP supplementation in combination with pre-cooling
treatments of explants was used as an alternative strategy. Apart from this pre-cooling
treatment of explants such as axillary buds and nodal segments is an effective tool to
increase their shoot induction percentage, as it has a tendency to break their dormancy by
triggering the activity of vernalin [26]. In fact, vernalin has a tendency to reciprocate the
effect of ABA whose deposition results in the synthesis of callose that blocks intercellular
transport occurring through plasmodesmata [21]. Likewise, the present study recorded
that integration of an extended span of pre-cooling and high concentration of BAP made
significant improvements in growth traits such as LPS, SIP, NLPS, and NSPE of all olive
cultivars (Table 1). These findings were inconsistent with the findings of Peixe et al. [1]
Chaari-Rkhis et al. [6] and Zuccherelli and Zuccherelli [35] who reported a significant
increase in LPS, SIP, NLPS, and NSPE under increased concentrations of growth regulators
within OM. Furthermore, internodal segments cultured after 24 and 48 h of pre-cooling
also recorded consistent increases in physiological processes and metabolic activities with
increasing concentrations of BAP as evident from high accumulation pigments and primary
metabolites (Tables 2, 3, 5 and 6). Perhaps, plant growth is strongly associated with the
synthesis of structural and regulatory enzymes in addition to the synthesis of enzymes
participating in photosynthesis [36]. Proline has a tendency to protect the essential enzymes
and to balance the subcellular machinery that facilitates the specific function of carbon
and nitrogen [37]. Proline serves as an osmoprotectant in the cell; therefore, it prevents
plantlets from dehydration within the micropropagation system when they sense any
sort of abiotic stress [36]. With increasing BAP concentrations, proline content depicted a
significant reduction in all genotypes that is because of potential role of BAP in cohering
metabolic activities as reported by Hamooh and Shah [9]. Furthermore, the increase in
chlorophyll is also associated with dramatic increase in the levels of various metabolites
including both primary and secondary [38]. High chlorophyll content is directly connected
with enhanced CO2 assimilation due to increase in quantity of photosynthetic pigments
such as chlorophyll and carotenoids [39]. Perhaps due to these reasons all genotypes of
olive depicted strong positive correlation between physiological and growth traits within
micropropagation system due to increasing BAP concentrations (Table 7). In addition, high
content of carbohydrate may increase the production of substrates involved in shikimic
acid pathway that ultimately trigger the production of secondary metabolites [40]. There-
fore, increased production of secondary metabolites is directly associated with the high
production of carbohydrates as reported by Ghasemzadeh et al. [41]. Correspondingly,
the current study recorded complete parallelism between the increment of primary and
secondary metabolic contents (Tables 3, 4 and 7). Moreover, the current study noticed a
significant change in the levels of both primary (fructose, glucose, sucrose, and starch)
and secondary (alkaloids, phenols, tannins, and flavonoids) metabolites due to optimiza-
tion of BAP concentrations with pre-cooling treatments within in vitro micropropagation
system (Tables 3–6). Various protocols are optimized for different olive cultivars using
different concentrations of growth regulators such as BAP and zeatin within OM by testing
their impacts on growth traits. However, the current study recorded dynamic impacts of
changing hormonal concentrations on physiological and metabolic activities in addition to
growth traits. Hormones, being signaling entities, are potentiate enough to establish the
coherence between physiological and biochemical activities for triggering the growth and
differentiation process at the cellular level [42]. The current study validated these views by
recording strong paired association between physiological, biochemical, and growth traits
through correlation analysis (Table 7). Although all cultivars under study responded in
an analogous way to the varying conditions of the micropropagation system, the extent
of response was different with respect to pre-cooling treatments, BAP concentration, and
cultivars (Figures 1–3). This could be attributed to the different genetic makeup of all geno-
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types due to which they responded differently to treatments. As a whole, on olive media,
during both optimizations, the performance of “Arbosana” was exceptionally different at
the morphological, physiological, and biochemical levels.

5. Conclusions

Overall, those cultivars whose explants were pre-treated at 48 h cooling treatments be-
fore culturing depicted noteworthy performance at a BAP concentration of 2.5 mgL−1. The
current study remained fruitful in optimizing shoot induction and proliferation protocol for
olive cultivars by comprehensively evaluating the effects of all treatments at physiological,
biochemical, and morphological levels. Moreover, this study proved that BAP is a good
hormonal supplement to OM that can increase the effectiveness of the culture medium for
olive propagation within in vitro conditions.
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Abstract: Ficus carica L. is a common fig that is an incredibly nutritional fruit, well-known for its
medicinal and economic values. This study aims to establish an efficient protocol for the mass
propagation of fig plantlets (Ficus carica L.) for the cultivar ‘Violette de Solliès’. Surface-sterilized
shoot-tip explants were cultured on Murashige and Skoog (MS) medium supplemented with different
concentrations of cytokinins (6-benzylaminopurine, BAP; thidiazuron, TDZ; kinetin, Kn; and zeatin,
Zea). Induced shoots were rooted on Woody Plant Medium (WPM) with different concentrations
of auxins (naphthalene-acetic acid, NAA; indole-3-acetic acid, IAA; and indole-3-butyric acid, IBA).
Rooted explants were acclimatized in eight different soil substrates prior to cultivation in a commercial
plot. The propagated plantlets were analyzed for genetic stability and clonal fidelity using RAPD and
SCoT molecular markers, whereas scanning electron microscopy (SEM) was performed to observe
the stomata morphology of post-acclimatized plants. MS media supplemented with 5.0 mg/L BAP
was the optimal treatment for multiple shoot induction (15.20 ± 1.03 shoots), whereas the highest
percentage of rooting (93.33%) was achieved in WPM supplemented with 3.0 mg/L IBA. Plantlets
were successfully acclimatized in biochar soil with a survival rate of 100%. RAPD and SCoT analysis
showed no polymorphism occurrences across six subculture cycles, whereas observations via SEM
indicated normal stomata structures on the leaves of acclimatized plantlets. This study documents
an efficient micropropagation protocol for Ficus carica cv. ‘Violette de Solliès’ for the production of
uniformed and true-to-type plant stocks suitable for commercial propagation.

Keywords: Ficus carica; polymorphism analysis; RAPD markers; SCoT markers; stomata; scanning
electron microscopy

1. Introduction

Ficus is a genus from the family of Moraceae, consisting of over 800 species including
Ficus carica L., the common edible fig [1]. The Ficus carica plant is characterized by its
smooth grey bark, lobed leaves, and fibrous roots. The skin color of the fig fruits is
different between cultivars, varying from yellowish green to copper, bronze, or dark
purple [2]. This deciduous fruit tree is native to the Southwest regions of Asia and the
eastern Mediterranean [3], which was later introduced and cultivated abundantly in Turkey,
Egypt, Greece, Iran, and Morocco [4]. As a top producer and exporter of figs, Turkey
contributed up to 27% of fig production worldwide in 2018, producing a total of 306,000 tons
of figs and generating approximately $286 million in exports for both dried and fresh
figs [5]. Ficus carica is not native to the tropical regions of the world, but has recently
been introduced as a superfruit in Malaysia, where most of its cultivation is still at a small
scale of 50–1500 plants per farm [6]. The price of cuttings range between RM 30 and
RM 100 (USD 6 and USD 22) per plant, depending on the cultivar type, and is in high
demand for commercial farm establishments and home gardening [6]. Fig cultivation
in Malaysia is still new and is currently expanding under the Indonesia, Malaysia, and
Thailand Growth Triangle (IMT-GT) agriculture program, which comprises an area of
approximately 10 hectares in the northern region of the country [7].
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The fig fruit has been a common food source and folk remedy since ancient times due
to its high nutritional and medicinal values. The fruit consists of mainly fiber, potassium,
calcium, and iron, which is higher than in a banana, orange, or apple [8]. The fig plant
also produces a variety of secondary metabolites that are known for their potential health
effects, namely, being antibacterial, antioxidant, antidiabetic, anti-inflammatory, antipyretic,
and anticancer [3]. Studies have also shown that both ethanolic or methanolic extracts
of the fruits, leaves, and stem barks possess antidiabetic activity [9–11]. Previous studies
also reported that diabetic complications such as cholesterolemia and hypoglycemia were
successfully controlled in streptozotocin-induced diabetic rats via feeding with extracts
of fruits and leaves of fig, indicating the strong inhibitory activity against α-amylase and
α-glucosidase enzymes in mammals [11–14]. Furthermore, the efficiency of ethyl acetate
extract of fig leaves exhibited significant antidiabetic activity, successfully stimulating the
production of insulin from regenerated pancreatic beta cells that resulted in the reduction
in blood glucose levels of diabetic rats [15]. Similarly, the blood glucose level of alloxan-
induced diabetic rats was reduced after feeding on Ficus carica leaf extract [10,16].

To date, there are over 750 varieties or more of figs in the world, mostly thriving in the
Western Asia and Mediterranean region, as well as in countries with a mild climate [17].
One of the highly sought-after fig cultivars is ‘Violette de Solliès’, which is also deemed as
a premium fig, from the Solliès region of France, as it is recognized for being the sweetest
fig available. ‘Violette de Solliès’ or VDS produces relatively large, dark, purple-colored
fruits with a soft, pinkish-red pulp and are sweet with a slight hint of cherry. However, its
availability in the market is still relatively low as there are shortages in planting materials
due to the production of nonviable seeds and the inefficiency of conventional propagation
methods. Fig fruits are not dependent on pollination to fully set and develop; thus, the
probability of obtaining viable seeds is very low, limiting the propagation via seed. The
other alternative is propagation through cuttings, which is commonly marred by poor
rooting efficiency, limiting the chance of survival to only 20 to 30% [18]. Additionally,
cuttings are more sensitive to ecological changes such as drastic shift in temperature and
moisture levels, further limiting their survival rate [19].

Plant tissue culture is an alternative propagation method whereby plant cells, tissues,
or organs are cultured under aseptic controlled conditions. It is an efficient and widely
adopted tool for the propagation of many fruit crops of economic importance, such as
apples, bananas, pineapples, and citrus, in commercial nursery production [20]. This alter-
native method can be manipulated to continuously and consistently produce good-quality
pathogen-free planting materials at a competitive price for large-scale production. Previous
studies on the tissue culture and micropropagation of figs have reported the use of single
shoot-tip explants [21], nodal explants [22], leaves [1,23,24], apical meristems, and axillary
buds [24–26], which have successfully propagated figs from different cultivars. Up to now,
there have been no tissue culture studies and micropropagation methods being reported
for the cultivar of ‘Violette de Solliès’, albeit on its significance as one of the sweetest fig
cultivars in the world. The present study aims to establish an efficient micropropagation
protocol for the cultivar of ‘Violette de Solliès’ for the large-scale production of high-quality
planting materials suitable for commercial field establishments. This study also looks
to confirm if plantlets generated are true-to-type via molecular markers used to identify
polymorphism, and microscopy analysis is used to observe the morphological stomata
structures between the plantlets and the mother plant.

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

The mother plants were obtained from the Malaysian Superfruits Valley, Perlis at
an age of approximately one year, after being grown from air layering, with a height of
approximately 1.5 m above the ground level; they were maintained at the Herbarium Unit
of Universiti Sains Malaysia. Young shoot tips of ‘Violette de Solliès’ (VDS), approximately
3 cm in length, were collected fresh from healthy growing mother plants prior to the surface
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sterilization step. Shoot-tip explants were washed with 2% Sunlight® dishwashing liquid,
which was followed by rinsing under running tap water for ten minutes. The explants
were then surface sterilized with 70% ethanol for 5 min, which was followed by a gentle
agitation with 25% Clorox® containing 2 to 3 drops of Tween 20 for 5 min. Explants were
then rinsed with sterile distilled water eight times before being dried on sterile filter paper
prior to culture.

2.2. Induction of Multiple Shoots

Sterile shoot-tip explants were cultured on MS [27] basal medium with 2% (w/v)
sucrose solidified with 0.8% (w/v) plant agar (Duchefa, Haarlem, The Netherlands) and
supplemented with different plant growth regulators, namely, 6-benzylaminopurine (BAP),
kinetin (Kn), thidiazuron (TDZ), and zeatin (Zea) (Duchefa Biochemie, Haarlem, The
Netherlands), at various concentrations of 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 mg/L. Shoot-tip
explants cultured in MS medium without the supplementation of cytokinin were used as
the control treatment. Cultures were maintained under white LED (light-emitting diode)
light (Philips TLD 36 W/865–6500 K, 3070 lm) with a 16/8 h photoperiod at a temperature
of 25 ± 2 ◦C and relative humidity of 50 ± 10%. A total of three experimental replications
were carried out with each replication consisting of five explant replicates. Parameters such
as the percentage of shoot induction, average number, and length of adventitious shoots
per explant were measured after 6 weeks of culture.

2.3. Root Induction from Shoot Explants

Shoots generated in vitro (from the treatment of 6.0 mg/L BAP) at the length of
approximately 2 cm were excised and cultured in Woody Plant Medium (WPM) [28]
supplemented with auxins, namely, indole-3-acetic acid (IAA), indole-3-butric acid (IBA),
and naphthalene-acetic acid (NAA), at the concentrations of 0.0, 1.0, 2.0, 3.0, and 4.0 mg/L.
Parameters such as the percentage of root induction, and average root number and length
per explant were measured after 6 weeks of culture. The experiment was repeated thrice
with five replicates for each replication.

2.4. Acclimatization on Different Soil Substrates

Shoot explants with well-grown roots (approximately 9 weeks in WPM supplemented
with 3.0 mg/L IBA) were gently removed from the culture media, with the remaining
agar rinsed off with tap water. Plantlets were transferred to germination pots (5 cm in
diameter) filled with different soil substrates, namely, Jiffy pellet (Jiffy International, Stange,
Norway), peat, perlite, vermiculite, a peat and perlite mixture (2:1), a peat and vermiculite
mixture (2:1), and biochar soil (Serbajadi, Malaysia), with a garden soil mixture (black
compost, coco peat, and red soil mixture in the ratio of 3:1:1) as the control. The plantlets
were irrigated with tap water once every 3 days and kept in closed transparent containers
under 25 ± 2 ◦C with a total of 15 replicates per soil substrate evaluated. The cover of
the container was gradually removed within 30 days to decrease the humidity inside the
container. The survival rate of the plantlets (%) was recorded after 6 weeks. Successfully
acclimatized plantlets were transferred to polybags (10 cm × 12 cm) containing the garden
soil mixture and maintained under a shaded roof with normal cultivation practices for
approximately 8 weeks prior to planting in the commercial plot.

2.5. RAPD- and SCoT-PCR Molecular Analysis

The genomic DNA was isolated from leaf samples of three randomly selected regen-
erated tissue-cultured plantlets from the first up to the sixth subculture cycle, following
the protocols of the Wizard® Genomic DNA purification kit (Promega, Madison, WI, USA).
DNA quality and concentrations were measured via the NanoDrop Spectrophotometer
(ASP-2680, ACTGene Inc., Piscataway, NJ, USA) and DNA samples were diluted to a fixed
concentration of 20 ng/µL prior to storage at −20 ◦C for the subsequent steps. The reaction
mixtures were prepared by mixing 50 ng of genomic DNA (20 ng/µL), 1.0 µM of primer

120



Horticulturae 2022, 8, 1025

(Operon Technologies Inc., Alameda, CA, USA), and 10 µL of 2X GoTaq® Green Master Mix
(Promega, Madison, WI, USA), with a total reaction volume of 20 µL. The PCR reaction was
performed in the T100TM Thermal Cycler (Bio-Rad, Hercules, CA, USA) and initiated with a
4 min denaturation step at 94 ◦C; subsequently, another 40 cycles of the 1 min denaturation
step at 94 ◦C were set up before the annealing step. An annealing step was performed
at approximately 5 ◦C below the derived melting temperature of the primers for 1 min,
followed by 1 min of the extension step at 72 ◦C. Lastly, a final extension of 10 min at
72 ◦C was carried out at the end of the PCR reaction. The amplified DNA samples were
loaded into a 1.0% agarose gel with 1x TBE (Tris-Borate-EDTA) and RedSafeTM (iNtRON
Biotechnology, Seongnam-si, South Korea) as the buffer and nucleic acid staining reagent,
respectively. The voltage for agarose gel electrophoresis was set at 70 volts for 1.5 h, and the
results were visualized and analyzed using a gel documentation system, UVIdoc HD5 Gel
Imaging System (UVITec Limited, Cambridge, UK). A total of 60 RAPD primers from OPC,
OPK, and OPU series and 36 SCoT primers [29] were tested. Seven primers which produced
clear and reproducible bands from each marker were selected and used in the assessment
of genetic stability. Both RAPD and SCoT reactions were repeated for a minimum of three
replications to ensure reproducible bands and consistency of the band patterns.

2.6. Scanning Electron Microscopy (SEM) Analysis

Leaf samples were collected from the in vitro cultures, acclimatized plantlets (20 and
60 days old), and field-grown plants (control), and excised into pieces 1 cm2 in size. The
leaf samples were fixed in McDowell–Trump fixative and prepared in a 0.1 M phosphate
buffer for 2 to 24 h at 4 ◦C, which was followed by rinsing thrice under the same buffer for
10 min. Next, the leaves were kept in 1% osmium tetroxide (OsO4) that was prepared in a
0.1 M phosphate buffer for 2 h at room temperature. All samples were then washed twice
with distilled water for 10 min. Following this, the leaves were dehydrated with ethanol
at increasing concentrations (50, 75, 95, and 99.5%). The dehydrated samples were then
immersed in 2 mL of hexamethyldisilazane (HMDS) for 10 min and air-dried in a desiccator.
The dried leaves were adhered to a SEM sample stub and sputtered with gold prior to
viewing in the SUPRA® 55VP field-emission scanning electron micrograph (FE-SEM, Carl
Zeiss, Jena, Germany).

2.7. Statistical Analysis

The experimental design applied in this study was a completely randomized design
with three replications containing five explants per replicate. The data were analyzed using
a one-way analysis of variance (ANOVA) via SPSS statistical software version 26, followed
by a post hoc test, Duncan’s multiple range test, where p < 0.05.

3. Results and Discussion
3.1. Multiple Shoot Induction

In the current study, MS media supplemented with 2.0, 4.0, and 6.0 mg/L BAP, 5.0 and
6.0 mg/L Kn, and all concentrations of TDZ and Zea (except Zea at 2.0 mg/L) generated the
maximum shoot induction with a percentage of 100%, which was higher than the control at
only 40% (Table 1). It was also evident that the number of adventitious shoots induced was
directly proportional to the concentration of plant growth regulators used. In the present
study, BAP was identified as the most potent plant growth regulator in the induction of
multiple shoots, followed by Zea, TDZ, and Kn. The treatment of 6.0 mg/L BAP generated
the highest number of adventitious shoots with the value of 16.40 ± 2.11 shoots per explant
(Figure 1a), indicating that BAP alone is efficient enough for rapid shoot proliferation in
this cultivar. However, this value is not significant for the treatment of 5.0 mg/L BAP,
which also resulted in a higher number of induced shoots (15.20 ± 1.03). On the other
hand, treatments with Zea were found to stimulate shoot elongation. The optimal value
in the increment of shoot length was observed in explants treated with 1.0 mg/L Zea,
recording an average shoot length of 1.53 ± 0.21 cm, regardless of this value not being
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significant for the results of Zea treatments of 2.0, 3.0, and 4.0 mg/L. In this study, short and
abundant shoots with small defined leaves were observed in treatments with BAP. It was
also evident that relatively low concentrations of Kn (0 to 4.0 mg/L) induced very few to no
multiple shoots, as illustrated in Figure 1b. Nevertheless, the production of multiple shoots
increased as Kn concentration increased. Abnormal shoot formation (short and fasciated
shoots) was noticed in all the TDZ treatments, particularly for high TDZ concentrations
(5.0 and 6.0 mg/L), as shown in Figure 1c.

Table 1. The effects of different concentrations of plant growth regulators on shoot regeneration after
6 weeks of culture.

Plant Growth
Regulators (PGRs) Concentrations (mg/L) Percentage of Shoot

Induction (%)
Number of Induced

Shoots per Explant (n)
Length of Induced

Shoots (cm)

Control 0.0 40 0.95 ± 0.33 h 0.25 ± 0.10 xyz

6-Benzylaminopurine
(BAP) 1.0 93.33 3.80 ± 0.67 fg 0.81 ± 0.12 s

2.0 100 4.67 ± 0.57 fg 0.61 ± 0.11 stuv

3.0 93.33 4.33 ± 0.62 fg 0.73 ± 0.16 st

4.0 100 5.47 ± 0.93 efg 0.59 ± 0.09 stuvw

5.0 100 15.20 ± 1.03 a 0.44 ± 0.03 tuvwxy

6.0 100 16.40 ± 2.11 a 0.38 ± 0.04 uvwxyz

Kinetin (Kn) 1.0 20 0.27 ± 0.15 h 0.09 ± 0.05 z

2.0 33.33 0.67 ± 0.40 h 0.15 ± 0.07 yz

3.0 33.33 0.73 ± 0.41 h 0.22 ± 0.13 xyz

4.0 46.67 0.80 ± 0.24 h 0.17 ± 0.06 yz

5.0 100 8.20 ± 1.12 bcd 0.49 ± 0.05 tuvwx

6.0 100 7.13 ± 0.53 cde 0.36 ± 0.05 uvwxyz

Thidiazuron (TDZ) 1.0 100 3.53 ± 0.50 g 0.31 ± 0.03 vwxyz

2.0 100 4.53 ± 0.58 fg 0.29 ± 0.02 wxyz

3.0 100 4.87 ± 0.44 efg 0.30 ± 0.02 vwxyz

4.0 100 4.33 ± 0.30 fg 0.31 ± 0.03 vwxyz

5.0 100 9.33 ± 0.87 bc 0.30 ± 0.03 vwxyz

6.0 100 8.87 ± 0.61 bc 0.24 ± 0.02 xyz

Zeatin (Zea) 1.0 100 3.60 ± 0.32 g 1.53 ± 0.21 r

2.0 86.67 3.07 ± 0.82 g 1.27 ± 0.19 r

3.0 100 3.73 ± 0.37 fg 1.24 ± 0.14 r

4.0 100 6.13 ± 1.06 def 1.47 ± 0.11 r

5.0 100 8.67 ± 0.51 bc 0.64 ± 0.05 stu

6.0 100 10.33 ± 0.70 b 0.66 ± 0.06 stu

Means of different values shown by different letters in the same column are statistically different using Duncan’s
multiple range test (p < 0.05). Mean and standard error (±SE) were calculated from three experimental replicates.

Cytokinin is known for its promotive effects on shoot multiplication, as it functions as
a signaling molecule involved directly in the cell division of meristematic cells [30,31]. It
controls the size of the shoot meristem, the number of leaf primordia, shoot growth, leaf pro-
duction, and the development of axillary buds, as well as mediating apical dominance [32].
However, the response of tissues towards exogenous plant growth regulators can be due to
the physiological status of the plant and/or the interaction between the endogenous regula-
tors, resulting in a different response depending on the growth regulator supplemented. In
this study, BAP was found to be the most effective cytokinin in stimulating multiple shoot
production of ‘Violette de Solliès’. The effectiveness of BAP in inducting multiple shoots
is credited to its ability in reducing apical dominance in explants, leading to lateral shoot
production [33]. In addition, BAP was also reported to be more stable in tissue culture
when compared to other cytokinins due to its slower rate of metabolism. The results in
this study corroborate the previous finding, whereby the maximum number of shoots (4.43
shoots per explant) were produced by explants of the “Bursa Siyahi” fig cultivar when
supplemented with 1.0 mg/L BAP [34]. Additionally, the treatment with BAP at 2.5 mg/L
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was effective in inducing multiple shoots (19.7 shoots) on fig cultivars “Sultany”, “Aboudi”,
and “White Adcy” [35]. Furthermore, the comparison of the effectiveness of different
cytokinins on the shoot multiplication of the fig cultivar “Salti Kodari” found BAP to be the
most effective cytokinin in comparison to Kn and Zea [36]. The highest number of multiple
shoots (4.15 ± 0.43) was induced in the treatment of 0.8 mg/L BAP, which was higher than
other cytokinin treatments of zeatin and thidiazuron for the Golden Orphan cultivar [22].
On the other hand, the treatments of BAP resulted in a higher number of multiple shoots in
comparison to Zea induced in shoot-tip explants for the cultivar of Japanese BTM 6 [26].
In the current study, the 5.0 mg/L BAP was selected as the optimal concentration of BAP
for shoot multiplication based on the high response in shoot number and shoot length for
micropropagation purposes.
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Figure 1. Shoot explant of Ficus carica cv. ‘Violette de Solliès’ at different stages of micropropa-
gation: (a) multiple shoot induction in MS medium supplemented with 6.0 mg/L BAP; (b) multiple
shoot induction in MS medium supplemented with 5.0 mg/L Kn; (c) multiple shoot induction in MS
medium supplemented with 5.0 mg/L TDZ; (d) multiple shoot induction in MS medium supple-
mented with 6.0 mg/L Zea; (e) root induction in WPM supplemented with 3.0 mg/L IBA; (f) root
morphology prior to acclimatization in biochar soil. Scale bars = 1 cm.

The results in the current study highlighted the potential of Zea in the elongation
of shoots for the explants of the fig cultivar ‘Violette de Solliès’. A previous study via
transcriptome analysis mentioned that the expression of genes linked to zeatin biosynthe-
sis in sugarcane is upregulated and is associated with the elongation of internodes [37].
Shoot clusters of lingonberry (Vaccinium vitis-idaea L.) were also successfully elongated
when supplemented with Zea [38]. Besides, Zea at 0.5 mg/L effectively promoted shoot
elongation in Magnolia sp. var. “Vulcan”, as explants recorded a maximum average shoot
length of 4.9 ± 0.2 cm [39]. These studies further indicated the efficiency of BAP in shoot
proliferation and the potential elongation effects of Zeatin for the species of Ficus carica. On
the contrary, treatments with Kn and TDZ were observed to be less effective in promoting
multiple shoots and shoot elongation for the current cultivar of ‘Violette de Solliès’. Another
study reported similar results with the treatment of Kn producing only 1.415 shoots per
explant in the micropropagation of figs native to Kurdistan, Iraq [2]. Kn (0.8 and 1.2 mg/L)
had no effect on the shoot multiplication for the fig cultivar of “Salti Kodari”, whereby the
highest number of shoots induced was only at an average of 1.2 shoots [36]. However, a
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different observation was reported for the fig cultivar “Roxo de Valinhos’”, whereby Kn
at 2.0 mg/L was found to induce the highest number of shoots (4.25 shoots per explant)
with no signs of vitrification [40]. The difference in the response to supplementation of
exogenous plant growth regulators could be potentially influenced by the genotype of the
plant itself. This was previously proven as figs from the cultivar “Deanna” achieved a shoot
multiplication rate of 60% when treated with 3.5 mg/L BAP in combination with 0.5 mg/L
gibberellic acid, whereas no shoots were induced by explants from fig cultivars “Poona Fig”
and “Brown Turkey” [41]. In the current study, TDZ was discovered to exhibit abnormal
effects on ‘Violette de Solliès’ explants as the shoots induced were found to be fasciated,
preventing healthy explant growth. TDZ-induced deformed shoots with hyperhydration
is possible, especially when TDZ is supplemented at excessive concentrations or under a
prolonged culture duration [42,43]. The regulation of endogenous hormone levels could
be the reason for abnormal shoot formation [44]. Additionally, the hyperhydricity and
fasciation of shoots might be due to the latent consequences of TDZ on endogenous auxin
such as IAA, and certain cytokinins, particularly BAP [45]. In the micropropagation of
Chinese skullcap (Scutellaria baicalensis Georgi), the concentration of BAP in the MS medium
decreased drastically when supplemented with TDZ at high concentrations (5.0 mg/L),
which led to the increase in the IAA:BAP ratio [45]. High TDZ concentrations, therefore,
caused an imbalance in the auxin/cytokinin ratio, which is essential for effective shoot
proliferation. In the current experiment, it was evident that Kn and TDZ were not favorable
for the induction of multiple shoots for the cultivar of ‘Violette de Solliès’.

3.2. Root Induction via the Supplementation of Auxins

Of the three auxins evaluated in this study, IBA was observed to be the most effective in
inducing roots for the in vitro explants of Ficus carica cv. ‘Violette de Solliès’. With reference
to Table 2, the highest rooting percentage and number of induced roots was observed in the
treatment of 3.0 mg/L IBA with the values of 93.33% and 6.80 ± 1.43, respectively. Even
though the treatment of 4.0 mg/L IAA resulted in the highest number of induced roots
(7.27 ± 1.56 roots per shoot), this value is not significant in comparison to the treatment of
3.0 mg/L IBA. Similarly, all IBA treatments (1.0 mg/L up to 4.0 mg/L) also resulted in the
stimulation of root elongation, as the values recorded were not significantly different from
the values of the highest elongation observed in the treatment of 2.0 mg/L IAA. There were
no morphological abnormalities or differences observed in the roots induced for all auxin
treatments. The roots induced exhibited two different root types; aerial roots that were thin
and hairy formed above the culture medium, and thick, brittle roots were embedded in the
culture medium (Figure 1e). Figure 1f demonstrates the root morphology after 9 weeks of
culture prior to acclimatization.

The efficiency of IBA in stimulating in vitro root formation was also reported for
other fig cultivars. The addition of IBA increased the root number and length of “Sul-
tany”, “Gizy”, and “Aboudi” fig cultivars [46]. The percentage of rooting in the cultivars
“Brown Turkey” and “Brunswick”, as well as “Zidi”, were improved with IBA supplemen-
tation [47,48]. The treatment of 0.4 mg/L IBA resulted in the optimal percentage of rooting
(83.33%) in the micropropagation of the yellow fig of the Golden Orphan cultivar [22].
Exogenous IBA was the main regulator of adventitious root induction, particularly in plant
species with a very low content of endogenous auxin, such as Arabidopsis thaliana [49]. The
supplementation of exogenous IBA is crucial as it leads to the conversion of IBA into IAA,
which is necessary for the formation and stimulation of adventitious shoots [49]. The ability
of IBA to promote roots could be credited to its relatively high stability [50]. IBA was also
found to be more stable than IAA following exposure to high pressure and temperature
during autoclave sterilization [51]. Moreover, IBA also acts as a slow-releasing hormone,
enabling its effects to remain longer in the culture medium and resulting in the constant
promotion of roots [50]. IBA can also be converted to free IAA at a continuous rate in the
media, further enabling the constant presence of IAA rather than direct supplementation

124



Horticulturae 2022, 8, 1025

of IAA for plant regeneration [52]. These studies further indicated the efficiency of IBA in
root induction, as observed in the current study for Ficus carica.

Table 2. The effects of IAA, IBA, and NAA on root regeneration after 6 weeks of culture.

Plant Growth
Regulators (PGRs)

Concentrations
(mg/L)

Rooting Percentage
(%)

Number of Roots
Induced per Explant

Length of Induced Roots
(cm)

Control 0.0 46.67 2.20 ± 0.97 cd 0.35 ± 0.12 rstu

IAA 1.0 73.33 2.13 ± 0.52 cd 0.30 ± 0.07 stu

2.0 86.67 4.47 ± 0.83 abc 0.63 ± 0.14 r

3.0 73.33 3.33 ± 0.82 bcd 0.39 ± 0.10 rstu

4.0 80.00 7.27 ± 1.56 a 0.51 ± 0.09 rst

IBA 1.0 73.33 5.07 ± 1.27 abc 0.46 ± 0.10 rstu

2.0 86.67 6.73 ± 1.78 ab 0.51 ± 0.08 rst

3.0 93.33 6.80 ± 1.43 ab 0.59 ± 0.11 rs

4.0 73.33 3.67 ± 0.83 bcd 0.48 ± 0.12 rstu

NAA 1.0 66.66 3.27 ± 0.92 bcd 0.19 ± 0.04 u

2.0 46.67 1.00 ± 0.31 d 0.28 ± 0.09 tu

3.0 73.33 3.60 ± 0.85 bcd 0.19 ± 0.04 u

4.0 73.33 5.40 ± 1.26 abc 0.18 ± 0.04 u

Means of different values shown by different letters in the same column are statistically different using Duncan’s
multiple range test (p < 0.05). Mean and standard error (±SE) were calculated from three experimental replications.

In the current study, auxin IAA was also observed to support the induction of in vitro
roots for ‘Violette de Solliès’ as the supplementation at 2.0 and 4.0 mg/L recorded the
highest average root number and length. In the rooting of fig from the cultivar “Conadria”,
the addition of IAA (0.1 mg/L) alone or in combination with IBA (1.0 mg/L) generated
the maximum rooting percentage (100%). IAA was also found to be efficient at promoting
root formation for other plant species. Orthosiphon stamineus explants produced the highest
number of roots (11.9 ± 4.1 roots per explants) with the treatment of 3.0 mg/L IAA [53].
Auxin IAA can stimulate cell differentiation in the section responsible for rooting in cultures
prior to root formation, further indicating its essential role in the aspect of the development
of primary roots and lateral roots, as well as for the root apical meristem (RAM) and root
vascular differentiation [53,54]. Moreover, the accumulation of IAA in the phloem was
discovered to also induce the formation of adventitious roots in plants [55].

The treatment of auxin NAA, however, did not result in much significance in terms of
root induction for the in vitro cultures of ‘Violette de Solliès’, as the roots formed rapidly
grew in the treatments of IBA and IAA. NAA is another type of auxin commonly used
in the rooting of different plant species. Rooting studies on Ficus carica of the Golden
Orphan cultivar revealed that treatments of NAA in the rooting media resulted in callus
formation, indirectly inhibiting the formation of roots for micropropagation [22]. NAA
was observed to be inferior to IBA with regard to the rooting of fig, as the highest rooting
percentage recorded in the treatment with NAA was 76.66%, whereas with IBA, the highest
rate recorded was 91.11% [56]. NAA was also less efficient in rooting when compared to
IBA for Ficus carica explants, recording a rooting rate as low as 8.34% [48].

Auxin NAA was also found to be unsuitable for the regeneration of certain plant tissues
due to its low absorbance efficiency that could potentially reduce the rooting efficiency in
culture [57]. However, NAA was effective at inducing roots from in vitro clones of Ficus
carica [46]. Additionally, NAA was found to have successfully induced the highest average
number of roots (4.87) and length (4.07 cm) for Ficus carica cv. Sultani explants [24]. This
further indicated that the reactivity towards different types of auxins is species or cultivar
specific, thus cementing the importance of an optimal rooting evaluation to ensure the
production of healthy plantlets with higher survival rates.
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3.3. Acclimatization and Effect of Different Soil Substrates on the Survival of Plantlets

In the present study, Jiffy pellets and biochar soil were the most effective soil substrates
for the acclimatization of ‘Violette de Solliès’ plantlets, with both substrates recording the
highest plantlet survival rate of 100% (Table 3). Vermiculite was the least suitable soil
substrate as plantlets recorded the lowest survival rate (66.66%), which was even lower
than the control (garden soil mix) at 73.33%. There were no morphological abnormalities
observed in acclimatized plantlets (Figure 2a,b). Healthy acclimatized Ficus carica cv.
‘Violette de Solliès’ plantlets were then potted and supplemented with fertilizers of equal
NPK ratios for eight weeks before being planted in the greenhouse. The images for the
acclimatized plantlets, acclimatized plants grown in the commercial greenhouse, and fruits
produced from the tissue-cultured plants after a year of being established in the greenhouse
are shown in Figure 2.

Table 3. Percentage of survival rates of rooted plantlets of Ficus carica cv. ‘Violette de Solliès’ after 6
weeks of acclimatization in garden soil mixture (control) and different types of soil substrates.

Types of Soil Substrates Survival Rate (%)

Garden soil mixture 73.33
Jiffy pellet 100.00
Peat moss 73.33

Perlite 80.00
Vermiculite 66.66

Peat moss and perlite mixture (1:1) 93.33
Peat moss and vermiculite (2:1) 93.33

Biochar soil 100.00
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Figure 2. Ex vitro plantlets and fruits of Ficus carica cv. ‘Violette de Solliès’: (a) acclimatized plants
in biochar soil after 2 weeks (scale bar = 1 cm); (b) acclimatized plants in polybags after 8 weeks
(scale bar = 5 cm); (c) acclimatized plants grown in commercial greenhouse (scale bar = 2 cm); (d)
fruit produced from tissue-cultured plants 10 months after acclimatization (scale bar = 1 cm).

The efficiency of the Jiffy pellets in aiding the acclimatization step in this study was
attributed to its high porosity that enables rapid root penetration, allowing better nutrient
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transport and uptake from the soil [58]. Jiffy pellets are made of Sphagnum peat moss or
coco fibers with high water retention capacities, which provides an ongoing supply of
moisture essential for continuous plant growth and survival. The results from this study
are in agreement with the findings from Mengesha et al. (2013), where pineapple plantlets
were reported to show improved growth when acclimatized in Jiffy pellets, reporting a
survival rate as high as 98%. Similarly, Jiffy pellets were also successfully utilized for the
acclimatization of hazelnut plantlets, as plantlets had developed well-grown roots and
recorded the highest survival rate of 97% [59]. As for the cultivar of ‘Violette de Solliès’,
plantlets also recorded the maximum survival (100%) when acclimatized in biochar soil.
Biochar soil is made up of carbon-rich organic materials, such as tree bark, wood chips,
rice husk, and other agricultural wastes through pyrolysis, and its effectiveness is credited
to its ability for improving soil structure as well as increasing pH and water retention
capacities, leading to optimal plant growth [60,61]. Biochar soil was also used to improve
the growth of maize [62] and mung bean [63], leading to healthy crop production. Both soil
substrates were found most suitable for the acclimatization of ‘Violette de Solliès’ plantlets,
but biochar soil is preferred due to its lower cost and easy market availability.

Based on current studies, it was also observed that ‘Violette de Solliès’ plantlets gener-
ated from the optimum tissue culture protocol were vigorous and fast-growing compared
to conventionally grown figs. Fig fruits were observed to successfully produce from tissue-
cultured plants approximately 10 months after acclimatization, which is approximately
2 to 3 times faster than the conventionally grown figs in the same cultivation plot. The
tissue culture protocol generated from this study produced healthy growing plantlets
that are disease-free and had a complete whole-plant system prior to acclimatization,
which consequently, promotes vigorous plant growth when transferred to the commercial
cultivation plot.

3.4. Polymorphism Analysis via RAPD and SCoT Molecular Markers

The seven RAPD primers generated a total of 47 bands ranging from 140 bp (OPU_20)
to 1250 bp (OPU_12). In this study, there were no polymorphic bands detected via RAPD
analysis through the comparison of banding patterns between the mother plant and mi-
cropropagated plant DNA samples, ranging from the first up to the sixth subculture cycle
(Table 4). As for the SCoT analysis, 51 bands ranging from 200 bp (SCoT_22) to 2100 bp
(SCoT_29) were obtained with an average of 7.29 bands per primer. Similar to the ob-
servation through RAPD analysis, no polymorphism was observed from the first up to
the sixth subculture cycle of micropropagated plants (Table 4). The banding results re-
vealed a total of 98 scorable bands from the RAPD and SCoT primers, where all the bands
were monomorphic amongst the micropropagated plants and the mother plant (control)
(Figure 3).

Somaclonal variation is a genetic variation associated with plant tissue culture caused
by changes either at the genotypic or phenotypic level. The occurrence of mutations in
plants generated via tissue culture can be triggered by numerous stress factors such as
wounding and the exposure of explants to sterilizing agents, media components (plant
growth regulators and salts), and in vitro culture environments (different lighting condi-
tions, humidity, and temperature) [64]. Others stress factors such as the rapid multiplication
of cultures [65] or frequent subculturing may lead to mutations and somaclonal variations.
Therefore, it is recommended that the developed micropropagation protocol should ensure
the number of subcultures required is kept to a minimum [66]. For instance, a frequency in-
crease in somaclonal variation from 1.3% to 3.8% between the 5th and 11th subculture of the
Brazilian banana “Nanicão” could negatively impact the quality of plantlets produced [67].
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Table 4. The nucleotide sequences of primers used for RAPD and SCoT molecular marker analysis.

Primers Primer Sequence (5′-3′) Total No. of
Bands

Number of
Monomorphic

Bands

Number of
Polymorphic

Bands

Percentage of
Polymorphic

Bands (%)

Size Range
(bp)

RAPD
OPC_02 GTGAGGCGTC 6 6 0 0 300–900
OPC_09 CTCACCGTCC 9 9 0 0 320–1100
OPC_20 ACTTCGCCAC 5 5 0 0 350–1100
OPK_04 CCGCCCAAAC 5 5 0 0 200–900
OPU_05 TTGGCGGCCT 8 8 0 0 250–1200
OPU_12 TCACCAGCCA 4 4 0 0 650–1250
OPU_20 ACAGCCCCCA 10 10 0 0 140–1200

SCoT
SCoT_07 CAACAATGGCTACCACGG 6 6 0 0 600–2000
SCoT_21 ACCACATGGCGACCCACA 7 7 0 0 260–900
SCoT_22 AACCATGGCTACCACCAC 10 10 0 0 200–2000
SCoT_24 CACCATGGCTACCACCAT 8 8 0 0 550–1500
SCoT_26 CACCATGGCTACCACCAT 6 6 0 0 400–900
SCoT_29 ACCATGGCTACCACCGTC 10 10 0 0 350–2100
SCoT_35 CATGGCTACCACCGGCCC 4 4 0 0 400–550

In this study, no polymorphism was observed from the first up to the sixth subculture
cycle of micropropagated plants, as confirmed via RAPD and SCoT molecular marker
analysis. A previous study utilized inter-simple sequence repeat (ISSR) markers for the
identification of the genetic alteration of the fig cultivar “Black fig” exposed to different
plant growth regulators, growth retardants, photoperiods, and cold acclimatization [68]. In
addition, homogeneity between the fig mother plant and the micropropagated plantlets
was successfully evaluated by El-Dessoky et al. (2016), using RAPD and ISSR markers with
45 scorable bands produced from six RAPD primers showing 6.6% polymorphism [69].
As opposed to the findings by El-Dessoky et al. (2016), the current study reported 100%
monomorphic bands based on RAPD analysis of the total 60 RAPD primers screened,
compared to only 16 RAPD primers screened by El-Dessoky et al. (2016). RAPD markers
could only amplify a small region of the plant genome; therefore, the use of other molecular
markers to compliment and validate the other regions of the DNA is most preferred,
particularly to ensure higher reliability in the detection of polymorphism [70]. The current
study includes the application of SCoT molecular markers which target the short, conserved
regions of plant genes surrounding the ATG start codon [29] to further confirm the genetic
stability of micropropagated Ficus carica plantlets. SCoT is a reliable gene-targeted marker,
where the molecular profiles generated by SCoT primers can be correlated to the plant’s
functional genes, and thus, correspond to its respective traits [29,71,72]. The application
of SCoT molecular markers for genetic variation detection in micropropagated plantlets
have been previously utilized for the species of Pittosporum eriocarpum Royle [73], Ansellia
africana [72], and Bauhinia racemosa Lam [74]. However, up to now, the application of
SCoT molecular markers in polymorphism detection for the Ficus genus has not been
reported. The current study is the first to assess the suitability of SCoT molecular markers
for polymorphism detection of micropropagated Ficus carica plantlets. In the present study,
the generated SCoT molecular profile has further confirmed the clonal uniformity of the
micropropagated fig plantlets up to the sixth number of the subculture cycle. This has
further validated the reliability of the developed micropropagation protocol in this study
for the mass production of plantlets which maintain the novel genetic make-up of the
parent plant, making it suitable for commercial planting.
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Figure 3. RAPD and SCoT marker profiles of mother plant and micropropagated plants (first
to sixth subculture cycles) of Ficus carica cv. ‘Violette de Solliès’: (a) OPU_U20; (b) OPC_20;
(c) SCoT_21; (d) SCoT_24. Lane L1 and L2 represent the 100 bp and 1 kb ladder DNA, respectively;
lane M represents mother plant and lanes 1–6 represent the micropropagated plants from first to sixth
subculture (n = 3).

3.5. Observation of Stomatal Structures via SEM

In the present study, SEM was utilized to assist with further structural observations
on the stomata of the in vitro regenerated plantlets. From the analysis, it was evident
that there were no significant differences observed in the stomatal structures from the
abaxial epidermis of fig leaves obtained from plantlets after 20 and 60 days of acclima-
tization in comparison to the field-grown plants. However, a crystal-like formation was
prominent in the stomata of in vitro explants, as illustrated in Figure 4a. These crystalline
structures completely disappeared post-acclimatization (Figure 4b,c) and were also absent
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in field-grown plants (Figure 4d). This observation further validates that the exposure
to in vitro culture conditions and subculture durations did not result in alterations in the
morphological characteristics of the fig plantlets grown post-acclimatization, regardless
of being previously subjected to culture conditions. The stomata of the leaf samples that
were 20 and 60 days old and from acclimatized plantlets when observed under SEM were
deemed to be normal with kidney-shaped guard cells and external periclinal walls that
were well formed without signs of deformations; this was the same as for field-grown
plants. Normal stomata formation is crucial to prevent disruption of the gaseous exchange
channels that facilitate the plant respiration, photosynthesis, and transpiration required for
optimal plant growth. Besides, the stomata also play a key role in inducing plant responses
and their ability to adapt, as it is highly sensitive to environmental changes [75]. However,
structural abnormalities in the stomata may be environmentally induced, resulting in the
breakdown of stomatal functions which could negatively impact plant growth and devel-
opment, leading to eventual death. Based on our observations and screening of the leaf
samples under SEM in this study (Figure 4), the in vitro and acclimatized plant stomatal
complexes were of the actinocytic type. The actinocytic type of stomata was observed in all
plants of the Ficus genus and is found only on the abaxial surface (hypostomatic) of the
leaf [76].
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Figure 4. Scanning electron microscopy images of leaves of Ficus carica cv. ‘Violette de Solliès’
pre- and post-acclimatization: (a) in vitro leaf; (b) 20 days after acclimatization; (c) 40 days after
acclimatization; (d) field-grown plant.
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On the other hand, crystalline-like structures were also observed on the leaves of
in vitro explants in this study. It was hypothesized that these structures are cell-mediated
calcium oxalate (CaOx) crystals. Calcium is known to be abundantly found in the envi-
ronment and is a vital element for plant growth and development, mainly as a structural
component of the cell wall that functions as an osmoticum, as well as playing a pivotal
role in the signaling of developmental pathways [77]. However, calcium at high cytosolic
free levels with concentrations exceeding 10−7 M could result in detrimental effects on the
calcium signaling pathway, energy metabolism, and microskeletal dynamics [78]. There-
fore, the uptake, distribution, and storage of calcium within the cell wall and the vacuole
needs to be carefully regulated in plants [79]. Calcium oxalate crystals are often formed
in plant cells (bundle sheath cells), tissues (epidermal, ground, and vascular tissues), or
organs (leaves, roots, and stems) when the levels of calcium within the cell is present in
excess (Webb, 1999). The leaves of plants from the Ficus genus were reported to accumulate
minerals in the form of amorphous calcium carbonate cystoliths, calcium oxalates, and
silica phytoliths [80]. This report potentially indicates that the observed crystalline-like
structures of the in vitro leaf samples were associated with the deposition of these minerals.

4. Conclusions

The current study is the first to report on an efficient and effective micropropagation
protocol of Ficus carica cv. ‘Violette de Solliès’. The MS medium supplemented with 5.0
mg/L BAP was identified to be the optimal media for multiple shoot formation, whereas
the WPM supplemented with 3.0 mg/L IBA induced the highest percentage of rooting. On
the other hand, biochar soil was found to be the optimal soil substrate for fig acclimatization.
The polymorphism analysis via RAPD and SCoT molecular techniques indicated no genetic
variation occurrence between plantlets up to the sixth subculture cycle, whereas the normal
structural development of stomata was observed in acclimatized plantlets as confirmed by
SEM analysis, further indicating that the micropropagated plants are genetically uniform
and true-to-type.
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Abstract: Viruses are responsible for more than 50% of annual potato tuber yield losses and cause
great economic damage. The traditional Croatian potato cultivar ‘Brinjak’ is important for local
growers because of its economically profitable production and as a gene pool for future breeding
programs. However, the full genetic potential of the cultivar cannot be exploited due to virus infection.
In this study, we attempted to eliminate potato virus M (PVM) and potato virus S (PVS) from potato
cultivar ‘Brinjak’ and to evaluate the effects on physiological parameters and yield. Shoot apices
were isolated from PVM + PVS-infected sprouts and cultivated for six weeks on MS medium with
the addition of 50 or 100 mg L−1 ribavirin. The surviving shoot apices were micropropagated. The
in vitro post-eradication period lasted 200 days. DAS-ELISA and RT-PCR were performed on R0 and
R1 plants 90 days after acclimatization to determine the sanitary status of the plants. Chlorophyll
fluorescence and multispectral imaging were performed on the R0 plants at the same time. The
success of PVS elimination was 33% at both ribavirin concentrations. However, neither concentration
was successful in eliminating PVM. Plants with mixed infection (PVM + PVS) had more severe
disease symptoms compared to PVM-infected plants, affecting photochemistry and multispectral
parameters and, consequently, yield. PVM + PVS plants had significantly lower number and weight
of tubers per plant and lower average tuber weight than plants with single PVM infection in most of
the generations studied. The results indicate a strong negative impact of PVS in mixed infections
with PVM and show the importance of its elimination from potato plants.

Keywords: Solanum tuberosum; ribavirin; virus elimination; potato virus M; potato virus S;
multispectral parameters; yield

1. Introduction

Potato (Solanum tuberosum L.) is one of the five most important crops in the world
today and is currently grown on over 20.7 million hectares across all continents with an
estimated global production of 437 million tons [1]. In 2020, potato production in Croatia
amounted to 174,280 tons of tubers from approximately 9330 ha [2]. Commercial production
is entirely based on a limited number of foreign varieties that have replaced traditional
cultivars/ecotypes. The intensive substitution of traditional by modern high-yielding
varieties in agricultural production during the last century resulted in some erosion of
genes [3], as the traditional cultivars are a source of genetic variability for many traits [4].
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This is also the case with the traditional cultivar ‘Brinjak’, which is resistant to Phytophthora
infestans and Streptomyces scabies, according to reports from local producers in Lika (a region
in Croatia), where the cultivar ‘Brinjak’ has been grown for many generations. Therefore,
traditional varieties are of great importance for biodiversity conservation, as a gene pool for
future plant breeding programs [5], but also for economically profitable production once
the variety is included in the List of Varieties of the Republic of Croatia as a conservation
variety. It is expected that the cultivar ’Brinjak’ will soon be included in that list, which
will enable its commercial production and sale in the Republic of Croatia. Viruses are
important agricultural pathogens with an estimated economic loss of >USD 30 billion
annually [6] and are responsible for more than 50% of yield losses of potato tubers [7].
While there are no effective measures for controlling viruses and curing plants once they
are infected [8,9], virus-free plants are required for commercial potato production and
maintenance of potato germplasm [10]. Commercially important potato viruses cause a
reduction in the starch content of tubers [11] and other biochemical and physiological
changes manifested by a reduction in dry matter and vitamin content, starch granules,
a decrease in amylase content, and starch acidity [11,12]. In addition to poor vegetative
growth (stunting, dwarfing) and significant yield losses in tubers, viruses in potato plants
can cause symptoms such as leaf curling, mosaic, leaf drop, chlorosis, necrosis, reduced
product quality, undersized tubers, and sometimes death of the entire plant [11–15]. Potato
leafroll virus (PLRV), potato virus A, M, S, X, and Y (PVA, PVM, PVS, PVX, and PVY) are
usually the most important viral pathogens associated with significant economic impact
and production loss [9,15,16]. PVM and PVS can be transmitted by aphids, especially the
green peach aphid (Myzus persicae), by vegetative propagation (via tubers), or mechanically
(e.g., through contaminated tools and wounds) [17,18]. Plants infected with PVM and
PVS do not always show symptoms, depending on the cultivar and virus isolates [9,15,19].
However, PVM can reduce tuber yield by 11–45% [11,20], and PVS by 10–20% [21,22].
Mixed infection results in a yield reduction of 20–30% [22]. Symptoms of virus infections
leading to changes in plant morphology, anatomy, physiology, and biochemistry can be
quantified using spectral reflectance analysis. Since plant diseases interact with their host
and lead to disruption of metabolic processes and development of specific symptoms,
various optical sensors have been used for non-destructive diagnosis and detection of
plant diseases [23,24]. Virus infection can reduce the photosynthetic efficiency of potato by
decreasing the assimilation area, photosynthetic rate, ribulose-1,5-diphosphate carboxylase
activity, chlorophyll and xanthophyll cycle pigment content, and PSII concentration and
activity [25,26]. The sensitivity of PSII to biotic factors has made chlorophyll fluorescence
one of the most widely used techniques in the study of plant disease interactions [27,28]. In
addition, visible and multispectral imaging can assess the spectral information of infected
leaves and can be used to calculate various vegetation indices [23,24,29].

The production of certified seed potatoes always starts with the micropropagation of
virus-free stock plants, followed by the production of minitubers, and then tubers through
several generations until the production of certified seed potatoes supplied to potato
growers for commercial production [16]. In this process, potato growers receive healthy
seed potatoes, or seed potatoes infected with viruses at a very low percentage, which is
permissible. Various in vitro virus eradication methods such as meristem tip culture, ther-
motherapy, chemotherapy, cryotherapy, electrotherapy, and somatic embryogenesis [30–34]
have been successfully used in different species. The efficiency of each method depends
on the virus to be eliminated, the size of the explant, the duration of treatment, and also
the variety [9,35,36]. Successful eradication of viruses from infected potato plants through
chemotherapy or in combination with other methods, and the efficiency of ribavirin are
well documented in the literature [9,10,32,35–47]. Ribavirin is a synthetic purine nucleoside
analog with a structure closely related to guanosine [48]. It is a broad-spectrum antiviral
nucleoside that is active against a variety of RNA and DNA viruses. Several possible
mechanisms have been proposed for the antiviral activity of ribavirin, including the possi-
bility that ribavirin negatively affects the synthesis of the RNA cap structure of viral RNA
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transcripts [49]. Exogenous applications of the antivirus agent ribavirin in chemotherapy
inhibits viral RNA synthesis [35,50,51].

The aim of this study was to eliminate potato viruses M (PVM) and S (PVS) in the tra-
ditional potato cultivar ‘Brinjak’ by applying ribavirin in a culture medium and to quantify
the effects of single (PVM) and mixed (PVM + PVS) infection on potato photochemical and
multispectral parameters and yield.

2. Materials and Methods
2.1. Plant Material

The tubers of the traditional potato cultivar ‘Brinjak’ were obtained from the field
collection of the University of Zagreb, Faculty of Agriculture, which is maintained within
the framework of the Croatian National Program for Conservation and Sustainable Use of
Plant Genetic Resources Important for Food and Agriculture. Plants of the cultivar ‘Brinjak’
are short, upright, stem-type, and with late maturity. The plants produce mostly smaller
tubers that are round-shaped with a light beige color skin. Flesh has a medium yellow
color. At maturity, the tubers have a high dry matter content.

2.2. Culture Establishment on Media Containing Ribavirin and Micropropagation

The tubers of the two mother potato plants of the cultivar ‘Brinjak‘ were kept in the
dark at a temperature of approximately 18 ◦C for five months. The 2–6 cm long sprouts
grown on the tubers were used as the starting material for setting up the experiments. The
sprouts were washed under running tap water for 20 minutes and then disinfected in 70%
ethanol for 1 minute. They were then shaken for 15 minutes in a 4% solution of sodium
dichloroisocyanurate dihydrate (Izosan® G, Pliva Hrvatska, Zagreb, Croatia) supplemented
with 3 drops 100 mL−1 of surfactant Tween-20. The sprouts were then washed three times
for 3 min in sterile distilled water.

Shoot apices > 0.5–1 mm in size were aseptically isolated from the terminal and lateral
buds of the elongated sprouts under a stereomicroscope. Shoot apices were placed in 12-cm-
high tubes on the surface of 10 mL of the Murashige and Skoog medium [52] containing
vitamins (Duchefa Biochemie, Haarlem, The Netherlands) supplemented with 0.04 mg L−1

Kinetin (Kin), 0.5 mg L−1 Gibberellic acid (GA), 3% sucrose, 0.8% BD bacto agar (Becton,
Dickinson and Company, NJ, USA), and 50 or 100 mg L−1 ribavirin (Duchefa Biochemie,
Haarlem, The Netherlands). Ribavirin was prepared as a stock solution of 50 mg mL−1,
filter-sterilized, and added to the autoclaved medium before solidification. The pH of the
medium was adjusted to 5.8. For each ribavirin treatment (50 or 100 mg L−1), 24 shoot
apices were placed. After 6 weeks, the number of surviving shoot apices was determined,
and the live shoot apices were subcultured on hormone-free MS medium (HFMS), which
was the same medium used to establish the culture, except that it did not contain plant
growth regulators and ribavirin. Shoots formed from shoot apices were cut into single-
nodal segments without leaves and subcultured in Magenta boxes on the same medium
in several cycles until the production of a sufficient number of shoots from the surviving
explants. Therefore, each surviving shoot apex was micropropagated to produce a clone.
Post-eradication period in vitro lasted 200 days, and shoots that passed this stage were used
for all subsequent steps. Culture establishment and micropropagation were performed in a
growth chamber at 23 ◦C with a 16 h photoperiod of cool white light (40 µmol m−2 s−1).

2.3. Microtuberization

Twenty single-nodal segments with a leaf of each micropropagated potato clone were
placed vertically on the medium for microtuberization in two Sterivent high containers
(Duchefa Biochemie, The Netherlands). The medium for microtuberization consisted
of MS medium with vitamins (Duchefa Biochemie, Haarlem, The Netherlands) supple-
mented with 4 mg L−1 Kin, 1 mg L−1 6-benzylaminopurine (BAP), 8% sucrose, 0.7% plant
agar (Duchefa Biochemie, Haarlem, The Netherlands). The pH was adjusted to 5.8. Ex-
plants were grown for 20 days at a photoperiod of 16/8 day/night with cool white light
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(40 µmol m−2 s−1) at a temperature of 22 ◦C. Then, they were moved to short-day condi-
tions, i.e., a photoperiod of 8/16 day/night at the same light intensity and temperature,
and grown for four months. To determine the effect of viruses on microtuberization, the
percentage of shoots with microtubers, the number of microtubers, and the weight of
microtubers were determined.

2.4. Acclimatization and Minituber Production of R0 Plants

Three-week-old rooted shoots were planted in sterile Kekkila TSM 2 substrate (Kekkilä
Professional, Vantaa, Finland) in small pots (3 cm × 3 cm × 7 cm) and covered by a
transparent plastic cover for 7 days for acclimatization. After 10 days, the plants were
transplanted into larger pots (10 cm × 10 cm × 20 cm) containing sterile Kekkila TSM
3 substrate, in which they were grown to maturity. The number of transplanted plants
per clone varied from 6 to 10. The substrate was sterilized by gamma irradiation (Rud̄er
Bošković Institute, Zagreb, Croatia). Irradiation was performed with a 60Co gamma ray
source and an absorbed dose of 50 kGy. R0 plants were grown for 150 days in a growth
chamber at a photoperiod of 16/8 day/night of LED tubes (Valoya L35 NS12) and a light
intensity of 300 µmol m−2 s−1 at a temperature of 22 ◦C. Plants were watered twice a
week and fertilized once a month with organic liquid fertilizer “Organomex 6-2-4” (Omex
Agrifluids Limited, King’s Lynn, UK).

2.5. Production of R1 Clones from Microtubers and Minitubers

Three and a half months after microtuberization and storage at room temperature, two
microtubers from each clone were planted in plastic pots (10 cm × 10 cm × 20 cm) in sterile
Kekkila TSM 3 substrate, in which they were grown to maturity. Similarly, minitubers,
the largest from each R0 plant, were planted in the same way. The plants were grown to
maturity under the same conditions as the R0 clones. At harvest, the number and weight
of tubers per plant were determined for all three generations of plants.

2.6. Verification of Virus Status by DAS-ELISA and RT-PCR

To gain insight into the virus sanitary status of the mother plants and, later, their
progeny, DAS-ELISA was performed on six different viruses: PLRV, PVA, PVM, PVS, PVX,
and PVY. Four randomly selected plants per clone in the R0 generation, one plant per
clone in the R1 generation produced from microtubers, and two randomly selected plants
per clone in the R1 generation produced from minitubers were analyzed. Lower leaves
from different sides of each plant studied were collected 90 days after acclimatization. The
collected leaves from each plant were mixed and used to prepare an average sample of 0.1 g,
which served as a potential antigen source. Commercially available ELISA kits from Bioreba
(Reinach, Switzerland) were used for virus detection according to the manufacturer’s
instructions. Viruses detected by DAS-ELISA in the mother plants that were not detected
by the same method in the progeny (R0 micropropagated plants, R1 from microtubers,
and R1 from minitubers) were verified by reverse transcription-polymerase chain reaction
(RT-PCR). For this purpose, RNA was isolated from leaf samples collected 90 days after
acclimatization using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Leaves
taken from different sides of each plant were mixed into an average sample consisted of
0.1 g of plant tissue that was minced in MiniG 1600, SpexSample Prep (Metuchen, NJ,
USA) using grinding balls. The quality and quantity of the isolated RNA were checked
spectrophotometrically (A260/A280) using a NanoPhotometer P330 (Implen, Munich,
Germany). One-step RT-PCR reactions were performed in the Mastercycler (Eppendorf,
Hamburg, Germany) under the following conditions: reverse transcription at 50 ◦C for
30 min, initial activation step at 95 ◦C for 15 min, followed by 35 cycles of denaturation
at 94 ◦C for 30 s, annealing at 53 ◦C for 30 s, and elongation at 72 ◦C for 30 s. The final
elongation step was performed at 72 ◦C for 10 min. For virus detection, the primers
described in [7] were combined with the one-step RT-PCR kit (Qiagen, Germany) in a
reaction volume of 10 µL consisting of: 0.5 µL of each primer (10 µM), 0.4 µL dNTP mix
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(10 µM), 2 µL Qiagen OneStep RT-PCR enzyme mix, 2 µL Qiagen OneStep RT-PCR buffer,
2 µL Q-Solution, 3.2 µL RNase-free water, and 1 µL template RNA. To visualize the RT-PCR
products, a 1.5% agarose gel was prepared in a 1X TBE buffer with the addition of GelRed
(CareDx AB, Stockholm, Sweden) and subjected to horizontal gel electrophoresis (Bio-Rad,
Hercules, CA, USA).

2.7. Chlorophyll Fluorescence and Multispectral Analysis

Chlorophyll fluorescence and multispectral imaging were conducted on all R0 plants
90 days after planting using CropReporterTM (PhenoVation B.V., Wageningen, The Nether-
lands), while image processing and analysis were performed using DA software (PhenoVa-
tion B.V., Wageningen, The Netherlands). Plants were imaged from a distance of 70 cm,
and measurements were made according to the protocol described in [53]. For the chloro-
phyll fluorescence imaging, plants were first dark-adapted for 30 min. On dark-adapted
plants, photosynthesis was excited using 4000 µmol m−2 s−1 red LED light flash. Minimum
chlorophyll fluorescence (F0) was measured after ten (10) µs and maximum chlorophyll
fluorescence (Fm) after 800 ms. Following these measurements, plants were relaxed in the
dark for 15 s and then were light-adapted for 5 min using actinic light of 250 µmol m−2 s−1.
Saturating pulse (4000 µmol m−2 s−1) was again applied for photosynthetic excitation of
the light-adapted plants. The steady-state fluorescence yield (Fs

′) was measured before
the onset of the saturation pulse, and the maximum chlorophyll fluorescence (Fm

′) of the
light-adapted leaves was measured at saturation. After the measurement, the actinic light
was turned off, and in the presence of far-red light, the minimal fluorescence yield of
the illuminated plant (F0

′) was estimated. These measured parameters were used for the
calculation of different chlorophyll fluorescence parameters, which are shown in Table 1.

Table 1. List of calculated chlorophyll fluorescence parameters with abbreviations, the equation for
calculation, and the reference.

Abbrev Trait Wavelength/Equation

Fv/Fm
Maximum Efficiency of

Photosystem Two
Fv/Fm = (Fm − F0)/Fm

[54]

Fq
′/Fm

′ Effective Quantum Yield of
Photosystem Two

Fq
′/Fm

′ = (Fm
′ − Fs

′)/Fm
′

[55]

ETR Electron Transport Rate ETR = Fq
′/Fm

′ × PPFD × (0.5)
[55]

NPQ Non-Photochemical
Quenching

NPQ = (Fm − Fm
′)/Fm

′

[56]

Following the chlorophyll fluorescence imaging, actinic light 250 µmol m−2 s−1 was
again switched on and multispectral imaging was performed. A list of all measured and
multispectral parameters and calculated vegetation indices are given in Table 2.

Table 2. List of analyzed multispectral parameters with abbreviations, wavelength for measurement
or equation for calculation, and the reference if appropriate.

Abbrev. Trait Wavelength/Equation

RRed, Reflectance in Red 640 nm

RGreen Reflectance in Green 550 nm

RBlue Reflectance in Blue 475 nm

RSpcGrn Reflectance in Specific Green 510–590 nm

RFarRed Reflectance in Far-Red 710 nm
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Table 2. Cont.

Abbrev. Trait Wavelength/Equation

RNIR Reflectance in Near Infra-Red 769 nm

RChl Reflectance Specific to Chlorophyll 730 nm

HUE Hue (0–360◦)

HUE = 60 × (0 + (RGreen—RBlue)/(max-min)), if max = RRed;
HUE = 60 × (2 + (RBlue—RRed)/(max-min)), if max = RGreen;
HUE = 60 × (4 + (RRed—RGreen)/(max-min)) if max = RBlue;

360 was added in case HUE < 0

SAT Saturation (0–1)
SAT = (max—min)/(max + min) if VAL > 0.5,

or SAT = (max—min)/(2.0—max—min) if VAL < 0.5,
where max and min are selected from the RRed, RGreen, RBlue

VAL Value (0–1) VAL = (max + min)/2;
where max and min are selected from the RRed, RGreen, RBlue

ARI Anthocyanin Index ARI = (R550)−1—(R700)−1

[57]

CHI Chlorophyll Index CHI = (R700)−1—(R769)−1

[58]

NDVI Normalized Differential Vegetation Index NDVI = (RNIR − RRed)/(RNIR + RRed)
[59]

2.8. Data Analysis

All experiments were set up in a completely randomized design. Data from all
measurements were subjected to ANOVA. Bonferroni post hoc test at p ≤ 0.05 was
used for means comparison. The statistical analysis of the data was carried out by the
SAS/STAT® [60] program package.

3. Results and Discussion
3.1. Culture Establishment and Micropropagation

Out of 24 shoot apices placed on medium supplemented with 50 mg L−1 of rib-
avirin, 6 (25%) survived, whereas only 3 (12.5%) survived on medium supplemented with
100 mg L−1 of ribavirin. There was no contamination. The cause of the low percentage of
surviving shoot apices may be ribavirin, but also their physiological condition, because
the sprouts for shoot apices isolation were used after the tubers had been kept in the dark
for five months. Most of the surviving explants (Figure 1a,b) grew very slowly or were
even inhibited in growth 100 days after placement in in vitro culture, i.e., two months after
subcultivation on HFMS medium without ribavirin (Figure 1c,d). The strength of ribavirin
treatment in the previous medium did not affect inhibition; surviving shoots derived from
both ribavirin concentrations, whether 50 or 100 mg L−1, were equally inhibited. Phytotox-
icity of ribavirin to potato regeneration and plantlet growth was also reported by [44], who
found that plant height and fresh weight generally showed a decreasing tendency with
increasing ribavirin concentration in a culture medium. Singh [61] reported that the per-
centage of shoot regeneration and plantlet development decreased when the concentration
of antiviral chemicals, including ribavirin, was increased from 5 to 30 mg L−1.
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Figure 1. Surviving explants after 6 weeks of growth on ribavirin (a,b); inhibited growth on HFMS 
medium 100 days from the start of the experiment—shoot originating from RIB 50 (c) and RIB 100 
(d); micropropagation by single node culture (e). Bars: a, b = 2 mm; c, d = 5 mm; e = 10 mm. 

Eight months after the start of the experiment, all nine surviving shoot apices that 
developed into shoots were micropropagated, but with different efficiency. Some shoots 
were still partially growth-inhibited and micropropagation resulted in a small number of 
plants per clone, while other shoots grew well after initial inhibition (Figure 1e) and were 
micropropagated into a large number of plants by single node culture. The slow growth 
of individual shoots that we observed according to ELISA results not only did not depend 
on ribavirin concentration (50 or 100 mg L−1), but also did not depend on virus infection 
(single or mixed). Micropropagated plants rooted spontaneously on HFMS medium in a 
very high percentage, and no special step was required for rooting.  

3.2. The Influence of The Sanitary Status of Plants on Microtuberization 
The sanitary status of the plants affected the number of microtubers per plant, which 

was higher on average in plants infected with PVM only (Table 3, Figure 2a,b). The data 
show that mixed infection (PVM + PVS) reduced the number of microtubers. Bettoni et al. 
[9] reported a significantly lower number of microtubers in plants infected with PVS com-
pared to virus-free plants in the cultivar ’Duncle’, but mixed infection with PVS and PVM 
in other cultivars or PVS and PVA did not affect the number of microtubers. We could not 
assess the effect of PVM on microtuberization or mixed infections with PVM + PVS com-
pared to healthy plants because none of the plants were virus-free. The percentage of 
plants that formed microtubers under short-day conditions (Figure 2c) was similar and 
was 82% in plants infected with both viruses and 78% in plants infected with PVM only. 
The average microtuber weight was not significantly different between PVM- and PVM- 
+ PVS-infected plants (Table 3). This is in agreement with the results of Zhang et al. [10], 
who found that infection with viruses had little effect on microtuber production compared 
to healthy plants, except in the case of triple infection with PVX, PVS, and PVY viruses. 

Table 3. Microtuber yield components, as affected by the sanitary status of the plants. 
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PVM 1.3 a 207 a 
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Values within the column followed by the same letter are not significantly different at p < 0.05. 

Figure 1. Surviving explants after 6 weeks of growth on ribavirin (a,b); inhibited growth on HFMS
medium 100 days from the start of the experiment—shoot originating from RIB 50 (c) and RIB 100 (d);
micropropagation by single node culture (e). Bars: (a,b) = 2 mm; (c,d) = 5 mm; (e) = 10 mm.

Eight months after the start of the experiment, all nine surviving shoot apices that
developed into shoots were micropropagated, but with different efficiency. Some shoots
were still partially growth-inhibited and micropropagation resulted in a small number of
plants per clone, while other shoots grew well after initial inhibition (Figure 1e) and were
micropropagated into a large number of plants by single node culture. The slow growth of
individual shoots that we observed according to ELISA results not only did not depend
on ribavirin concentration (50 or 100 mg L−1), but also did not depend on virus infection
(single or mixed). Micropropagated plants rooted spontaneously on HFMS medium in a
very high percentage, and no special step was required for rooting.

3.2. The Influence of The Sanitary Status of Plants on Microtuberization

The sanitary status of the plants affected the number of microtubers per plant, which
was higher on average in plants infected with PVM only (Table 3, Figure 2a,b). The data
show that mixed infection (PVM + PVS) reduced the number of microtubers. Bettoni et al. [9]
reported a significantly lower number of microtubers in plants infected with PVS compared
to virus-free plants in the cultivar ‘Duncle’, but mixed infection with PVS and PVM in other
cultivars or PVS and PVA did not affect the number of microtubers. We could not assess
the effect of PVM on microtuberization or mixed infections with PVM + PVS compared to
healthy plants because none of the plants were virus-free. The percentage of plants that
formed microtubers under short-day conditions (Figure 2c) was similar and was 82% in
plants infected with both viruses and 78% in plants infected with PVM only. The average
microtuber weight was not significantly different between PVM- and PVM- + PVS-infected
plants (Table 3). This is in agreement with the results of Zhang et al. [10], who found that
infection with viruses had little effect on microtuber production compared to healthy plants,
except in the case of triple infection with PVX, PVS, and PVY viruses.

Table 3. Microtuber yield components, as affected by the sanitary status of the plants.

Virus
Infection

Number of Microtubers
Per Plant

Average Microtuber
Weight (mg)

PVM 1.3 a 207 a
PVM + PVS 1.0 b 199 a

Values within the column followed by the same letter are not significantly different at p < 0.05.
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3.3. Acclimatization and Plant Growth 
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cess, and after transplanting into larger pots, they developed quickly under optimal con-
ditions. The difference in symptoms between plants infected with both (PVM + PVS) or 
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hough noticeable, was not very pronounced. However, differences in viral disease symp-
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the pronounced symptoms in PVS + PVM-infected plants (reduced growth, wrinkling, 
twisting, and mosaicism), plants infected only with PVM had, on some leaves, very small 
lesions resembling a hypersensitivity reaction (Figure 3a,b). 

Figure 2. Microtubers produced in one container of a clone infected with PVM (a) or with both
viruses, PVM + PVS (b); microtuberization under short-day conditions (c); bar = 1 cm.

3.3. Acclimatization and Plant Growth

Micropropagated plants planted in a sterile substrate acclimatized with 100% success,
and after transplanting into larger pots, they developed quickly under optimal conditions.
The difference in symptoms between plants infected with both (PVM + PVS) or only
one virus (PVM) in the R0 generation of plants produced by micropropagation, although
noticeable, was not very pronounced. However, differences in viral disease symptoms
were evident in R1 plants produced from microtubers and minitubers. In contrast to the
pronounced symptoms in PVS + PVM-infected plants (reduced growth, wrinkling, twisting,
and mosaicism), plants infected only with PVM had, on some leaves, very small lesions
resembling a hypersensitivity reaction (Figure 3a,b).

3.4. Virus Detection and Efficiency of Virus Elimination

Initial virus screening of the mother plants for the presence of six viruses confirmed
infection with only two viruses: PVM and PVS (Supplementary Table S1). This finding was
interesting because the traditional potato cultivar Brinjak has long been grown with tubers
without any sanitary selection. Despite that, other common viruses frequently detected in
imported cultivars (e.g., PLRV, PVX, and PVY) were not confirmed. According to the ELISA
results, PVS was successfully eliminated by six weeks of chemotherapy with ribavirin in
three (14-1, 14-3, and 14-4) of nine R0 clones, and PVS-free status was also confirmed in
the progeny (R1 from microtubers and minitubers). However, the same treatments were
ineffective in eliminating PVM (Supplementary Table S1). Successful elimination of PVS
was also confirmed by RT-PCR, where only the mother plants reacted positively, resulting
in an amplicon of 885 base pairs, while selected three ELISA-negative PVS plants were
also negative in molecular tests (Figure 4). These results are in partial agreement with
the results of [36], who found that ribavirin at a concentration of 100 mg L−1 was not

142



Horticulturae 2022, 8, 1013

successful in eliminating either PVM or PVS after one subculture of 45 days, but only
after the second or third subculture on ribavirin medium, and even then, elimination was
genotype-dependent. The combination of ribavirin in one subculture with cryotherapy
eliminated PVS in a certain percentage of plants, but not PVM. However, two subcultures
with ribavirin + cryotherapy achieved 71–100% success in eliminating virus S and virus M,
depending on the genotype [36].
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Bettoni et al. [9] found that the effectiveness of virus eradication varied depending on
the type of virus; PVS and PVM were more difficult to eliminate than PVA regardless of the
method used. Using chemotherapy alone, Bettoni et al. [9] obtained an eradication success
of 20–50% for PVS and 20% for PVM after a four-week treatment of shoot segments with
ribavirin at a concentration of 100 mg L−1. Even with a combination of different consecutive
and simultaneous treatments, e.g., chemotherapy + (chemotherapy + thermotherapy) +
cryotherapy, PVM was eliminated in 70% of the plants, while the elimination of PVS with
this combination of treatments was 100% [9]. Yang et al. [44] achieved 17% successful
elimination of PVS and PVM with ribavirin (75 and 100 mg L−1) with one subcultivation
of 45 days. At the second 45-day subcultivation, the percentage of virus elimination was
higher, and after the third subcultivation, i.e., after 135 days, the plants were free from both
PVS and PVM.
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Figure 4. RT-PCR results for potato virus S (PVS) with an expected amplicon size of 885 base pairs
(bps) performed on two PVS-infected mother plants (P1 and P2) and PVS-free plants obtained
by ribavirin treatment B 14-1 RIB 50, B 14-3 RIB 100, and B14-4 RIB 50 in the following order:
lines 1–3—R0 plants, lines 4–6—R1 plants from microtubers, lines 7–9—R1 plants form minitubers;
N—negative control, M—marker (GelPilot 100 bp Plus Ladder, Qiagen, Hilden, Germany). For
further details, please refer to Supplementary Table S1.

There was no difference in the efficiency of PVS elimination between the different
ribavirin concentrations (Table 4). Ribavirin at a lower concentration (50 mg L−1) elimi-
nated PVS from 33% of the surviving shoot apices, as did ribavirin at a concentration of
100 mg L−1. Oana et al. [35] also found no differences between the results obtained when 35
or 50 mg L−1 ribavirin was added to the culture medium and claimed that even 35 mg L−1

of ribavirin was sufficient for potato virus eradication, but with longer treatment. They
also noted that successful eradication seemed to depend on the duration of treatment and
the cultivar rather than the virus. Therefore, for complete elimination of the viruses in
the traditional cultivar ‘Brinjak’, additional cycles of ribavirin chemotherapy or another
method or combination of methods should be used.

Table 4. The efficiency of virus elimination by ribavirin from potato cultivar ‘Brinjak’.

Ribavirin
Concentration (mg L−1) Plants Free of Virus after Chemotherapy

PVM PVS

50 0/6 (0%) 2/6 (33%)
100 0/3 (0%) 1/3 (33%)

Bougie and Bisaillon [49] found that ribavirin acts as a substrate for a viral RNA
capping enzyme; however, such RNA transcripts blocked with ribavirin are not efficiently
translated. Consequently, ribavirin prevents replication of a large number of DNA and
RNA viruses [62].

Sometimes, as reported by [9], a plant tested for a particular virus may be negative
(e.g., when a sample of plant tissue is tested from in vitro conditions), and upon subsequent
inspection, e.g., after growing in a greenhouse, the same plant is found to be positive for
the tested virus. In this study, except for the very long post-eradication period of 200 days
+ 90 days of cultivation in the growth chamber, three generations of clones obtained by
treatment with ribavirin were used for virus detection by the methods DAS-ELISA and
RT-PCR, eliminating the possibility of false-negative results. Accordingly, Yang et al. [44],
who examined the plants by qPCR after a six-month post-eradication period, proved that
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ribavirin can thoroughly remove the viruses from the infected plants and not only suppress
their replication. The same authors, using SSR markers, showed that ribavirin treatment
did not cause genetic variation in plants.

3.5. The Influence of Sanitary Status of Plants on Chlorophyll Fluorescence and
Multispectral Parameters

Mixed infection with both viruses (PVM + PVS) significantly decreased the effec-
tive quantum yield of PSII (Fq

′/Fm
′) and increased non-photochemical quenching (NPQ)

(Table 5), which indicates that less light is used for photochemistry and more energy is lost
through heat dissipation in plants with mixed infection. Zhou et al. [26] hypothesized that
virus infection affects photosynthesis mainly by interfering with the Calvin cycle, leading to
down-regulation of the efficiency of excitation energy capture by open PSII reaction centers
(Fq
′/Fm

′). Although Fv/Fm is the most common fluorescence parameter used in plant
stress studies [27,28], the results of this study show that Fv/Fm ranged from 0.79 to 0.81 for
both PVM and PVM + PVS plants, indicating good fitness of plants. As noted by [15,19],
plants infected with PVM and PVS do not always show symptoms, which depends on the
variety and virus isolates.

Table 5. Chlorophyll fluorescence parameters as affected by the sanitary status of the plants.

Virus Infection Fv/Fm Fq
′/Fm

′ ETR NPQ

PVM 0.81 a 0.48 a 5581 a 0.38 b
PVM + PVS 0.79 a 0.42 b 5234 a 0.50 a

Values within the column followed by the same letter are not significantly different at p < 0.05.

Considering the multispectral parameters, mixed infection significantly decreases the
chlorophyll index (CHI) and increases the reflectance in the far-red (RFarRed) (Table 6). These
results are consistent with [63,64], who found that mixed infection can increase symptoms
severity and virus accumulation. Decreased chlorophyll content affects photosynthetic
light absorption and increases its reflection, as evidenced by increased (although not
significant) reflection of RRed, RGreen, and RSpcGrn in plants with mixed infection. Thus,
besides decreased Fq

′/Fm
′ and increased NPQ, plants with mixed infection will have lower

light absorption, likely resulting in decreased sugar production in photosynthesis.

Table 6. Multispectral parameters as affected by the sanitary status of the plants.

Virus Infection RRed RGreen RBlue RFarRed RNIR RSpcGrn HUE SAT VAL CHI ARI NDVI

PVM 1975 a 3019 a 1581 a 6046 b 2831 a 3394 a 105 a 0.05 a 0.46 a 3.8 a 3.9 a 0.85 a
PVM + PVS 2001 a 3148 a 1563 a 6403 a 2849 a 3558 a 104 a 0.05 a 0.49 a 3.5 b 3.8 a 0.85 a

Values within the column followed by the same letter are not significantly different at p < 0.05.

3.6. The Influence of the Sanitary Status of Plants on Yield Components

The sanitary status of R0 clones produced from micropropagated plants affected tuber
weight per plant and average tuber weight (Table 7). Mixed infection with both viruses
(PVM + PVS) reduced tuber weight per plant by 31% and average tuber weight by 64%
compared to plants infected with PVM only. In R1 clones obtained from microtubers, mixed
infection resulted in a significantly lower number of tubers per plant (59%), as well as
lower tuber weight per plant (44%) (Table 8). An even greater difference was observed in
R1 clones produced from minitubers, where the decrease in tuber weight per plant was
86% in plants with mixed infection compared to those infected with PVM alone (Table 9).
The results obtained are in agreement with previous studies by [22,65], which found that
mixed infection with two viruses resulted in a much greater yield loss than single infection.
A statistically significant increase in the number of tubers per plant in PVS-free R1 clones
obtained from microtubers and minitubers could be due to the higher number of stems per
plant compared to plants with mixed infection. However, in the R0 clones obtained from

145



Horticulturae 2022, 8, 1013

micropropagated plants, each plant had only one main stem, and there was no significant
difference in the number of tubers per plant between differently infected plants. These
results are in agreement with those of [66], who reported that the number of main stems
correlated positively with tuber number and tuber yield and negatively with average
tuber weight.

Table 7. Minituber yield components of R0 clones produced from micropropagated plants, as affected
by the sanitary status of the plants.

Virus
Infection

Number of Tubers
per Plant

Tuber Weight
per Plant (g)

Average Tuber
Weight (g)

PVM 4.0 a 52.0 a 15.6 a
PVM + PVS 4.7 a 39.8 b 9.5 b

Values within the column followed by different letters are significantly different at p < 0.05.

Table 8. Mini tuber yield components of R1 clones produced from microtubers, as affected by the
sanitary status of the plants.

Virus
Infection

Number of Tubers
per Plant

Tuber Weight
per Plant (g)

Average Tuber
Weight (g)

PVM 7.3 a 65.0 a 9.6 a
PVM + PVS 4.6 b 45.1 b 10.1 a

Values within the column followed by the same letter are not significantly different at p < 0.05.

Table 9. Tuber yield components of R1 clones produced from minitubers, as affected by the sanitary
status of the plants.

Virus
Infection

Number of Tubers
per Plant

Tuber Weight
per Plant (g)

Average Tuber
Weight (g)

PVM 9.8 a 133.9 a 16.1 a
PVM + PVS 7.2 b 72.1 b 12.1 a

Values within the column followed by the same letter are not significantly different at p < 0.05.

Yield reduction in plants infected with both viruses (PVM + PVS) is the result of
changes in metabolic processes in the affected tissues. Phytopathogenic viruses often
cause physical deformation of leaves [11]. This leads to a decrease in the intensity of
photosynthesis, which is very important for plant productivity.

Reduced growth, wrinkling, twisting, and mosaic structure of leaves caused by mixed
infection were not observed in plants infected only with PVM, which had only small
necrotic lesions. Severe phenotypic changes in plants with mixed infection are the cause of
lower chlorophyll index (CHI) and lower effective PSII quantum yield (Fq

′/Fm
′), which

ultimately resulted in large differences in potato yield between plants infected with two
(PVM + PVS) compared to those infected with only one (PVM) virus.

The traditional potato cultivar ‘Brinjak‘ is resistant to the fungi Phytophthora infestans
and Streptomyces scabies (personal communication), thus providing valuable germplasm
for breeding programs and commercial growing. Infection of plants that have never been
subjected to virus elimination before with only two—PVM and PVS—of the six viruses
tested (PVX, PVY, PVA, PLRV, PVM, and PVS) may indicate that this cultivar possesses
resistance to these viruses, as suggested by [10] for resistance to PVY in Norwegian cultivars.
Elimination of these two viruses and use of virus-free planting material would probably
increase yield and bring out the full genetic potential of this cultivar, in which growers are
interested, especially in the mountainous regions of Croatia, where it is adapted.

4. Conclusions

The goal we set at the beginning of the research was only partially achieved, as rib-
avirin treatment at both concentrations (50 or 100 mg L−1) eliminated PVS from 33% of
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surviving shoot apices, but these treatments were ineffective in eliminating PVM. Mixed
infection with PVM + PVS significantly decreased the effective quantum yield of PSII
(Fq
′/Fm

′) and increased non-photochemical quenching (NPQ) compared to single infection
with PVM. The multispectral parameters show that the mixed infection affected photosyn-
thesis also at the chlorophyll level by significantly decreasing the chlorophyll index (CHI)
and increasing far-red reflection (RFarRed). Plants infected only with PVM, compared to
those with mixed infection, had 36–59% higher number of tubers per plant, 31–86% higher
tuber weight per plant, and up to 64% higher average tuber weight, depending on the
generation. The results indicate a strong negative impact of PVS in mixed infection with
PVM and highlight the importance of removing PVS from potato plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8111013/s1, Table S1: DAS-ELISA and RT-PCR
results for mother plants and their progeny tested on the presence of potato virus M (PVM) and
potato virus S (PVS).
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Abstract: Narrow-leaf firethorn or pyracantha (Pyracantha angustifolia (Franch.) C.K. Schneid.), from
the family Rosaceae, is a species of large and thorny evergreen shrub. In this study, a procedure
is presented for efficient axillary shoot multiplication and root induction in P. angustifolia using
Murashige and Skoog (MS), woody plant (WPM), and Linsmaier and Skoog (LS) culture media
supplanted with 6-benzylaminopurine (BAP) and indole-3-butyric acid (IBA). The disinfection of
the axillary buds was performed with a 70.23% success rate on a basal MS medium augmented with
0.5 mg·L−1 gibberellic acid (GA3). Uniform and axenic explants were then cultured on MS, WPM,
and LS media enriched with different concentrations of BAP, 0.3 mg·L−1 GA3, and 0.1 mg·L−1 IBA.
The highest multiplication coefficient (2.389) was obtained for the MS medium supplemented with
2.5 mg·L−1 BAP. After one month, newly formed micro-shoots were transferred to rooting media (MS,
WPM, and LS) containing different concentrations of IBA, together with a constant concentration of
0.1 mg·L−1 BAP. The micro-shoots were kept in the dark for one week and then cultured in a 16/8 h
light/dark regime. The MS medium supplemented with 1 mg·L−1 IBA was the most effective in
stimulating rooting (88.76% of micro-shoots). The highest number of roots (3.5 per micro-shoot) was
produced in the MS medium enriched with 1.5 mg·L−1 IBA. The rooted plantlets were transferred
into pots filled with perlite and peat moss in a 2:1 proportion and acclimatized to ambient greenhouse
conditions, with a resultant mean 92.84% survival rate. Thus, this protocol can be successfully applied
for the in vitro mass propagation of P. angustifolia.

Keywords: culture medium; micropropagation; ornamental trees and shrubs; plant growth regulators

1. Introduction

Pyracantha is a genus of large, thorny, and perennial evergreen shrubs in the family
Rosaceae, subfamily Amygdaloideae, and order Rosales. They are native to an area ex-
tending from southwest Eastern Europe to Southeast Asia. The plants can reach up to
4.5 m in height. Their leaves are small and slender, with serrated margins and numerous
thorns [1]. The name “pyracantha” is derived from the Greek words “pyr”, meaning
fire, and “akanthos”, meaning “a thorn”, hence “fire-thorn”. The genus Pyracantha in-
cludes 11 species (P. angustifolia, P. atalantioides, P. coccinea, P. crenatoserrata, P. crenulata,
P. crenulata-serrata, P. densiflora, P. fortuneana, P. inermis, P. koidzumii, and P. rogersiana) with
small white flowers [2]. The flowers are produced during late spring and early summer.
Fruit, i.e., red, orange, or yellow pomes, develop in late summer and mature in late au-
tumn [1,3]. Pyracantha is commonly used in the food and medicinal industries, commercial
landscapes, and as a hedge or barrier plant [4]. One of the known species of Pyracantha
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is P. angustifolia, which is distinguished from the other Pyracantha species by its morpho-
logical characteristics of leaves and flowers [4]. Their leaves are relatively narrow, with
rounded tips and entire margins, and their undersides have a density of white hair [5]. The
color of its mature fruit is yellow to dark orange, and it is usually covered with white hair.
The antioxidant and anti-inflammatory effects of Pyracantha angustifolia fruit extracts have
been reported [1]. This species is cultivated as an ornamental garden plant, especially in
temperate regions, as the shrub is resistant to cold and seasonal drought. Many cultivars
of P. angustifolia are the result of hybridization with other inbred cultivars [6]. Due to the
high demand for this ornamental shrub, the slow propagation pace of Pyracantha, and
relatively low and uneven production of valuable phytochemicals under natural conditions,
micropropagation is a suitable method for the mass production of this genus.

In vitro propagation has been recognized as an important and efficient technique for
the large-scale propagation of horticultural plants, overcoming the problems caused by
heterogeneous seed production [7]. It also allows for the elicitation and more uniform
production of secondary metabolites [8]. The commercial use of propagating woody plants
through tissue culture is more difficult than with herbaceous plants due to the limited
multiplication efficiency and plantlets’ survival during acclimatization [9]. Nonetheless,
several woody plant species are successfully micro-propagated in vitro [10]. The success of
the in vitro propagation methods depends on several factors, such as the plant’s genotype,
medium type, plant growth regulators (PGRs), and explant parameters, which should be
carefully optimized [11]. To date, there is no available information about the micropropaga-
tion of Pyracantha angustifolia. Only one paper has been published on the micropropagation
of P. coccinea [12]. These researchers solely used the MS medium supplemented with
6-benzylaminopurine (BAP) or indole-3-butyric acid (IBA), and they found that the high-
est shoot proliferation rate (3.40 axillary buds) was obtained using 3/4 strong MS with
0.3 mg·L−1 IBA. As for the rooting step, 1/4 MS medium with 18.9 mg·L−1 IBA was most
effective. The successful use of IBA and BAP for the shoot multiplication of some mem-
bers of Rosaceae, such as Prunus cerasifera Ehrh. [13] and Prunus persica L. [14], has been
reported. Likewise, studies have shown that the best auxin for rooting in several members
of Rosaceae is IBA [14–16]. The results of various studies have shown that different PGR
combinations and concentrations have significant roles in increasing the micropropagation
efficiency of ornamental and fruit trees or shrubs belonging to the Rosaceae family [16–18].
The most frequently used explant type in these studies was the stem node.

The present study aimed to evaluate the effects of different concentrations of BAP
and IBA, added individually or in combination, into the Murashige and Skoog (MS),
woody plant (WPM), and Linsmaier and Skoog (LS) media on the in vitro propagation of
P. angustifolia through direct organogenesis.

2. Materials and Methods
2.1. Plant Material

Plant material was obtained from the municipality of Tabriz city in East Azarbaijan
province, Iran. East Azarbaijan province is located in the northwest of Iran at an altitude of
1800 m above sea level at 46◦ and 25′ east longitude and 38◦ and 2′ north latitude from the
Greenwich meridian. This province is located in a mountainous region and has a climate
with cold and long winters and mild summers. Plant samples were collected from the
lateral buds of Pyracantha angustifolia shrubs in Tabriz city in September 2020. The samples
were taken in the form of 10–15 cm-long cuttings and, to preserve moisture and prevent
possible injuries, they were wrapped in a wet cloth and transported to the laboratory in
an ice flask. The leaves of the cuttings were removed and then cut into approximately
2 cm-long pieces with 1 or 2 buds.

2.2. Explants Disinfection

In order to reduce surface contamination, the explants were washed carefully with
dishwashing liquid and Captan 80 WDG fungicide (3 g per 500 mL water for 20 min).
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Next, for better washing and removal of inhibitory substances, the explants were placed
under tap water for an hour. After preliminary washing, all the explants were treated with
70% (v/v) ethyl alcohol for 1 min and then placed in sodium hypochlorite (NaOCl) at a
concentration of 2% (v/v) for 5 min. All disinfection steps were performed under a laminar
flow hood cabinet and 12 drops of dishwashing liquid (1 mL per 500 mL water for 20 min)
were added to increase the contact surface of the disinfectant liquid with the explant. Then,
the explants were washed three times in sterile distilled water, each time for 5 min. To
remove the parts of the explants that were damaged in the disinfection treatments, the
bases of the explants were cut off.

2.3. Establishment of In Vitro Culture

Each of the three disinfected explants were placed inside sterile Petri dishes filled with
50 mL of basal Murashige and Skoog [19] (MS) culture medium containing 3% (w/v) sucrose
and 0.8% (w/v) agar (SIGMA Aldrich, Milwaukee, Brookfield, WI, USA) augmented with
0.5 mg·L−1 filtered sterilized gibberellic acid (GA3) (SIGMA Aldrich, Milwaukee, WI, USA).
The pH of the media was adjusted to 5.6–5.8 with 0.1 N NaOH or HCl prior to autoclaving.
All media contained in the culture bottles were autoclaved at 105 kPa and 121 ◦C for
20 min. In the first week of culture, the explants were kept in the dark at 24 ± 2 ◦C and,
thereafter, at the same temperature with a 16/8 h light/dark regime with a light intensity of
50–60 µmol·m−2·s−1 provided by cool−white fluorescent tubes. After 30 days, the newly
formed micro-shoots (Figure 1A) were used for the subsequent experiments.
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axillary buds) for the multiplication step. (C) Micro-shoots produced in the proliferation step (LS
medium containing 3 mg·L−1 BAP (left), 2 mg·L−1 BAP (medial), and 2.5 mg·L−1 BAP (right)).
(D) Micro-shoots produced in the proliferation step (MS medium containing 2 mg·L−1 BAP (left),
2.5 mg·L−1 BAP (medial), and 3 mg·L−1 BAP (right)). (E) Micro-shoots produced in the MS medium
containing 2.5 mg·L−1 BAP. (F) Micro-shoots produced in the WPM containing 2.5 mg·L−1 BAP.
(G) Rooted micro-shoots in the MS medium containing 1 mg·L−1 IBA. (H) Plantlets obtained from
the MS medium containing 1 mg·L−1 IBA. (I) Acclimatization of the plantlets in plastic pots filled
with perlite and peat moss (2:1) in the acclimatization room.

2.4. Shoot Proliferation

After the establishment and growth of the micro-shoots, a total of 108 nodal explants
with axillary buds (Figure 1B) were used as secondary explants in the proliferation stage
(Figure 1C–F). Three types of basal culture media–MS, woody plant medium (WPM) [20],
and Linsmaier and Skoog (LS) [21]—containing 3% sucrose and 0.8% agar were prepared.
The pH levels of the media were adjusted to 5.6–5.8 before autoclaving as described above.
The media were augmented with different concentrations of BAP (0, 2, 2.5, and 3 mg·L−1)
for the induction of direct organogenesis. In all experimental objects, 0.3 mg·L−1 GA3 and
0.1 mg·L−1 IBA were used for hormonal balance. Jars of jam were used as the culture
vessels and 50 mL of medium was poured into each jar. All the cultures were incubated
at 24 ± 2 ◦C and a 16 h photoperiod of 50–60 µmol·m−2·s−1 irradiance was provided by
cool−white fluorescent tubes. The produced micro-shoots were sub-cultured twice after
30 days.

2.5. Root Induction on Microshoots

The micro-shoots produced in each culture vessel, from all experimental objects, were
transferred to the rooting media. Three culture media–MS, WPM, and LS—were prepared
and autoclaved. The media were supplemented with different concentrations of IBA (0,
0.1, 0.5, 1, and 1.5 mg·L−1) (Figure 1G). For hormonal balance, 0.1 mg·L−1 BAP was added
to these root induction media. All the cultures were kept in the growth chamber with the
same light and temperature conditions as described previously.

2.6. Acclimatization Process

The rooted micro-shoots—95 plantlets from the MS medium, 55 from the LS medium,
and 45 from the WPM medium (Figure 1H)—were taken out from the culture jars and
the remains of the culture medium were removed from the roots. Then, the lower leaves
of the plantlets were dissected with scissors for easier cultivation of the plantlets in the
pots. The plantlets were placed in the autoclaved perlite and peat moss substrate (in a ratio
of 2:1) in plastic pots and watered with sterile water. A transparent plastic cup was also
placed over the plantlets. The pots were placed in an acclimatization room with 70 ± 5%
relative humidity under a 16/8 h light/dark regime (light intensity of 100 µmol·m–2·s−1) at
a temperature of 25 ± 2 ◦C. The plantlets were fed by a syringe with nutrients containing
1 g·L−1 of N.P.K and 500 mg·L−1 of iron every 4 days from the second week of transferring
to the acclimatization room. After 30 days, the plantlets were transferred to larger plastic
pots containing garden soil and perlite in the proportion of 2:1 and transferred to the
greenhouse (Figure 1I).

2.7. Experimental Design and Data Analysis

The factorial in vitro experiment was conducted in a completely randomized block
design with 10 replications. Each experimental unit consisted of 5 jars, and 3 explants were
cultured in each jar. The effect of the culture media on the growth of the explants and
the percentage of the survival of the plantlets were evaluated. The first observation was
completed 15 days after cultivation and the second one was repeated 15 days later. Initially,
the number of jars in each experimental unit was higher, but 5 days after culture initiation,
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by removing the contaminated jars, it was reduced to 5 jars in each experimental object.
This design was repeated in the multiplication (proliferation) and rooting experiments.

During the micro-shoot proliferation stage, the multiplication coefficient, micro-shoot
length (cm), and share of hyperhydrated micro-shoots (%) were evaluated after 30 days
of culture. The micro-shoots produced in the proliferation stage were usually suitable for
rooting, but to produce more shoots, the explants were sub-cultured twice.

The rooting of micro-shoots was performed for 21 days, after which the rooting
effectiveness (%), root number, and root length (mean length of all the regenerated roots
per one micro-shoot; cm) were measured.

The greenhouse experiments were set in a completely randomized block design with
three replicates. Data were subjected to analysis of variance (ANOVA) and the means were
compared by Duncan’s test at p < 0.05 using the SAS version 9.1 software [22].

3. Results
3.1. Micro-Shoot Establishment

After disinfection, where efficiency reached 70.23%, the explants were transferred to
the initiation culture medium (MS with 0.5 mg·L−1 GA3), on which narrow-leaf firethorn
shoots were successfully established (Figure 1A). The share of shoot-producing nodal seg-
ments was 88.8, 83.33, and 72.23% in the MS, LS, and WPM media, respectively. Secondary
explants (nodal segments) were obtained after 30 days of culture (Figure 1B). They were
then transferred to the proliferation media (MS, WPM, and LS) augmented with different
concentrations of BAP (Figure 1C–F).

3.2. Micro-Shoot Proliferation

The analysis of variance showed that in terms of all the studied characteristics, there
was a significant effect of the tested BAP concentrations and basal culture media types,
singularly and in combination (Table 1, Supplementary Figures S1 and S2). In general, the
MS medium was more effective than the LS and WPM media (Supplementary Figure S1).
The highest multiplication coefficient (2.389) was obtained in the MS medium augmented
with 2.5 mg·L−1 BAP (Table 2). This coefficient was approximately two-fold higher than
that of the other treatments. The lowest multiplication coefficients (0.960 and 1.021), on the
other hand, were obtained in the WPM and LS media, both without BAP (control). Likewise,
the highest concentration of BAP (3 mg·L−1) had a negative effect on the multiplication
coefficient in all three media types (MS, WPM, and LS) (Table 2).

Table 1. Analysis of variance of the effects of the different concentrations of BAP and the basal culture
medium type on the measured characteristics of the Pyracantha angustifolia plants grown in vitro in
the multiplication step.

Source of Variance df Multiplication Coefficient
MS

Plantlet Length
MS

Hyperhydricity
MS

BAP 3 0.379 ** 0.598 ** 2.259 *
Culture medium 2 2.943 ** 0.874 ** 19.704 **

BAP × culture medium 6 0.173 * 0.019 ** 0.148 *
Error 24 0.053 0.04 0.481

CV (%) - 14.79 11.33 18.61

*, **: significant at the 0.05 and 0.01 probability level, respectively; CV: coefficient of variation; df: degrees of
freedom; MS: mean square.

The longest micro-shoots (2.132 and 2.081 cm) were produced in the MS and LS
media, both of which were supplemented with 2.5 mg·L–1 BAP, respectively (Table 2).
The shortest lengths (1.513 and 1.523 cm) were obtained in the WPM medium containing
3 mg·L−1 BAP and in the control object without BAP, respectively. The evaluation of the
individual effects of medium type and BAP concentration on the length of the micro-shoots
also showed the superiority of the MS medium and the 2.5 mg·L−1 BAP concentration
(Supplementary Figures S1 and S2).
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Table 2. Effects of the different concentrations of BAP and the basal culture medium type on the
measured characteristics of the Pyracantha angustifolia plants grown in vitro in the multiplication step.

Treatment Multiplication
Coefficient

Plantlet Length
(cm)

Hyperhydricity
(%)Culture Medium BAP (mg·L−1)

MS

0 1.213 d ± 0.220 1.624 cd ± 0.316 3.351 cd ± 0.751
2 1.516 c ± 0.075 1.645 c ± 0.119 3.269 d ± 0.635

2.5 2.389 a ± 0.488 2.132 a ± 0.414 2.053 f ± 0.332
3 1.061 de ± 0.193 1.614 c–e ± 0.329 3.422 b–d ± 0.564

WPM

0 0.960 e ± 0.174 1.523 g ± 0.296 3.541 a–c ± 0.489
2 1.082 de ± 0.196 1.543 fg ± 0.342 3.716 a ± 0.722

2.5 1.971 b ± 0.358 1.838 b ± 0.157 2.741 e ± 0.533
3 1.041 e ± 0.189 1.513 g ± 0.294 3.615 ab ± 0.702

LS

0 1.021 e ± 0.185 1.553 e–g ± 0.302 3.532 a–c ± 0.687
2 1.617 c ± 0.294 1.594 c–f ± 0.409 3.564 a–c ± 0.692

2.5 2.002 b ± 0.364 2.081 a ± 0.391 2.132 f ± 0.414
3 1.092 de ± 0.198 1.564 d–g ± 0.537 3.553 a–c ± 0.690

Means ± standard deviations with different letters in the same column are significantly different (p < 0.05) based
on the Duncan’s test.

3.3. Micro-Shoot Hyperhydricity

The highest shares of hyperhydrated shoots (3.716 and 3.615%) were reported in the
WPM medium supplemented with 2 and 3 mg·L−1 BAP, respectively. On the other hand,
the lowest rate of hyperhydricity (2.053%) was found in the MS medium supplemented
with 2.5 mg·L−1 BAP. In general, the micro-shoots produced in all three culture media (MS,
WPM, and LS) enriched with 2.5 mg·L−1 BAP showed the lowest rates of hyperhydricity
(Table 2). These findings were also confirmed during the individual evaluations of each of
the factors (Supplementary Figures S1 and S2).

3.4. Micro-Shoot Rooting

Statistical analysis of the data showed that there was a significant influence of the
studied factors, singularly and in combination, regarding rooting effectiveness (Table 3,
Supplementary Figures S3 and S4). There was also a significant difference between the
various concentrations of IBA and the culture medium type regarding the root number.
Moreover, the type of basal culture medium affected the elongation of the roots (Table 3).

Table 3. Analysis of variance of the effects of the different concentrations of IBA and the basal culture
medium type on the measured characteristics of the Pyracantha angustifolia plants grown in vitro in
the rooting step, as well as the acclimatization effectiveness.

Source of Variance df Rooting Effectiveness
MS

Root Number
MS

Root Length
MS

Acclimatization
MS

IBA 4 6066.93 ** 325.30 * 0.490 ns 425.80 **
Culture medium 2 845.48 ** 14.40 * 7.941 ** 26.63 ns

IBA × culture medium 8 159.98 * 23.50 ** 0.189 * 169.95 **
Error 30 38.96 15.8 0.191 15.7

CV (%) - 15.67 16.2 13.11 8.34

*, **: significant at the 0.05 and 0.01 probability level, respectively; ns: not significant at p < 0.05; CV: coefficient of
variation; df: degrees of freedom; MS: mean square.

The highest and the lowest production of roots were observed in the MS and WPM
media, respectively (Supplementary Figure S3). The maximum rooting efficiency (88.76%)
was found in the MS medium with 1 mg·L−1 IBA. On the other hand, the minimum rooting
effectiveness levels of 32.71% and 35.59% were reported for the control WPM medium and
that with 0.1 mg·L−1 IBA, respectively (Table 4).
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Table 4. Effects of the different concentrations of IBA and the basal culture medium type on the
measured characteristics of the Pyracantha angustifolia plants grown in vitro in the rooting step, as
well as the acclimatization effectiveness.

Treatment Rooting Effectiveness
(%) Root Number Root Length

(cm)
Acclimatization

(%)

Culture medium IBA (mg·L−1)

0 73.30 d ± 13.34 0.875 e ± 0.14 3.790 b ± 0.639 96.29 ab ± 4.17
0.1 76.09 cd ± 13.85 1.75 d ± 0.34 3.840 b ± 0.447 96.29 ab ± 3.17

MS 0.5 80.10 bc ± 14.58 2.25 bc ± 0.36 3.952 b ± 0.367 97.2 ab ± 3.27
1 88.76 a ± 16.16 2.625 b ± 0.57 4.297 a ± 0.725 97.2 ab ± 5.27

1.5 81.21 b ± 11.78 3.5 a ± 0.39 4.155 a ± 0.704 100 a ± 2.56

0 32.71 j ± 5.95 0.375 i ± 0.11 1.817 i ± 0.307 84.08 e ± 1.88
0.1 35.59 ij ± 6.48 0.5 h ± 0.12 1.962 hi ± 0.132 86.11 de ± 4.04

WPM 0.5 39.69 hi ± 10.22 0.61 g ± 0.14 2.162 gh ± 0.364 86.11 de ± 4.04
1 44.88 g ± 4.17 0.625 fg ± 0.11 2.397 f ± 0.405 88.10 c–e ± 2.14

1.5 41.59 gh ± 7.39 0.68 f ± 0.13 2.225 fg ± 0.377 91.11 b–d ± 2.33

0 41.76 gh ± 9.60 0.625 fg ± 0.12 3.172 e ± 0.596 93.46 bc ± 3.42
0.1 42.70 gh ± 6.78 0.725 ef ± 0.12 3.215 e ± 0.440 93.46 bc ± 6.41

LS 0.5 49.91 f ± 9.09 1.75 cd ± 0.26 3.335 de ± 0.665 94.46 a–c ± 3.53
1 55.03 e ± 10.01 1.80 cd ± 0.31 3.540 c ± 0.390 94.46 a–c ± 5.52

1.5 50.82 ef ± 8.25 1.84 c ± 0.33 3.440 cd ± 0.481 95.82 ab ± 4.23

Means ± standard deviations with different letters in the same column are significantly different (p < 0.05) based
on Duncan’s test.

Likewise, the highest and lowest root numbers were produced in the MS and WPM
media, respectively (Supplementary Figure S3). The highest number of roots (3.5 per
micro-shoot) was produced in the MS medium supplemented with 1.5 mg·L−1 IBA. On
the other hand, the lowest root number (0.375 per micro-shoot) was produced in the WPM
medium without IBA (Table 4).

The longest and shortest roots were found in the MS and WPM media, respectively.
The longest roots (4.297 and 4.155 cm) were produced in the MS medium with 1 and
1.5 mg·L−1 IBA, respectively. The shortest roots (1.817 and 1.962 cm) were regenerated in
the control WPM medium and that with 0.1 mg·L−1 IBA, respectively (Table 4).

3.5. Acclimatization Efficiency

It was found that 84.08–100% of the plantlets survived transplantation and acclimation
to the greenhouse conditions (Figure 1I). The composition of the culture medium, partic-
ularly the auxin concentration (Supplementary Figure S4), used during rooting affected
the survival of the plantlets (Tables 3 and 4). The highest survival rate was reported in the
1.5 mg·L−1 IBA treatment in the MS culture medium and the lowest in the WPM control
object (0 mg·L−1 IBA).

4. Discussion

Production of true-to-type plants within a short time is the main goal for successful
in vitro propagation. Many woody ornamental species are recalcitrant to vegetative propa-
gation by conventional cutting methods. Thus, in vitro propagation techniques have been
developed [12]. The present study reports a mass propagation system for Pyracantha angusti-
folia, an economically valuable ornamental shrub. The optimum concentration of cytokinins
for maximum shoot multiplication is different for each species. This might be due to the
different contents of endogenous phytohormones. Moreover, the response to exogenous
PGRs varies between cultivar and explant type [11,17,18]. Several studies have reported
that the use of 0.1–2 mg·L−1 BAP is optimal for shoot proliferation in tree and shrub
species [13,23,24]. The current study confirmed that BAP is effective for the proliferation of
micro-shoots in P. angustifolia when used in moderately high concentrations (2.5 mg·L−1),
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as higher contents of this cytokinin inhibited callus induction. Research on several species
of the Rosaceae family has revealed that the maximum shoot multiplication rates were
obtained in media supplemented with both BAP and IBA [16,20,25]. Several researchers
have evaluated the effect of other cytokinins such as zeatin (ZEA), thidiazuron (TDZ),
N6-(∆2-isopentenyl) adenine (2-iP), and meta-Topolin (mT) on the shoot multiplication rate
of some woody plants [26,27], although BAP was the most cost-effective [26].

Jagiełło-Kubiec et al. [26] found a positive effect of gibberellic acid (GA3) on shoot
proliferation in ninebark (Physocarpus opulifolius L. Maxim.). In our study, GA3 was used for
hormonal balance in the multiplication step. Similar results were reported for other mem-
bers of the Rosaceae family [14,17]. In peach (Prunus persica (L.) Batsch.), BAP (0.5 mg·L−1)
together with IBA (0.01 mg·L−1) and GA3 (0.5 mg·L−1) was found to be the optimal com-
bination treatment for shoot initiation (100%) from nodal explants. Likewise, 2 mg·L−1

BAP together with 0.01 mg·L−1 IBA and 0.5 mg·L−1 GA3 was the best treatment for shoot
proliferation (7.67) in Prunus persica (L.) Batsch. ‘Garnem’ [14]. Zare Khafri et al. [16]
demonstrated that the highest number of lateral shoots induction in three Iranian apri-
cot cultivars (Prunus armenica L.) was obtained in a WPM medium supplemented with
4 mg·L−1 GA3 and 1 mg·L−1 BAP.

The proliferation of axillary shoots is strongly influenced by cytokinins, and the im-
proper concentration of these PGRs often causes hyperhydricity of the tissues [12], as
observed in the present study. Hyperhydricity (previously known as vitrification) is a
morphological and physiological disorder of plants that results in excessive hydration,
low lignification, impaired stomatal, and reduced mechanical strength of plants vegeta-
tively propagated in vitro [28]. It can be a source of serious financial loss to commercial
laboratories and ought to be avoided. The relatively low share of hyperhydrated shoots in
the present study (2.053–3.716%) confirms the suitability of the described protocol in the
micropropagation of firethorn.

In the present study, among the three basal media types used, the MS medium was
most effective both for shoot multiplication and rooting. Likewise, in the dwarf root-
stock of apple (Malus domestica Borkh ‘Gami Almasi’), MS was better than Chu’s N6 basal
medium [29] during shoot proliferation [30]. As for Prunus africana (Hook f.) Kalkman
and Mandevilla guanabarica Casar. ex MFSales, an endemic plant from Brazil with pharma-
cological and ornamental potential, the WPM medium was more effective than the MS
medium [31,32]. The addition of coconut water or other natural supplements could further
increase shoot formation in P. angustifolia, as reported in a study on sandalwood by Solle
and Semiar [33].

The current study confirmed the positive effect of IBA on root induction and growth
in P. angustifolia. IBA is usually the more effective and more frequently used auxin for
rooting than other auxins, as reported for several other woody species [34–37]. However,
root formation can be significantly affected not only by the auxin type, but also by its
concentration [12]. Some investigations have demonstrated that the optimum root initiation
and development were obtained when actively growing axillary shoots were cultured on a
medium enriched with a high concentration of IBA [37,38]. Zare Khafri et al. [16] showed
that the highest rooting percentage in three Iranian apricot cultivars was obtained in
half-strength QL medium [39] supplemented with 4 mg·L−1 of IBA. In peach, IBA at a
concentration of 1.5 mg·L−1 induced the maximum rooting rate (42.86%), the maximum
root number (6.33 per shoot), and the longest roots (7.17 cm) [14]. These findings were
similar to our research regarding root number.

Our study showed that the maximum root induction and root length in P. angustifolia
were obtained in the MS medium supplemented with moderately low IBA concentrations
(1 and 1.5 mg·L−1). Likewise, in ninebark, the best rooting was at 1 mg·L −1 IBA in half-
strength MS medium [26]. It is worth mentioning that in the study by Dong et al. [12], an
increased rooting percentage from 0% to 77% in 1.5 months was reported for P. coccinea
by adding 18.9 mg·L−1 IBA to the culture medium. In the present study, we were able to
obtain successful rooting of this species by using much lower concentrations of PGRs, which
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makes the here-described micropropagation protocol more suitable for both scientific and
commercial laboratories. Differences between the species and the content of endogenous
PGRs in each cultivar are the most important factors responsible for this phenomenon. For
example, some researchers have reported successful rooting after using a combination of
auxin and cytokinin [11]. The present study revealed that BAP treatment is effective for
inducing root formation when applied with IBA. On the other hand, in some historical
roses, optimal rooting was found on half-strength control MS medium, without IBA [40].
Therefore, the optimal concentration of PGRs for root production and growth is different
between tree and shrub species. The obtained high acclimatization efficiency (84.08–100%),
which is one of the most critical steps in the micropropagation protocol [32], confirms the
functionality of the root system and the good quality of the micro-shoots. It is also worth
mentioning that since the micro-shoots were produced from a meristematic explant without
a callus phase, their genetic fidelity should be maintained [31]. Ex vitro rooting, including
the treatments with IBA and abscisic acid (ABA), could significantly shorten the production
time, as reported by Jagiełło-Kubiec et al. [26], and could be considered in future studies
with P. angustifolia.

5. Conclusions

The in vitro propagation of woody plants is a difficult task. Therefore, more research
in this area is necessary. This maiden study aimed to establish and propagate P. angustifolia
in vitro by using single-node segments (axillary buds) as explants, as well as BAP and IBA
as PGRs through the direct organogenesis method. The highest micro-shoot proliferation,
rooting efficiency, and root number rates were obtained in MS medium augmented with
2.5 mg·L−1 BAP, 0.3 mg·L−1 GA3, and 0.1 mg·L−1 IBA (caulogenesis), and in MS medium
with 1 or 1.5 mg·L−1 IBA together with 0.1 mg·L−1 BAP (rhizogenesis). The produced
plantlets were successfully acclimatized to the greenhouse conditions. The here-presented
micropropagation protocol allows for the large-scale (re)production of P. angustifolia.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8100964/s1, Figure S1: effect of different culture media
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cation step; Figure S2: effect of different concentrations of BAP on the measured characteristics of
Pyracantha angustifolia plants grown in vitro in the multiplication step; Figure S3: effect of different
culture media types on the measured characteristics of Pyracantha angustifolia plants grown in vitro in
the rooting step; Figure S4: effect of different concentrations of IBA on the measured characteristics of
Pyracantha angustifolia plants grown in vitro in the rooting step.
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Abstract: Curcuma caesia Roxb., commonly known as Kali Haldi or black turmeric, is one of the
important species in the genus Curcuma. This species has been classified as one of the endangered
Curcuma species due to the drastic decrement of this plant in its natural habitat. C. caesia has
been overharvested for various purposes, including bioactive compound extraction to fulfill the
pharmaceutical industry demand. Hence, this study was conducted to establish a protocol for the
propagation of C. caesia via plant tissue culture techniques. In the shoot induction stage, three
basal medium formulations, including Murashige and Skoog (MS medium), the combination of
Murashige and Skoog macronutrients and B5 micronutrients (MSB5 medium) and woody plant
medium (WPM medium) supplemented with 15 µM of 6-benzylaminopurine (BAP), were used. The
results found that the MSB5 medium was the most suitable basal medium formulation for shoot
induction of C. caesia. In the subsequent experiment, different types of cytokinin, including BAP,
kinetin and 2-iP at concentrations of 5, 10, 15 and 20 µM, were fortified in the MSB5 medium for
shoot multiplication. The shoot multiplication was further enhanced by supplementing the MSB5
medium with indole-3-butyric acid (IBA) or 1-napthaleneacetic acid (NAA) at the concentrations of 2,
4, 6 and 8 µM. The results showed that a combination of 15 µM of BAP and 6 µM of IBA significantly
increased the shoot multiplication with 100% shoot induction, 3.53 shoots/explant, 10.81 cm of
shoot length, 9.57 leaves, 0.486 g of leaves fresh weight and 0.039 g of leaves dry weight. After the
multiplication, the rooting stage was carried out by altering the basal medium strength into half and
full strength and supplementing with 2.5, 5, 7.5 and 10 µM of indole-3-acetic acid (IAA). The full
strength of MSB5 medium supplemented with 5 µM of IAA exhibited the highest number of roots and
length of roots, with 6.13 roots and 5.37 cm, respectively. After the rooting stage, the plantlets were
successfully acclimatized in the potting medium with the combination of cocopeat and peatmoss,
and the ratio of 1:1 was found to produce the highest survival rate with 77.78%. In conclusion, the
protocol established in this study could be useful for large-scale raw material production, either for
conservation or bioactive compound extraction.

Keywords: Curcuma caesia; basal medium formulation; cytokinin; auxin; acclimatization

1. Introduction

Curcuma caesia Roxb. belongs to the family Zingiberaceae and genus Curcuma. This
species is well known in India as Kali Haldi and is commonly called Indian Black Turmeric
in other countries. C. caesia has been used since ancient times for the treatment of various
ailments and diseases in the Indian community. The C. caesia extract is used for the
treatment of asthma, cancer, inflammation, epilepsy, fever and allergies [1,2]. In addition,
the rhizomes and leaves of C. caesia were found to contain essential oils such as camphor,
eucalyptol, tropolone, ledol and camphene, which are responsible for the aromatic odor [3–5].
In the numerous pharmacological studies on C. caesia, the extracts of C. caesia possess anticancer,
anti-asthmatic, anti-acne, anti-inflammatory and anti-microbial properties [6–9].
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As the pharmaceutical industry keeps growing, the demand for plant raw materials
has increased for the extraction of various bioactive compounds. Therefore, there is an
urgent need to look for an alternative method for the large-scale production of plant raw
materials to fulfill the growing demand from the industry. To date, micropropagation
or in vitro propagation is a plant tissue culture technique that has many advantages in
producing high amounts of plantlets in a short time, and this technique can also be used
for the production of bioactive compounds [10,11]. In addition, the plant tissue culture
technique is very useful for the conservation of endangered plant species, including C. caesia,
which has a drastically reduced population due to overharvesting activity [3]. Previously,
several studies related to C. caesia micropropagation, including regenerating the plant via
direct and indirect organogenesis, have been conducted [12–18]. The studies involved the
alteration of basal medium formulation, cytokinin and auxin [12–18].

Hence, the aim of this study was to develop an improved protocol for micropropaga-
tion of C. caesia as affected by basal medium formulation, plant growth regulators, basal
medium strength and potting medium for acclimatization.

2. Materials and Methods
2.1. Plant Materials

Curcuma caesia Roxb. fresh rhizomes were obtained from the nursery located in Muar,
Johor, Malaysia (Coordinates: 2.06◦ N, 102.58◦ E). The sprouted shoots (approximately 5 cm)
were cut and brought to the laboratory for sterilization processes. The sterilization process
was conducted by placing the shoots under running tap water for 30 min to eliminate the
soils, debris and contaminants. Then, the shoots were transferred to the bottle jar containing
70% commercial bleach (Clorox®, Oakland, CA, USA) and shaken for 20 min. The shoots
were rinsed with autoclaved distilled water three times and excised into approximately
1 ± 0.5 cm.

2.2. Shoot Induction of C. caesia as Affected by Basal Medium Formulations

For the shoot induction experiment, shoots were inoculated onto the three formulations
of basal medium, namely MS medium [19], MSB5 medium (combination of macronutrients
and micronutrients formulated by Murashige and Skoog [15] and vitamins formulated by
Gamborg et al. [20]) and Woody Plant Medium (WPM medium) formulated by Lloyd and
McCown [21]. All the chemicals used were analytical grade (R&M Chemical, Malaysia;
Sigma-Aldrich, USA). All the basal medium formulations were supplemented with 30 g/L
of sucrose, 3 g/L of gelrite and 5 µM of BAP. The pH of the basal mediums was adjusted to
5.75 prior to autoclave (Hirayama, Japan). The basal medium was poured into the 250 mL
conical flasks, with each flask containing 50 mL of basal medium. All basal mediums were
autoclaved at the temperature of 121◦C for 20 min at a pressure of 1.06 kg cm−2. For each
conical flask, one aseptic microshoot was inoculated onto the basal medium and data were
collected after six weeks of inoculation. All cultures were kept in the culture room under
16 h of light and 8 h of dark using LED white light with an irradiation of 45 µmol m−2 s−1

at a temperature of 25 ± 2 ◦C.

2.3. Effect of Different Concentrations of Cytokinins and Auxins on Shoot Multiplication
of C. caesia

After shoot induction, the multiplication experiment was conducted by supplementing
the basal medium with cytokinin, including BAP, kinetin and 2-iP, at the concentrations
of 5, 10, 15 and 20 µM. After eight weeks of incubation, the data were recorded. In the
subsequent experiment, the shoot multiplication was further enhanced by combining
15 µM of BAP with auxin (IBA and NAA) at the concentrations of 2, 4, 6 and 8 µM. The
data were collected after eight weeks of inoculation.
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2.4. Effect of Basal Medium Strength and Different Concentrations of Indole-3-Acetic Acid (IAA)
on Root Induction of C. caesia Plantlets

For root induction, healthy plantlets at eight weeks old, which were maintained on the
MSB5 medium supplemented with 15 µM of BAP and 6 µM of IBA, were used. The rooting
medium used was full and half strength of MSB5 medium supplemented with IAA at the
concentrations of 2.5, 5, 7.5 and 10 µM. The plantlets were exposed to rooting medium for
four weeks, and the data were collected after four weeks of inoculation.

2.5. Acclimatization of C. caesia Plantlets as Affected by Different Potting Mediums

The acclimatization was conducted by transferring the healthy plantlets with at least
two leaves and well rooted (more than 1.5 cm long) into the potting medium. The potting
medium used was a combination of cocopeat and peatmoss, perlite and peatmoss and
vermiculite and peatmoss at the ratio of 1:1 for all potting medium combinations. The data
were recorded after two weeks of transplantation.

2.6. Statistical Analysis

All the experiments were conducted in a completely randomized design with three
replications and ten explants for each replication (n = 30). The Analysis of Variance
(ANOVA) was used for data analysis, and Duncan’s Multiple Test (DMRT) was used for
means separation. The analysis was performed using Statistical Analysis System (SAS ver.
9.4, Cary, NC, USA).

3. Results and Discussion
3.1. Shoot Induction of C. caesia as Affected by Basal Medium Formulations

In this experiment, the shoot induction was significantly affected by different formu-
lations of the basal medium. The MSB5 medium formulation significantly produced the
highest percentage of shoot induction with 100%, followed by MS medium and WPM
medium with 93.33 and 83.33%, respectively (Table 1). The MSB5 medium also signif-
icantly produced the highest number of shoots, length of shoot and number of leaves,
with 2.70 shoots, 7.88 cm and 5.33 leaves (Figure 1). Meanwhile, there was no significant
difference between MS medium and WPM medium formulations on number of shoots,
length of shoot and number of leaves. For the biomass of leaves, the highest fresh and dry
weight of leaves were accumulated from the MSB5 medium formulation with 0.179 and
0.018 g, respectively.

Table 1. Shoot induction of C. caesia as affected by different formulations of basal medium.

Basal
Medium

Shoot
Induction

(%)
No. of
Shoot

Shoot
Length

(cm)
No. of
Leaves

Leaves Fresh
Weight

(g)

Leaves Dry
Weight

(g)

Root
Induction

(%)
No. of
Root

Root
Length

(cm)

MSB5 100 a 2.70 a 7.88 a 5.33 a 0.179 a 0.018 a 100 a 8.40 a 3.34 a
MS 93.33 a 1.50 b 5.53 b 3.00 b 0.105 b 0.008 b 86.67 b 3.85 b 2.19 a

WPM 83.33 b 1.37 b 4.86 b 2.97 b 0.085 c 0.006 b 80 b 3.67 b 2.02 a

Data were collected after six weeks of incubation. Means (n = 30) followed by the same letter within the columns
were not significantly different at p < 0.05 using Duncan’s Multiple Range Test.

By conducting the plant tissue culture technique, finding the most suitable basal
medium formulation is a crucial step for producing healthy plantlets. Since a long time
ago, numerous basal medium formulations have been established for propagating various
species. In micropropagation of Curcuma species, MS medium is the most frequently used
for propagating C. longa, C. zedoaria, C. aromatica and also C. caesia [22–25], in contrast
with this study, which found that MSB5 medium formulation was more efficient than MS
medium formulation. The high efficiency of MSB5 medium formulation as compared to MS
medium might be due to higher vitamin concentrations in the MSB5 formulation that lead
to increased plant growth. Based on the MSB5 medium composition, the pyridoxine HCl
and nicotinic acid concentrations were two-fold higher, and thiamine HCl concentration
was 100-fold higher than the MS medium vitamin formulations. According to Saad and
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Elshahed [26], vitamins such as thiamine HCl, nicotinic acid and pyridoxine HCL at low
concentrations are required by plants as a catalyst for various metabolic processes. In
addition, the amount needed varies by plant species as some plants are able to synthesize
their own vitamins [27].
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Figure 1. Establishment of C. caesia microshoots in MS medium, MSB5 medium and WPM medium 
after six weeks of inoculation. Scale bar represents 1 cm of actual size. 
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Figure 1. Establishment of C. caesia microshoots in MS medium, MSB5 medium and WPM medium
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3.2. Effect of Different Concentrations of Cytokinins on Shoot Multiplication of C. caesia

Based on the previous experiment, the MSB5 medium formulation was found to be
the most suitable basal medium for C. caesia. In this experiment, the shoots were multiplied
by using different concentrations of cytokinin (Table 2). After eight weeks of inoculations,
the treatments of 10 and 15 µM BAP and 10, 15 and 20 µM kinetin were recorded at 100%
of shoot induction. The lowest percentage of shoot induction was significantly produced
by the treatment of 20 µM of 2-iP with 30% of induction. The treatment of 15 µM of
BAP significantly produced the highest number of shoots and number of leaves, with
2.77 shoots and 7.00 leaves, respectively. Meanwhile, the highest length of shoots was
exhibited by the treatments of 15 µM of BAP, 15 and 20 µM of kinetin with 10.86, 11.10 and
10.14 cm, respectively (Figure 2). As the highest number of shoots and number of leaves
were produced from the treatment of 15 µM of BAP, the leaves biomass accumulation was
also recorded from the same treatment with 0.343 and 0.029 g of fresh and dry leaves. In
this experiment, callus formation was observed in all treatments of 2-iP. The treatment of
5 µM of 2-iP significantly produced the highest callus induction percentage and callus fresh
weight with 23.22% and 0.425 g, respectively (Figure 3). In contrast, no callus formation
was observed in other treatments.
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Table 2. Effect of different concentrations of cytokinins in MSB5 medium on shoot multiplication
of C. caesia.

Cytokinin
(µM)

Shoot Induction
(%)

No. of
Shoot

Length of Shoot
(cm)

No. of
Leaves

Leaves Fresh Weight
(g)

Leaves Dry Weight
(g)

Callus Induction
(%)

Control 93.33 a 1.20 d 8.96 d 4.10 e 0.109 f 0.017 f 0 c

BAP 5 96.67 a 1.97 b 9.54 c 5.73 b 0.248 cd 0.025 b 0 c
10 100 a 2.07 b 10.10 b 5.73 b 0.277 bc 0.025 b 0 c
15 100 a 2.77 a 10.86 a 7.00 a 0.343 a 0.029 a 0 c
20 96.67 a 1.97 b 7.94 e 4.30 de 0.195 e 0.018 ef 0 c

Kin 5 96.67 a 1.37 cd 9.22 cd 4.63 d 0.242 d 0.020 de 0 c
10 100 a 1.27 cd 9.63 c 4.13 d 0.240 d 0.022 cd 0 c
15 100 a 1.47 c 11.10 a 5.03 c 0.285 b 0.022 cd 0 c
20 100 a 1.47 c 10.14 a 5.10 c 0.246 cd 0.024 bc 0 c

2-iP 5 80 b 1.20 d 4.76 f 3.03 f 0.109 f 0.008 g 23.22 a
10 60 c 0.70 e 3.84 g 1.53 g 0.089 f 0.009 g 16.67 b
15 36.67 d 0.47 f 2.20 h 1.01 h 0.037 g 0.004 h 16.67 b
20 30 e 0.43 f 1.84 h 1.17 gh 0.040 g 0.005 h 3.33 c

Data were collected after eight weeks of incubation. Means (n = 30) followed by the same letter within the columns
were not significantly different at p < 0.05 using Duncan’s Multiple Range Test.
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Figure 3. (a) Callus produced from the treatment MSB5 medium supplemented with 15 µM BAP and
5 µM 2-iP at eight weeks after inoculation. (b) Regenerated shoot (in circle) from the treatment MSB5
medium supplemented with 15 µM BAP and 5 µM 2-iP at eight weeks after inoculation. Scale bars
represent 1 cm of actual size.

Based on the results of this experiment, 15 µM of BAP was more prominent than
the other treatments. Among the BAP, kinetin and 2-iP treatment, BAP was the most
superior, followed by kinetin and 2-iP. The finding was in agreement with Fong and
Sani [28], which found that BAP was more effective for shoot production of C. caesia
compared to kinetin and TDZ. In addition, the efficiency of BAP was also reported on other
species, including Calotropis procera [29], Artemisia arborescens [30], Boerhaavia diffusa [31]
and Andrographis alata [32]. The suitability of BAP over other types of cytokinin in shoot
multiplication might be due to the ability of the plant to metabolize BAP more readily as
nucleotides, and ribosides stability is present naturally in BAP [33].

3.3. Enhancement of Shoot Multiplication by Supplementation of 15 µM of BAP with Different
Concentrations of Auxins

The supplementation of cytokinins in the previous experiment found that 15 µM of
BAP was the most prominent in the multiplication of C. caesia. Hence, the shoot multiplica-
tion was further enhanced by supplementing 15 µM of BAP with different concentrations
of auxins. By supplementing the MSB5 medium with auxins, 100% of shoot induction was
obtained in all the treatments (Table 3). In terms of the number of shoots, the treatment
of 6 and 8 µM of IBA produced the highest number of shoots, with 3.53 shoots. However,
the number of shoots recorded was statistically non-significant with all NAA treatments.
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However, the highest length of shoots was significantly exhibited by the treatment of 6 µM
of IBA with 10.81 cm. In addition, the same treatment also produced the highest number of
leaves and leaves biomass accumulation with 9.57 leaves, 0.486 g of leaves fresh weight
and 0.039 g of leaves dry weight, respectively. This experiment showed that the application
of cytokinin and auxin produced a positive effect on C. caesia growth.

Table 3. Effect of 15 µM of BAP with auxins in the MSB5 medium on enhancement of shoot multipli-
cation of C. caesia.

PGR Conc
(µM)

Shoot
Induction (%) No. of Shoot Shoot Length

(cm) No. of Leaves Leaves Fresh Weight
(g)

Leaves Dry Weight
(g)

Control 0 100 a 2.57 c 10.00 b 5.90 f 0.294 e 0.022 ef

IBA

2 100 a 2.97 b 9.19 c 7.13 de 0.311 d 0.023 de
4 100 a 3.00 b 9.74 bc 7.37 cd 0.362 b 0.028 b
6 100 a 3.53 a 10.81 a 9.57 a 0.486 a 0.039 a
8 100 a 3.53 a 9.58 bc 8.10 b 0.320 d 0.026 bc

NAA

2 100 a 3.27 ab 8.00 de 7.00 e 0.254 g 0.020 f
4 100 a 3.40 a 8.57 d 7.57 c 0.333 c 0.025 cd
6 100 a 3.20 ab 7.68 e 6.83 e 0.295 e 0.021 ef
8 100 a 3.30 ab 8.13 de 7.00 e 0.278 f 0.022 def

Data were collected after eight weeks of incubation. Means (n = 30) followed by the same letter within the columns
were not significantly different at p < 0.05 using Duncan’s Multiple Range Test.

In plant tissue culture, supplementation of auxin in the basal medium is frequently
used for the rooting stage. However, the addition of auxin can also be conducted for
the enhancement of shoot multiplication as the synergistic effect between the auxin and
cytokinin will enhance the cell division and elongation of the shoot [34,35]. Several studies
have reported that the combination of auxin and cytokinin significantly increased plant
growth. A study by Hailu et al. [36] found that the combination of BAP and IBA significantly
increased the shoot induction percentage, number of leaves and number of shoots of
Aframomum corrorima. Besides that, the synergistic effect between auxin and cytokinin
on shoot growth was also reported on Petunia hybrida [37]. The integration of auxin and
cytokinin is important to support plant growth and development [38]. The increased
plant growth might be due to the different nutrient uptakes, translocation rates, metabolic
processes and ability of plants to regulate the level of plant hormones [39].

3.4. Effect of Basal Medium Strength and Different Concentrations of Indole-3-Acetic Acid (IAA)
on Root Induction of C. caesia

In micropropagation of Zingiberaceae plant species, including those from the genus
Curcuma, the roots are commonly produced simultaneously with the shoots. However,
the number of roots produced per shoot is not enough to support the plantlets during
acclimatization. Hence, the rooting stage was conducted to produce adequate amounts of
roots for high survival rates during acclimatization. In this study, the shoots were initially
cultured on the MSB5 medium supplemented with 15 µM of BAP and 6 µM of IBA for
the first eight weeks. After that, the healthy plantlets with more than two leaves and
growth of more than 5 cm were separated from the clumps and inoculated individually
on rooting medium. The results in Table 4 showed that full-strength MSB5 medium
supplemented with 5 µM of IAA significantly produced the highest number of roots and
length of roots, with 6.13 roots and 5.37 cm, respectively. Meanwhile, the treatment of
full-strength MSB5 medium supplemented with 10 µM of IAA significantly produced the
lowest number of roots and length of roots, with 3.20 roots and 1.79 cm, respectively. In this
study, full-strength MSB5 fortified with 5 µM of IAA gave the best results for adventitious
root formation of C. caesia (Figure 4). The suitability of full-strength basal medium over
half-strength medium might be due to a sufficient amount of nutrients to stimulate the
root formation. Meanwhile, IAA, which is a frequently used auxin for root induction,
alongside IBA, was reported to produce a good rooting response in Nardostachys jatamansi
and Alkanna tinctoria [40,41].
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Table 4. Effect of MSB5 medium strength and IAA on root induction of C. caesia plantlets.

Strength IAA (µM) Number of Roots Length of Roots (cm)

Full

0 4.40 de 3.85 e
2.5 5.87 b 4.39 c
5 6.13 a 5.37 a

7.5 4.20 ef 3.38 f
10 3.20 h 1.79 h

Half

0 3.60 g 2.81 g
2.5 4.27 def 2.59 g
5 5.13 c 4.88 b

7.5 4.53 d 4.15 cd
10 4 f 4.01 de

Data were collected after twelve weeks of incubation. Means (n = 24) followed by the same letter within the
columns were not significantly different at p < 0.05 using Duncan’s Multiple Range Test.
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3.5. Acclimatization of C. caesia as Affected by Different Potting Mediums

Acclimatization is an important step in the micropropagation of commercially impor-
tant plants. After the rooting stage, the healthy plantlets with at least two leaves, more
than 5 cm in plant height, more than 1.5 cm in root length and without any morphology
abnormalities were acclimatized on different potting mediums. Among the combination
of cocopeat, perlite and vermiculite with peatmoss, cocopeat significantly produced the
highest percentage of plantlet survival, with 77.78%, followed by perlite (61.11%) and
vermiculite (44.43%) after two weeks of acclimatization (Table 5) (Figure 5). The higher
survival percentage of plantlets in the combination of cocopeat and peatmoss could be due
to the higher porosity and air space between the cocopeat and peatmoss, which provided
better aeration for the roots to grow and, consequently, produced a higher survival percent-
age compared to the other treatments. The efficiency of cocopeat as a potting medium for
acclimatization was reported on Bacopa monnieri and Ficus carica [42,43].

Table 5. Effect of potting medium on acclimatization of C. caesia plantlets.

Medium Survival (%)

Day 14

Cocopeat + peatmoss 77.78 a
Perlite + peatmoss 61.11 b

Vermiculite + peatmoss 44.43 c
Data were collected after two weeks of acclimatization. Means (n = 18) followed by the same letter within the
columns were not significantly different at p < 0.05 using Duncan’s Multiple Range Test.
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4. Conclusions

An efficient protocol for micropropagation of C. caesia was established in this study
with the aim to mass produce the raw materials of C. caesia in a short time for the con-
servation of wild populations of this species. The basal medium formulation and plant
growth regulators were tested, and results showed that the MSB5 medium supplemented
with 15 µM BAP and 6 µM of IBA was the optimum formulation for shoot induction and
multiplication of C. caesia. At the rooting stage, full-strength MSB5 medium supplemented
with 5 µM IAA was the best concentration for the root formation, and acclimatization
was successfully carried out using the potting medium of cocopeat with peatmoss (1:1).
Hence, the protocol developed in this study could be used for the large-scale production
of C. caesia.
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Vrchotová, N.; Tříska, J.; Horník, Š.;

Pavela, R. Impact of Artificial

Polyploidization in Ajuga reptans on

Content of Selected Biologically

Active Glycosides and

Phytoecdysone. Horticulturae 2022, 8,

581. https://doi.org/10.3390/

horticulturae8070581

Academic Editors: Alicja Tymoszuk

and Dariusz Kulus

Received: 25 May 2022

Accepted: 25 June 2022

Published: 27 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

Impact of Artificial Polyploidization in Ajuga reptans on
Content of Selected Biologically Active Glycosides
and Phytoecdysone
Božena Navrátilová 1, Vladan Ondřej 1,*, Naděžda Vrchotová 2, Jan Tříska 2, Štěpán Horník 3
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Abstract: Polyploidization in plants, which involves doubling or further multiplying of genome, has
the potential to improve the constituents that make medicinal plants, like Ajuga reptans, attractive
to the pharmaceutical, cosmetics, and food production industries; botanical pesticide effects could
also be derived. The aim of this study was to determine how artificial polyploidization in A. reptans
plants affected the composition and quantity of biologically active substances from the glycoside and
phytoecdysone families. Diploids and artificial tetraploids of A. reptans were analyzed. Changes in
the contents of trans-teupolioside, trans-verbascoside, and 20-hydroxyecdysone were evident in the
aboveground parts of the cultivated plants (e.g., leaves and flowers). The tetraploid lines of Ajuga
plants displayed variability in, and increased levels of, trans-teupolioside and trans-verbascoside
content. The 20-hydroxecdysone content was slightly higher in tetraploids. These findings indicated
that Ajuga tetraploids could be used in breeding programs to enhance the yield of substances with
potential medicinal and industrial applications.

Keywords: Ajuga reptans; artificial polyploidy; trans-teupolioside; trans-verbascoside; 20-hydro
xyecdysone

1. Introduction

Artificial polyploidization in plants is a breeding technique used to modify the genome,
mainly by doubling (and occasionally further multiplying) chromosome sets. However,
because this biotechnological approach affects the genome, it is not classified as genetic
modification. Polyploidization techniques are experiencing a renaissance; they are in-
creasingly being incorporated into the breeding programs of many interesting crops and
aromatic and medicinal plants [1–4].

Especially in the cases of aromatic and medicinal plants, polyploidization affects the
quantities of a wide range of biologically active substances [3]. For secondary metabolites,
in particular, these changes could allow the use of plant extracts in the pharmaceutical,
cosmetics, and food processing industries, and as botanical pesticides [5]. One such
medicinal plant, which is known for its biologically active substances, is Ajuga reptans
(blue bugle), belonging to the family Lamiaceae. Plants from the genus Ajuga have a
wide variety of biologically active substances, such as phytoecdysteroids, anthocyanins,
carotenoids, diterpenes, and phenylethanoid glycosides. Extracts from this plant species
contain two glycosides: teupolioside and verbascoside. Several studies have demonstrated
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the potential anticancer, anti-inflammatory, and antioxidant effects of this species, which
could, therefore, have cosmeceutical and food production applications [6,7]. Moreover, the
presence of phytoecdysteroids (20-hydroxyecdysone) suggests the possible use of Ajuga
extract as a botanical pesticide. Phytoecdysteroids have the same structural features as the
ecdysteroids found in insects and other arthropods. It is believed that plant ecdysteroids
have antifeedant effects on herbivores and suppress insect molting [8,9].

Although some researchers have attempted to obtain the abovementioned substances
from in vitro or cell suspension cultures [7,10], breeding programs could provide new
genotypes for field production and biomass harvesting. This study aimed to address how
artificial tetraploids of Ajuga reptans obtained from previous experiments differ from wild
progenitor plants, in terms of the contents of three important substances: trans-teupolioside,
trans-verbascoside, and 20-hydroxyecdysone.

2. Materials and Methods
2.1. Plant Material

The plants of two diploid progenitor strains of A. reptans (denoted as 4 and 7), originat-
ing from the Crop Protection section of the Crop Research Institute (CRI), Prague-Ruzyně,
Czech Republic, were used in this study. Tetraploid plants of three strains of clones (sc4,
sc28, and sc12) were also analyzed. Tetraploid strains sc4 and sc28 were derived from
progenitor strain 7, and sc12 (as well as sc5, for which only the flowers and leaves were
analyzed) was derived from strain 4, to represent the lines of viable plants with the charac-
teristic morphological and cytological features of tetraploids, as reported in Švécarová et al.
(2018) [11]. The plants of all of these strains were cultivated in field condition, harvested
at the maximum flowering stage, and dried at room temperature under enhanced air
circulation. Plants growing in field condition were also morphologically characterized. The
surface areas of dried, prepared and scanned leaves were measured using Image J software
(https://imagej.nih.gov/ij/index.html (accessed on 23 June 2022). Only two pairs of leaves,
located exactly under inflorescence, were taken for analysis. Two datasets, one for diploid
leaf areas and one for tetraploid leaf areas, were statistically evaluated by t-test (GraphPad
software, San Diego, CA, USA).

2.2. Extraction of the Plant Materials

The dried above-ground plant materials were powdered and extracted with methanol
for 2 h at room temperature. Three parallel samples were prepared from each plant
material. The extracts were stored at −18 ◦C. Methanol LiChrosolv, gradient grade for LC,
was purchased from Merck (Prague, Czech Republic).

2.3. HPLC and LC/MS Analyses

The extracts were analyzed using HPLC (Hewlett Packard 1050), column Phenomenex
Luna C18(2) (150 × 2 mm and 3 µm), diode array detector (DAD Agilent G1315B) and
fluorescence detector (FLD Agilent G1321A).

Mobile phase A: 5% acetonitrile + 0.1% of o-phosphoric acid; mobile phase B: 80%
acetonitrile + 0.1% of o-phosphoric acid. The gradient: 0. min 0% B, 10. min 10% B,
20. min 30% B, 25. min 40% B, 30. min 60% B. The flow rate was 0.25 mL/min, the column
temperature was 35◦ C. The injection volume was 5 µL.

The substances were also analyzed by LC-MS (APCI-LC-MS, LCQ Accela Fleet), with
the same column, but, instead of o-phosphoric acid, formic acid was used. Complete
identification was performed by LC-NMR.

Quantification was performed by HPLC using calibration curves for 20-hydroxy-
ecdysone and trans-verbascoside (syn. acteoside); trans-teupoloside was quantified accord-
ing to the calibration curve for verbascoside.

Acetonitrile for LC/MS was purchased from Merck (Prague, Czech Republic), o-
phosporic acid p.a. from Fluka (Prague, Czech Republic), formic acid from Sigma-Aldrich
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(Prague, Czech Republic) and standard of trans-verbascoside and 20-hydroxy-ecdysone
from Sigma-Aldrich (Prague, Czech Republic).

Datasets of each measured substance for each pair (progenitor diploid strain and
its derived tetraploid strain) were statistically evaluated by unpaired t-test (p < 0.01)
(GraphPad software).

2.4. NMR Analysis-Identification of trans-Verbascoside and trans-Teupolioside

For the preparation of trans-verbascoside and trans-teupolioside, a commercial HPLC
system (Dionex UltiMate 3000, Thermo Fisher Scientific) with a 4.6 × 250 mm HPLC column
(Luna C18 (2), Phenomenex, 5 µm, 100 Å pore size) was employed. The separation was
performed by isocratic elution using acetonitrile-deuterium oxide system (22% ACN-78%
D2O) and monitored at 254 nm. The flow rate was 0.5 mL/min. The concentrated methanol
solution (50 µL) was injected multiple times into the HPLC system and fractions of individ-
ual chromatographic peaks were collected. The individual fractions were evaporated to
dryness and subsequently dissolved in methanol-d4 for NMR spectroscopy analysis.

The NMR data were acquired using a Varian INOVA 500 MHz spectrometer (Varian
Inc., Palo Alto, CA, USA) operating at 499.87 MHz for 1H and 125.70 MHz for 13C. The 1H,
COSY and HSQC spectra were used for structure elucidation of trans-teupolioside, while
only 1H NMR spectrum was recorded for trans-verbascoside. NMR spectra were referenced
to the line of the solvent (methanol-d4, δ = 3.31 ppm for 1H and δ = 49.00 ppm for 13C), see
Supplementary Materials. The identification was based on comparison of NMR data of
isolated compounds with available literature [12].

3. Results

Diploid and tetraploid A. reptans plants cultivated in field conditions and originated
from in vitro cultures showed typical features for their ploidy levels. Plants from tetraploid
strains were characterized by more robust growth of the shoots in comparison with diploid
progenitor plants (Figure 1A,B). Moreover, the size of tetraploid flowers and leaves was
also bigger than in diploid ones (Figure 1C,D). Measured areas of tetraploid leaves were
significantly larger (1.7-fold) than for diploid leaves.
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Figure 1. Differences between diploid and tetraploid plants of A. reptans. (A) Tetraploid plants
displayed more robust growth than diploid plants in field conditions, even though they were planted
at the same time. (B) Sizes of diploid and tetraploid plants at the maximum flowering stage. (C) Leaf
size and shape of tetraploid and diploid plants. Leaves were collected from the basal part of shoots.
(D) Tetraploid flowers were bigger than diploid ones. Flowers and shoots flowering were collected at
the same stage.
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The biochemical analyses focused on whole green and flowering shoots, and espe-
cially on leaves and flowers. In all studied strains of A. reptans plants, both diploids
and tetraploids were identified in the same spectrum, respectively, in the presence of the
analyzed substances of trans-teupolioside, trans-verbascoside and 20-hydroxyecdysone.
However, differences in their content were revealed. In terms of the 20-hydroxyecdysone
content in whole shoots, the differences between diploid progenitor strains were negligible.
The comparison of 20-hydroxyecdysone content in tetraploids and diploids (Figure 2)
also showed mostly insignificant differences. Similar results were obtained for analyzed
leaves and flowers. Only leaves and flowers of sc4 tetraploids contained a significantly
higher amount of 20-hydroxyecdysone in relation to the measured content in the diploid
progenitor (Figure 3).

On the other hand, changes were found in the contents of phenylpropanoids. In
the case of trans-teupolioside content, there was no significant difference among diploid
progenitor strains. In addition, the content of trans-teupolioside in whole shoots showed
no significant difference between progenitor strain 4 and its derived tetraploid strain sc12
(Figure 2). A non-significantly higher level of trans-teupolioside was detected in tetraploid
flowers and leaves compared with diploids (Figure 3). Moreover, the sc28 and sc4 tetraploid
strains had higher and lower trans-teupolioside contents, respectively, than progenitor
strain 7 (Figure 2).

The trans-verbascoside content in whole shoots showed differences among tetraploid
strains derived from progenitor strain 7; sc4 also differed from diploid progenitor strain
7 (Figure 2). Regarding sc4, it showed a 1.87-fold higher trans-verbascoside content than
progenitor strain 7. Furthermore, sc12 tetraploids showed markedly and significantly
higher trans-verbascoside content (1.7-fold) than diploid progenitor strain 4 (Figure 2).
Tetraploid strain sc4 showed higher content of trans-verbascoside not only in whole shoots,
but also separately in flowers and leaves (Figure 3).
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Figure 2. Contents of trans-teupolioside, trans-verbascoside and 20-hydroxyecdysone measured
in dried shoots of two progenitor strains (7 and 4) and in tetraploid strains derived from those
progenitors. Asterisks (*) mark significant differences of substance content in tetraploids in relation
to diploid progenitors (p value < 0.01).
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Figure 3. Contents of glycosides trans-teupolioside, trans-verbascoside (A,C) and 20-hydroxyecdy
sone (B,D) measured in dried flowers (A,B) and leaves (C,D) of two progenitor strains (7 and 4) and
in tetraploid strains derived from those progenitors. Asterisks (*) mark significant differences of
substances content in tetraploids in relations to its diploid progenitors (p value < 0.01).

4. Discussion

The enlarged shoots and flowers of tetraploid plants grown in greenhouses and field
conditions accord with previous findings for A. reptans artificial tetraploids cultivated
in vitro [12]. The experimental plants were derived from the tetraploids of in vitro cultures.
Enlarged leaves, stems, and flowers in artificially polyploidized plants have been docu-
mented for many plant species [3,13,14], as also discussed in the review of Trojak-Goluch
et al. (2021) [15].

Artificial polyploidization not only enhances biomass production, but also alters the
content of various phytochemicals, including secondary metabolites [16–18]. We analyzed
trans-teupolioside, trans-verbascoside, and 20-hydroxyecdysone, which were also identified
in plant extracts from the genus Ajuga [7,19].

Polyploidization can influence plant metabolism, both qualitatively and quantitatively.
Tetraploids of several plant species produce terpenoids [13,17], morphine (in the case of
Papaver somniferum) [20], and/or secondary metabolites, such as tetrahydrocannabinol
and cannabidiol [21]. In phenylpropanoids, secondary metabolites include teupolioside
and verbascoside. Studies of the tetraploids of Solanum commersonii [22] and Solanum
bulbocastanum [23] revealed higher phenylpropanoid content in S. commersonii compared
with the diploid progenitors, However, the tetraploids of S. bulbocastaneum displayed
similar (or lower) phenylpropanoid content to those of their diploid parents.

This study demonstrated differences in phenylpropanoid contents in the tetraploid
strain. The phytochemical most affected by polyploidization was trans-verbascoside, the
content of which was higher in tetraploids compared with diploid progenitors. Verbasco-
side exerts numerous biological effects, such as anti-inflammatory effects on the skin, and in
the intestines and lungs. It also exerts cytoprotective effects through free radical scavenging,
which could be useful for treating neurodegenerative diseases, as reviewed by Alipieva
et al. (2014) [24]. The nearly two-fold higher trans-verbascoside content in tetraploids,
compared to the diploid progenitors, observed in this study indicated that A. reptans could
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be used in the pharmacological industry. Changes in 20-hydroxyecdysone contents were
also examined, and our results suggested that genome doubling affects the expression of
genes involved in complex biosynthetic pathways; this applies to both phenylpropanoids
and all of the secondary metabolites. New tetraploid genomes are typically unique, and
strains with altered secondary metabolite contents can be produced; such genotypes have
potential for breeding programs.

5. Conclusions

In this work, it was demonstrated that the method of artificial polyploidization in
A. reptans that utilizes in vitro techniques is able not only to double the genome, but also
to change the content of bioactive substances in the plant bodies. Here, new tetraploid
materials were tested for increases in their phytochemical contents. The phytochemical
most increased by polyploidization was trans-verbascoside. Tetraploid plants which are
displaying robust features could also represent new genotypes for usage in gardening and
landscaping, as a quick ground covering plant for empty areas.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8070581/s1. NMR data of trans-teupolioside, trans-
verbascoside.
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Abstract: Caper (Capparis spinosa L.) is a shrubby plant species recalcitrant to vegetative propagation
and generally difficult to propagate by seeds. This is due to the difficulties associated with seed
germination, root induction from stem cuttings, and plant hardening. Propagation by tissue culture
would be a good alternative and promising approach to overcome the limitations of conventional
propagation. Tissue culture methods can be used for the clonal propagation of caper plants. Indeed,
in many plant species, micropropagation has played a decisive role in the rapid and large-scale
production of uniform and genetically stable plants. Tissue culture methods can also be used in
genetic improvement and conservation programs. In this review, we first provided an overview
on caper and its conventional means of propagation, then we described the different methods of
caper micropropagation, i.e., in vitro seed germination and seedling development, propagation by
nodal segmentation of elongated shoots (i.e., microcuttings), and adventitious organogenesis. These
micropropagation methods can make it possible to overcome all the obstacles preventing large-scale
propagation and genetic improvement of caper. Thus, the most updated information on the progress
made in the field of caper micropropagation is reported and future perspectives are outlined.

Keywords: caper; in vitro germination; microcuttings; micropropagation; organogenesis

1. Introduction

Caper (Capparis spinosa L.) is a shrubby plant native to the Mediterranean region. It be-
longs to the family Capparidaceae and genus Capparis, which includes more than 250 species
generally used for ornamental, culinary, cosmetic, pharmaceutical, and medicinal purposes [1].
Capparis spinosa is characterized by high morphological and ecological diversity, which led
some authors to differentiate several intraspecific variants and taxa [2–5]. It plays important
socio-economic roles in the arid regions of many countries, and is well adapted to high
temperatures, intense sunlight, and fluctuating climates [6–8].

Caper is cultivated for both unopened flowers and young fruits that are used in many
traditional dishes [9]. The fruits of caper are harvested from both wild and cultivated plants.
The main producers are Morocco, Spain, and Turkey [10,11].

Caper is a shrub with high medicinal values. This species is rich in bioactive com-
pounds such as flavonoids, glucosinolates, phenolic acids, and alkaloids that can be used
for medicinal, culinary, and ornamental purposes. Along this line, many health-promoting
properties of caper extracts were scientifically demonstrated, in particular anti-cancer and
antioxidant activities [12]. Caper is also used for ecological purposes since it helps in
preventing soil erosion and preserving biodiversity and soil water [13,14].

Caper is commonly propagated by seeds. This method allows the maintenance of
high genetic diversity within its populations. However, propagation by seeds cannot be
used for the production of true-to-type plants [12,15]. Due to the high socio-economic
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and ecological importance of caper, it becomes preparatory to genetically characterize the
existing material in order to identify the best and most promising genotypes, with superior
agronomic characteristics. Such genotypes would be subjected to rapid and large-scale
propagation, and then used for different ecological and industrial purposes. Propagation
by stem cuttings may be a good alternative to sexual propagation. Nevertheless, this
vegetative propagation method is associated with serious rooting problems [12]. Therefore,
developing efficient propagation methods through tissue culture is needed today for caper.

In vitro propagation is a very promising approach for rapid production of caper
plants. Tissue culture of caper was first reported in 1984 [16]. Since, several studies
have been published describing micropropagation systems for caper, but with extremely
variable rooting and acclimatization rates [9,12,17–23]. The high variability of findings
reported in the literature may be related to several factors such as the genotype, age, and
physiological state of the donor plant, explant, plant growth regulators (PGRs), and culture
conditions [16]. Today, it is extremely important to develop a reproducible and efficient
micropropagation system for the best-performing genotypes.

The present review provides the most updated data on the progress made in the field
of caper micropropagation. This includes propagation by in vitro seed germination and
seedling development, propagation by microcuttings, and through adventitious organo-
genesis. This review also describes the micropropagation steps of caper and discusses the
difficulties encountered in each in vitro culture method.

1.1. Geographic Distribution, Botanical Classification, and Ecological Characteristics of Caper

Caper is a xerophytic and heliophilic species endowed with a great adaptation capacity
to difficult environmental conditions [24]. Caper is mainly located in the arid and semi-
arid areas of the Mediterranean region. It is found in north and east Africa, Madagascar,
southwest and central Asia (China and Iran), the Middle East, southern Europe (Greece,
Italy), Australia, and Oceania [3,25]. It grows naturally from the Atlantic coasts of the
Canary Islands and Morocco to the Black Sea, and to the shore of the Caspian Sea [3,26].
The wild and cultivated caper plants are used throughout its entire area of growth, from
west Africa to the Norfolk Islands in the Pacific [27].

Caper belongs to the genus Capparis and family Capparidaceae [3,28–30]. It is a
perennial species, generally thorny and hairy, with a height of about 50–80 cm. Caper is
characterized by a very high level of heterogeneity within its populations [3,29,31]. The
taxonomic position of C. spinosa is still difficult to assess due to the several taxa of different
ranks that have been described [32]. Therefore, the classification of this species remains
ambiguous and controversial. A morphological study of some caper ecotypes from north-
central Morocco revealed the existence of three genotypic clusters that correspond to three
species: Capparis spinosa, C. ovata, and C. cartilaginea [31]. C. spinosa is by far the most
economically important one and is mainly found in the Mediterranean region [1,3,29]. It
is also one of the most common medicinal and aromatic plants that grow along roads, on
slopes, and in rocky and stony areas [33].

Flower buds (i.e., capers) are the most sought-after parts of caper. The firmness of
capers is a key indicator of their commercial quality (i.e., an indicator of good storability).
The firmness index of capers varies depending on the genotype and area of growth [34].
Caper fruit is a dehiscent berry of 2–4 cm long (Figure 1). The number of seeds per fruit
is on average 130, with a minimum of 15 seeds in the smallest fruits and a maximum of
400 seeds in large fruits [13]. The roots of caper are very deep but not highly branched [13].
Indeed, the caper has a powerful root system that can mobilize large volumes of soil. These
characteristics make caper highly tolerant to drought and able to grow even on the poorest
soils and on steep slopes. Hence, caper has a great ecological interest as it can prevent
erosion in arid and semi-arid regions [35].
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Figure 1. Caper (Capparis spinosa L.) fruits.

As a xerophytic plant, caper has morphological and physiological characteristics that
make it tolerant to the most severe climatic conditions of arid and semi-arid regions [11].
Caper is found in sites with temperatures as low as−4 ◦C, but generally the annual average
temperature of its natural regions of growth exceeds 14 ◦C. It withstands temperatures of
up to 40 ◦C and is also drought tolerant. It can survive with no rain for several months. In
its area of growth, the rainfall varies from 200 to 550 mm per year [13].

Caper is a rupicolous species that can be cultivated on different types of soils. It grows
on loamy clay, sandy, rocky, and gravelly soils. It also grows on clayey and poorly draining
soils and on light sandy loam soils with alkaline pH (Figure 2). However, it seems that
caper prefers light, well-draining soils with a neutral to alkaline pH [13,14].
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1.2. Economic Importance and Medicinal Uses

The economic importance of caper lies in the value of its young shoots, tender young
fruits, and flower buds, and they have a high demand in the international market [24].
Flower buds are generally harvested before flowering and used for aromatic purposes in
the cosmetic industry. The wild buds are harvested by seasonal pickers then stored in salt
before packaging [36].

Since ancient times, different parts of the caper have been used as traditional herbal
remedies due to their beneficial effects on human health [37]. In recent years, the biologi-
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cal activities of caper bud extracts have been evaluated and numerous health promoting
properties were reported. Caper extracts possess a high inhibitory activity against acetyl-
cholinesterase (AChE) and butyrylcholinesterase (BChE), as well as antioxidant and metal
chelating properties [38]. Caper leaves, stems, flowers, roots, and fruits were also reported
to have antidiabetic, anti-obesity, antimicrobial, anti-inflammatory, and antihypertensive
activities [39–43]. This is due to their content of flavonoids, phenols, alkaloids, tannins, and
glycosides [44].

In Greek folk medicine, herbal teas made from the young shoots of caper are used
against rheumatism. The bark and leaves of caper have anticarcinogenic activities. Indeed,
they contain rutin, selenium, and quercetin, which contribute to the prevention of certain
forms of cancer [14].

2. Conventional Propagation of Caper
2.1. Propagation by Seeds

Propagation by seeds is the most widely used method for caper propagation. However,
many factors may hamper caper seed germination, among which the most important are
the hardness of seed coat, seed dormancy, the hormonal balance within seeds, and embryo
immaturity. The seed coat and mucilage surrounding the seeds are ecological adaptations
to prevent water loss and maintain seed viability during dry seasons [14,45,46]. Generally,
viable embryos germinate within 3 to 4 days after partial removal of the lignified seed
coat [47].

Several studies have been conducted to overcome plant seed dormancy. Treatments
such as plant hormones, sulfuric acid (H2SO4), methanol, potassium nitrates, boiling water,
and stratification were suggested to break seed dormancy [48]. In the case of caper, H2SO4,
cold stratification, scarification, and treatment with gibberellic acid (GA3) or nitric acid
(KNO3) have been suggested [16,49–53]. However, the germination rate of caper seeds
was not high enough for rapid and large-scale propagation even after the application of
these treatments.

2.2. Propagation by Stem Cuttings

Vegetative propagation by stem cuttings is a practicable and efficient method for
the clonal multiplication of plants. However, in many species, this method is hampered
by rooting difficulties [48]. Caper is a plant species difficult to root. Root induction
from stem cuttings depends on many factors such as the type and age of cutting, time of
cuttings’ collection, the substrate used for planting, and other seasonal and environmental
parameters. Moghaddasi et al. [14] observed a root induction rate of up to 55% in one-
year-old twigs of caper. Some authors used PGRs to improve the rooting ability of caper
cuttings [16,46,54,55]. Bahrani et al. [46] evaluated the effects of indole-3-butyric acid (IBA)
on root induction from growing season (softwood) and one year old (semi-hardwood)
stems of caper. IBA did not promote root induction from softwood cuttings, while it
showed a very low rooting percentage (16.1%) in semi-hardwood cuttings [46]. According
to Saifi et al. [54], treating caper cuttings with 3000 ppm IBA for one minute resulted in a
rhizogenesis rate of 50%. On the other hand, the use of leafy cuttings showed a slightly
higher rhizogenesis rate (67.1%) than leafless cuttings (61.4%) [15]. The ability of caper
cuttings to induce roots is also influenced by other endogenous and exogenous factors such
as the genotype, cutting thickness, and planting season [45,55,56].

Caper propagation by stem cuttings allows for the production of true-to-type plants.
However, as mentioned above, this method is hindered by rooting problems. Additionally,
caper plants produced by stem cuttings are highly susceptible to drought during the first
years of planting.

Based on the above, it seems that the use of in vitro culture methods would consider-
ably help in the rapid and large-scale propagation of this medicinal plant. Up to date, few
studies have been undertaken on caper micropropagation. Three different methods were
described: (i) in vitro seed germination and seedling development; (ii) nodal segmentation
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of elongated shoots (i.e., microcuttings); and (iii) organogenesis. These micropropagation
methods are described and discussed in the following sections.

3. Caper Propagation by Tissue Culture
3.1. In Vitro Seed Germination and Seedling Development

Propagation by in vitro seed germination allows the conservation of caper diversity
and ensures the sustainable use of this species. Under natural conditions, the propagation
of caper by seeds is hampered by many factors as previously mentioned. In vitro seed ger-
mination may considerably help to overcome these constraints. Indeed, seeds are cultured
on appropriate culture media and under controlled conditions that provide embryos with
the optimal nutrients and conditions to promote germination and subsequent growth [48].
Accordingly, in vitro seed germination (Figure 3) can be considered the best approach to
produce a large number of caper plants while preserving the genetic diversity within this
species. In vitro seed germination is also a powerful tool for genetic improvement.
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3.1.1. Surface Disinfection and Culture Medium

Various surface disinfection protocols were described for caper seeds. For example,
Rhimi et al. [8] started the disinfection procedure by rinsing the seeds five times with sterile
distilled water. The seeds were then treated with H2SO4 for 30 min, followed by immersion
in 70% alcohol for 5 min and then in 6% sodium hypochlorite for 20 min, with continuous
stirring. Finally, the seeds were rinsed five times (5 min each) with sterile distilled water.
Germanà and Chiancone [57] soaked caper seeds in 70% ethyl alcohol for 3 min, followed
by 20 min in a solution of 25% commercial bleach (approximately 1.5% active chlorine),
and finally by three rinses with sterile distilled water.

3.1.2. Seed Germination

Several factors can affect seed germination in vitro, for example, plant genotype, culture
medium components, PGRs, seed coat, pretreatments, and culture conditions [8,48,58–61]. In
caper, a large variation was observed in germination rates among the different populations
(Table 1). It appears that Murashige and Skoog medium (MS; [62]) is the most suitable
for in vitro seed germination of caper. After scarification, Chalak et al. [17] observed a
seed germination rate of 71% on PGR-free MS medium, while the use of sterile distilled
water gelled with agar showed a germination rate of 64%. According to Rhimi et al. [8], a
75% germination rate was observed in caper seeds from the Nahli site (Tunisia) following
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30-min H2SO4 and 48-h GA3 (2000 mg L−1) pretreatments. In a different work, the caper
seeds harvested from a wild tree located in the Madonie Mountains and that belongs to
the subspecies rupestris showed a germination rate of 80.4%. The seeds were subjected to a
heat pretreatment at 40 ◦C for one hour, then cultured on modified MS medium [57]. Treat-
ing seeds with gamma rays may improve their germination ability in vitro and promote
seedling growth and development [63,64]. Seed irradiation with gamma rays resulted in
an in vitro germination rate of 50% [65].

Table 1. In vitro seed germination of caper (Capparis spinosa L.).

Pretreatment Germination
Medium PGRs Culture Conditions Germination

Percentage (%) Reference

H2SO4 for 20 min
with scratching MS PGR-free Darkness, 25 ◦C 46%

Al-Safadi and
Elias [65]Gamma irradiation

(a 100 Gray dose) MS PGR-free Darkness, 25 ◦C 50%

H2SO4 for 30 min
followed by soaking in

2000 mg L−1 GA3
for 48 h

MS PGR-free 16 h photoperiod, 22 ◦C 75%

Rhimi et al. [8]Sterile
distilled water PGR-free 16 h photoperiod, 22 ◦C 62.5%

Scarification

MS PGR-free 16 h photoperiod, 26 ◦C 71%

Chalak et al. [17]Sterile
distilled water PGR-free 16 h photoperiod, 26 ◦C 64%

Imbibition in
20 ppm GA3

MS
0.4 mg L−1 NAA +
0.45 mg L−1 BAP +

0.7 mg L−1 GA3

16 h photoperiod, 27 ◦C 32.1%

Germanà and
Chiancone [57]

Hot temperature
(40 ◦C) for 1 h MS

0.4 mg L−1 NAA +
0.45 mg L−1 BAP +

0.7 mg L−1 GA3

16 h photoperiod, 27 ◦C 80.4%

Abbreviations: BAP, 6-benzylaminopurine; GA3, gibberellic acid; H2SO4, sulfuric acid; MS, Murashige and Skoog
medium; NAA, 1-naphthaleneacetic acid; PGR, plant growth regulators.

The effect of PGRs on seed germination has also been the subject of investigation [57,66–68].
During in vitro seed germination, shoot and root growth depends strongly on exogenous
PGRs, their concentrations, as well as the metabolism of endogenous plant hormones, their
concentration, and interaction with PGRs [69,70]. Based on our experiments (data not
published), the use of MS medium supplemented with GA3 and 6-benzylaminopurine
(BAP) or thidiazuron (TDZ) promotes caper seed germination. This is in good agreement
with results reported for other plant species [71,72]. GA3 is a growth regulator widely
used for in vitro seed germination. The exogenous GA3 added to culture medium acts
by increasing the concentration of endogenous GA3 and lowering that of abscisic acid
(ABA), which promotes seed germination [73,74]. BAP is a potent cytokinin commonly
used in tissue culture due to its efficacy and affordability [75]. Regarding TDZ, it is a
phenylurea derivative that has a potent cytokinin-like activity and is widely used for the
micropropagation of Mediterranean species [76].

3.1.3. Seedling Growth and Plantlet Acclimatization

Research on in vitro development of caper seedlings and their acclimatization is still
very limited. According to Heydariyan et al. [77], salicylic acid and GA3 significantly
improved the growth and development of caper seedlings. Germanà and Chiancone [57]
noted that the combination of 1-naphthaleneacetic acid (NAA), BAP, and GA3 inhibited
apical bud growth. However, new buds emerged around the cotyledons, in the region
between the epicotyl and hypocotyl. According to these authors, 40% of seedlings produced
new shoots [57].
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Successful acclimatization of plantlets grown in vitro is a crucial step for the mass
propagation of any species. Rhimi et al. [8] reported a survival rate of 95% after the
acclimatization of 15-day-old seedlings in pots containing a mixture of peat and sand
(2:1, w/w).

3.2. Caper Propagation by Microcuttings

Despite the large number of caper genotypes and their reputed medicinal virtues,
an efficient and reproducible propagation system through microcuttings has yet to be
developed. Such system should aim not only to produce a large number of true-to-type
plants, but also to harness the economic potential of capers.

Propagation by microcuttings, also known as propagation by nodal segmentation
of elongated shoots, is a vegetative propagation method based on the multiplication of
axillary shoots derived from microcuttings (i.e., tender stem segments bearing 1–3 buds)
in vitro. Elongated shoots are cut into small segments (i.e., microshoots) containing one
or two nodes then placed on a rooting medium to promote the induction of adventitious
roots. The plantlets are then transferred to the glasshouse for acclimatization. This method
allows for the production of true-to-type plants [48].

The findings of several studies carried out on capper micropropagation by microcut-
tings underlined the enormous potential of this method [9,12,17]. However, successful
regeneration through microcuttings depends on many factors associated with the genotype
and culture conditions.

3.2.1. Plant Material and Culture Medium

In order to establish aseptic cultures and obtain leafy shoots, nodal segments were
used [9,12,17,78]. In addition, the effects of different basal media on the multiplication and
rooting of caper microshoots were evaluated, for example, MS medium, Linsmaier and
Skoog medium [79], Nitsch and Nitsch medium [80], Woody Plant Medium (WPM; [81]),
and Rugini medium [82]. However, MS medium was found to be the most suitable for
culture establishment and shoot proliferation [9,20].

3.2.2. Surface Disinfection

The development of an efficient disinfection protocol is a necessary step for the setup of a
micropropagation system. However, the establishment of axenic cultures from microcuttings
may be very challenging [9,18]. Various protocols have been described in the literature, most
of them used sodium hypochlorite as a disinfectant agent [17,20,22,23]. The use of sodium
hypochlorite coupled with ethanol was also suggested and showed convincing results. Indeed,
some authors suggested to first soak microcuttings in a solution of 70–80% ethanol for 2 to
5 min before surface disinfection with sodium hypochlorite [9,12,23,78].

3.2.3. Shoot Multiplication and Elongation

Shoot multiplication and elongation are strongly affected by PGRs. High levels of
endogenous cytokinins may be needed to induce cell division. Addition of exogeneous
PGRs promote cell elongation and multiplication. Many authors suggested the use of
a BAP-auxin combination for caper shoot multiplication and elongation (Table 2). For
example, El-Mekawy et al. [20] reported that the combination of 0.5 mg L−1 BAP and
0.05 mg L−1 NAA gave an average number of 3.89 shoots per explant, with an average
length of 3.24 cm.

The undeniable effect of BAP on caper shoot multiplication and elongation was also
reported by Rodriguez et al. [78], who indicated that 4 µM ('0.9 mg L−1) BAP (in combina-
tion with 0.3 µM ('0.05 mg L−1) indole-3-acetic acid (IAA) and 0.3 µM ('0.1 mg L−1) GA3)
promoted shoot proliferation and growth. This was confirmed by Sottile et al. [83], who
reported that the combination of 6 µM ('1.35 mg L−1) BAP and 0.12 µM ('0.02 mg L−1)
IBA allowed for maximum proliferation of caper leafy shoots (91%). This combination
also improved the number of shoots per explant (8.7) and shoot length (2.7 cm). Multiple
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shoot formation from nodal buds was observed by Chalak et al. [17] on media containing
1.5 mg L−1 BAP, 0.05 mg L−1 IBA, and 0.1 mg L−1 GA3, with an average number of shoots
ranging from 4.25 to 5.43.

Some other factors were reported to affect shoot multiplication and elongation of caper,
such as the type and concentration of carbohydrates added to culture medium [12]. Sucrose
is by far the most commonly used carbon source for the multiplication of caper shoots.
Glucose promoted caper shoot growth as well and, in some cases resulted in better growth
than sucrose [12]. Successive subcultures have been reported to affect the proliferation
capacity of caper shoots. Shoot multiplication was enhanced by successive subcultures on
fresh culture media, with an average rate exceeding 20 new shoots per explant at the end
of the sixth subculture. However, the proliferation capacity decreased during the following
subcultures [17].

3.2.4. In Vitro Rhizogenesis of Caper Microshoots

Adventitious root induction from microshoots is the most decisive step of the mi-
crocuttings’ technique. In many plant species, it was very difficult to induce roots from
in vitro cultured shoots [84]. Root formation from microshoots depends on many factors
such as the genotype, culture medium and conditions, and PGRs, particularly auxins and
their concentrations. Early cell division is a prerequisite for root formation. Generally, the
root induction requires high levels of auxins. Addition of cytokinins to culture medium
may be necessary since they are involved in the regulation of cell division and organ
differentiation [12,18,69].

In many plant species, the use of the auxins IAA, IBA and NAA resulted in high
in vitro rhizogenesis rates [85–87]. These auxins, used either alone or in combination, have
also shown convincing results in Capparis species [9,18,20]. Generally, the roots appear
after 15 to 20 days of culture [9]. Attia et al. [22] observed an in vitro rooting percentage
of 56.7% on MS medium containing 1.5 mg L−1 NAA. According to Carra et al. [9] and
Sottile et al. [83], the use of IBA at 5 µM ('1 mg L−1) resulted in high rhizogenesis rates
(93.4–93.7%). However, increasing IBA concentration to 10 µM ('2 mg L−1) decreased
the rhizogenesis rate to 68.7% [9]. On the other hand, 1 µM ('0.18 mg L−1) NAA showed
a rhizogenesis rate of 68.7% [9]. The average number of roots per shoot ranged from 2.4
on the medium supplemented with 1 µM ('0.18 mg L−1) NAA to 3.5 on that containing
5 µM ('0.87 mg L−1) IAA under light conditions, whereas the highest average length of
roots was 28 mm when 5 µM ('1 mg L−1) IBA was added to culture medium [9]. The
combination of NAA and IBA at 0.75 mg L−1 and 0.25 mg L−1, respectively, resulted in a
rooting percentage of 67% [16]. Rodriguez et al. [78] observed 70% rooting after a 20-day
incubation period in darkness on MS medium containing IAA. Chalak et al. [17] and Chalak
and Elbitar [18] suggested a pulse treatment for 4 h in a solution of 100 mg L−1 IAA before
transferring the explants to MS or half-strength Murashige and Skoog medium ( 1

2 MS).
This treatment resulted in a rhizogenesis range of 87–92%. Soaking caper microshoots in
a solution of 24.6 µM ('5 mg L−1) IBA for 10 min before culture on MS medium under a
16 h photoperiod enhanced the rooting percentage to 80.5% [47].
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3.2.5. Plantlet Acclimatization

To date, only a few studies have been conducted on the acclimatization of caper plants
produced by the microcuttings technique, and divergent results were published. Some
authors reported low survival rates. For example, Chalak et al. [17] observed a survival rate
of 40%. On the other hand, some other studies reported high survival rates. For example,
Chalak and Elbitar [18] observed a survival rate of 92%. Musallam et al. [88] reported a
successful transfer of caper plants regenerated in vitro to field conditions as well as normal
growth and development.

The composition and texture of culture medium used before acclimatization (e.g.,
elongation and/or rooting medium) may significantly influence the survival rate of the
plants during acclimatization [89,90]. In C. orientalis, the survival rate varied from 56%
to 66% depending on the hormonal composition of rooting medium [12]. The impact
of rooting medium on subsequent plantlet acclimatization was observed in other plant
species [91].

Based on the above, the effects of many factors on caper plantlet survival during
acclimatization are still to be evaluated, such as the genotype, substrate mixtures and
ratios, nutrient solutions and irrigation, pre-acclimatization, and greenhouse/glasshouse
conditions. Therefore, further research should focus on these factors in order to improve
the survival rate of caper plants produced by the microcuttings technique.

3.3. Caper Propagation by Organogenesis

Organogenesis is a powerful in vitro regeneration system for the mass production of
genetically uniform plants [92,93]. It is based on the totipotency of plant cells and involves
the development of shoot buds and roots either directly on the explant or after callus
formation under aseptic and appropriate culture conditions to subsequently form complete
plants [61,92,94]. Successful regeneration through organogenesis depends on many factors
including the genotype and explant type as well as culture medium and conditions. Despite
the enormous potential of this method, there are only few papers dealing with it in caper.
Organogenesis can be considered as the best approach available today to propagate caper
and can be exploited for genetic improvement and conservation purposes.

Different PGRs were evaluated to develop an in vitro regeneration system through
organogenesis for caper. Movafeghi et al. [95] suggested to culture hypocotyl explants
on MS medium supplemented with 0.1 mg L−1 NAA and 0.5 mg L−1 BAP. This PGR
combination promoted adventitious shoot induction and proliferation. Increasing NAA
concentration decreased the formation rate of adventitious shoots. Root induction was
performed on MS medium containing 0.5 mg L−1 NAA and the regenerated plantlets
were successfully acclimatized to ex vitro conditions. Elmaghrabi et al. [96] cultured leaf
explants on MS medium containing 1.2 mg L−1 2,4-dichlorophenoxyacetic acid (2,4-D) to
induce callogenesis. For shoot and root formation, they suggested to transfer calli on MS
medium supplemented with 2 mg L−1 BAP. The plantlets were successfully acclimatized to
greenhouse conditions. Fahmideh et al. [97] suggested to use 2 mg L−1 kinetin and 2 mg L−1

NAA for shoot induction from callus culture, and 1 mg L−1 NAA for shoot rooting.
Al-Safadi and Elias [65] also highlighted the significant impact of PGRs on caper

organogenesis. The use of 2 mg L−1 GA3 gave an average of 2.2 shoots per explant
while the combination of 0.1 mg L−1 GA3, 1 mg L−1 NAA, and 2 mg L−1 zeatin riboside
yielded an average of 5.5 shoots per explant. A survival rate of 86% was observed during
acclimatization. Caglar et al. [47] pointed out the effectiveness of TDZ for the production
and multiplication of caper shoots in vitro. Indeed, 4.54 µM ('1 mg L−1) TDZ gave an
average number of 45.7 shoots per explant.

The effects of other factors on caper organogenesis were scarcely investigated. Al-
Safadi and Elias [65] found that gamma irradiation greatly improved the growth of caper
shoots induced in vitro. In fact, a 10 Gy dose of gamma irradiation promoted shoot growth
by up to 200% and improved rhizogenesis to reach 100%.
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4. Conclusions and Future Perspectives

Caper is a shrub that has long been considered difficult to propagate conventionally
and, despite the high socioeconomic and medicinal importance of this species, research
on its micropropagation is still very limited. The present review reported and discussed
the main findings of the literature in the field of caper micropropagation. Based on the
studies reported here, it can be seen that caper micropropagation was achieved through
seed germination, microcuttings, and organogenesis. However, each method presents
many difficulties and divergent results. Moreover, the organogenesis technique is not well
exploited and more research is still needed in this field. Based on the information gathered
in this report, it is highly important to improve the existing micropropagation methods,
and to develop new regeneration systems that could be used for rapid and large-scale
propagation and genetic improvement of caper, such as somatic embryogenesis. In fact,
the development of the various caper industries is closely linked to the development of
efficient propagation methods through tissue culture.

Somatic embryogenesis is a powerful micropropagation technique that is used not
only for the production of a large number of plants in a short period of time, but also for
genetic transformation, artificial seed production, and germplasm conservation. Somatic
embryogenesis also offers the possibility to identify and select, under in vitro conditions,
the genotypes that are resistant to biotic and abiotic stresses. It can be used for secondary
metabolite production, which may be very interesting in caper. Thus, developing an in vitro
regeneration system through somatic embryogenesis for caper is currently needed for the
sustainable utilization and improvement of this species.
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