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Abstract: Three caper (Capparis spinosa L.) biotypes grown on the Sicilian island of Salina (38�33049” N)
were micropropagated to evaluate two di↵erent in vitro culture systems: one using the traditional
solid medium, and the other based on liquid culture in a PlantForm bioreactor. PlantForm is
a temporary immersion system (TIS), a new propagation method in which the shoots undergo
temporary immersion in a liquid medium in order to avoid the accumulation of gas through forced
ventilation. This study proposes a protocol to improve the e�ciency of in vitro propagation of caper
plants, while also reducing production costs, because of the elimination of the gelling agent, and
manual labor, requiring limited subcultures and posing minimal contamination risks. Our results
show that the caper shoots propagated in bioreactors demonstrated good adaptability and better
growth rates than those grown in the conventional system. Statistically significant di↵erences were
observed between plants grown in the PlantForm liquid culture and those grown in solid medium
regarding the number and length of shoots, which were further promoted by the addition of plant
growth regulators (PGRs). The relative growth and real proliferation rate of the caper explants were
higher when using meta-Topolin than when using 6-benzylaminopurine as a PGR. Overall, the TIS
improved in vitro caper culture by promoting the proliferation, length, and vigor of the shoots.

Keywords: Capparis spinosa; PlantForm bioreactor; micropropagation; temporary immersion
system (TIS)

1. Introduction

The genus Capparis belongs to the family Capparaceae which includes about 250 species [1].
The caper (Capparis spinosa L.) is a perennial xerophytic shrub naturally spread throughout the
Mediterranean basin, with two subspecies: C. spinosa subsp. spinosa and C. spinosa subsp. rupestris [2],
but also widely di↵used both in the wild and in the cultivated form. The most important area for its
commercial production is Southern Europe (Italy, Spain, and Greece), where it is cultivated both in
traditional and in specialized systems (especially for its flower buds, but also for its unripe fruits and
young shoots, which are pickled in salt or vinegar and used as a condiment) [3]. More recently, caper
cultivation has been the object of significant commercial interest in several areas, particularly in North
Africa (Tunisia, Morocco, and Egypt) and in the Middle East (Syria), according to its di↵erent uses. In
Italy, caper crops are mainly distributed in the south, and traditional production is concentrated in
the small islands around Sicily (mostly, Pantelleria and the Aeolian Islands) where the species plays
an important economic role [4,5]. The importance of caper production is linked to its use in the food
industry as well as in medicine and cosmetics [6–8]. From an agronomic point of view, there are several
aspects that must be carefully evaluated in order to improve caper yield and quality. One of the most
important aspects is related to the propagation system. Most studies of caper propagation concern
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methods for increasing the seed germination rate, which is usually low due to seed dormancy [9] and
the high degree of seed heterozygosity [10]. Therefore, in order to meet farmers’ needs to increase
caper production, vegetative methods are now preferred for the propagation of selected caper biotypes.
However, the main problems related to vegetative propagation by stem cuttings appear to be dependent
on the type of propagation material, a↵ected by the environment [11]. It is well known that even in
cultivation areas where the shoots are able to reach a consistent caliber, lignify well, and accumulate
an adequate amount of reserves, the percentage of rooting rarely exceeds 50%. For these reason,
in recent years there has been an increasing interest in micropropagation, with the aim of rapidly
obtaining genetically homogenous and uniform plant material suitable for more specialized plantings.
On the other hand, somaclonal variations are often observed in micropropagated plants, probably
deriving from the massive use of hormones in the production cycle [12]. In vitro caper culture was
reported for the first time in 1984 [13]; soon after, it was reported by several authors, which all
mainly used nodal segments as the starting material [14–22]. In vitro growth and development are
determined by plant growth regulators (PGRs) which are responsible for cell division and growth.
PGRs (auxin and cytokinin) regulate the development of di↵erent plant organs during in vitro grown.
Auxins (IAA, IBA, NAA, and 2,4-D) induce cell elongation and tissue swelling, cell division (callus
proliferation), and the formation of adventitious roots; cytokinins (kinetin, BAP, mT, 2ip, and ZEA)
stimulate growth and development; they also improve cellular division and induce the formation of
adventitious shoots by decreasing the apical dominance [23]. Only a few studies are available on caper
in vitro propagation and they are mainly focused on the initial phases of propagation starting from
vegetative material [18,19,24]. These studies have shown that the best results, in terms of induction of
axillary growth, were obtained when cytokinins (mainly BAP) and auxins were used either alone or
in combination.

Notwithstanding the positive results in terms of multiplication, especially with respect to in vivo
propagation, in vitro culture has not made it possible to develop e�cient protocols from a nursery
point of view, and this has led to the search of alternative solutions able to combine high multiplication
rates and reduced production costs through the use of innovative techniques based on temporary
immersion systems (TIS).

TIS technology, via a bioreactor, is a mechanized system used in plant tissue culture to improve
large-scale micropropagation in laboratories and research centers [25–27]. The bioreactor was
technologically developed as an alternative to the conventional micropropagation process, which
aims to optimize in vitro cultivation through process automation. These mechanized systems ensure
greater contact between explant and culture medium, allowing a greater number of plants to propagate
in less time and space. Furthermore, compared with systems using a solid medium, TIS allow a
greater absorption of nutrients by the explant and greater aeration in the in vitro environment [28].
The usefulness of TIS and their positive e↵ects in one or more stages of plant tissue proliferation have
been reported for several easily multiplying species such as Pinus radiata [26]; banana [27]; Saccharum
spp. [29]; Ananas comosus [30]; Pseudotsuga menziesii; Pinus taeda [31]; and Psidium guaiava [32]. In TIS,
the immersion times vary greatly, probably because of the large variety of species, micropropagation
processes, and types of temporary immersion system used. De Rezende Maciel et al. [33] showed that
long immersion times (1 h every 6 h) were e�cient for potatoes, whereas very short immersion times
(1 min every 12 h) stimulated somatic embryo production in Co↵ea arabica and rubber and increased
grapevine shoot propagation [34]. Nevertheless, to the best of our knowledge, there are no available
studies concerning the application of TIS techniques on recalcitrant species such as the caper, whereas
few papers have reported data on forestry trees [35,36].

Therefore, the aim of this study was to develop high-e�ciency micropropagation protocols using
the TIS proposed by PlantForm [35–38].
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2. Materials and Methods

The plant material was obtained from 12-year-old plants of Sicilian biotypes of C. spinosa L. grown
on the Aeolian island of Salina (38�33049” N). Three accessions were considered in the present study:
“Sal 39”, “Sal 37”, and “Sal 35”, following preliminary observations carried out in the same cultural
environment by the Department of Agricultural, Food, and Forestry Sciences of the University of
Palermo, aimed at determining the agronomic value of several cultivated accessions. “Sal 39”, “Sal 37”,
and “Sal 35” have been providing an abundant caper production that has remained constant over the
years in a su�ciently compact harvest period. Furthermore, they have proven to be able to produce
standard high-quality flower buds of excellent firmness, even after traditional processing, both in
salting and in brine systems (data not published). In early June, apical shoots were collected directly
in the plots where the three accessions were selected. After removing the leaves, the samples were
then washed in running water and cut into nodal segments (1 cm in length). The nodal explants were
sterilized by immersion in a 70% ethanol solution for 5 min and then in a 2% sodium hypochlorite
solution for 20 min followed by three 5 min rinses in sterile distilled water. After rinsing, the base of
the nodal segments was slightly trimmed in order to avoid any damage caused by the permanence of
sodium hypochlorite.

2.1. Culture Media and Conditions

2.1.1. Solid Medium

Once sterilized, the explants were raised in Microbox vessels containing MS basal medium
including vitamins [39,40], supplemented with 30 g/L sucrose and 8 g/L Plant agar (Duchefa) as a
gelling agent, were put at 25 ± 1 �C in the dark, and then placed under a cool white fluorescent lamp,
with a photosynthetic photon flux density (PPFD) of 35 µmol m�1 s�1 and a photoperiod of 16 h, for 30
or 60 days without any subculturing. In order to compare the e↵ects of di↵erent growth regulators
on the formation of axillary shoots, two cytokinins were tested, i.e., 6-benzylaminopurine (BAP) and
meta-Topolin (mT) in both media at 6.6 µM concentration, whereas indole-3-butyric acid (IBA) at
0.25 µM concentration was used as an auxin source. After 4 weeks, the explants obtained from the
introduction phase in vitro were used for the multiplication phase (Figure 1). Nodal segments (1 cm, on
average) with multiple axillary buds were isolated from the shoots and subcultured on MS including
vitamin substrates integrated with:

• Substrate A1: 6.6 µM BAP (Sigma-Aldrich B-3408), 0.25 µM IBA (Sigma-Aldrich I-5.386);
• Substrate A2: 6.6 µM mT (Duchefa T0941), 0.25 µM IBA.
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2.1.2. PlantForm Temporary Immersion System

In this study, the temporary immersion cycle was controlled by an electronic system set up as
follows: two dives per day for two minutes and two air changes per day for two minutes. Air injection
was performed using 0.20 µ-pore filters to promote sterilization [41]. Preliminarily, all parts of the
bioreactor were sterilized in an autoclave for 20 min at 120 �C. The culture substrates used were the
same as those on a solid substrate; each bioreactor contained 500 mL of medium.

In our experiments, the e↵ects of the di↵erent cultivation methods on the multiplication were
determined at 30 and 60 days in the following way:

Relative growth rate (RGR) was calculated on a fresh-weight basis using the following equation:

RGR = [(Wf �Wi)/(tf � ti)] * 100

where ti is the starting day of the experiment, tf is the final day of the experiment (final day of
subculture), Wi is the weight of the initial biomass (at ti), Wf is the final biomass weight (at tf ), and
tf � ti indicates the number of days of subculture;

Absolute growth rate (AGR) of shoots was calculated as follows:

AGR = final microcuttings/initial microcuttings

The RGR is the instantaneous rate of growth relative to the culture biomass and, therefore, it is
an index of the immediate response to treatment, since it measures the proportional growth rate per
unit of time; the AGR is a parameter that characterizes the total real growth of the explants at the end
of treatment. Both are influenced by the genotype, the PGRs present in the substrate (quantity and
quality), and the culture method adopted.

The number and the length of the shoots were also measured in all experiments.

2.2. Data Analysis

Each treatment included 25 explants. Five replications (Microbox vessel) and five replication
explants were submitted to each trial for growth in solid medium. In the TIS, 25 explants were placed
inside each bioreactor. Statistical analysis was performed using SYSTAT 13. To highlight statistically
significant di↵erences and possible interactions between culture system and PGRs, the two-way
analysis of variance (ANOVA) was performed (p  0.05). One-way ANOVA was performed when the
interaction between two factors was not significant; each factor was analyzed individually, and the
separation of the averages was performed via the Tukey test (p  0.05).

3. Results and Discussion

The results obtained showed that the three selected caper accessions responded di↵erently
to the in vitro culture systems and culture media adopted. Both factors—culture system and PGR
concentration—positively a↵ected the proliferation of C. spinosa L. Significant di↵erences were observed
between culture systems after 30 and 60 days. Overall, the C. spinosa shoots produced in PlantForm
showed good adaptability and a better growth rate than those grown on a solid substrate (p  0.05).
The highest RGR value was recorded when mT was used as a source of cytokinin to replace BAP. In all
comparisons between the two culture systems adopted, temporary immersion in a twin-tube (liquid)
gave the best results (Figures 2 and 3).
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Figure 3. Explants of caper accessions “Sal 37” (a) and “Sal 39” (b) in solid substrate after 60 days.

The selection “Sal 39” showed the best RGR results (3.98 mg g�1 d�1) in the substrate containing
mT after 30 days in the TIS; on the other hand, with the solid medium, an RGR equal to 0.69 mg g�1 d�1

was obtained. On the contrary, the “Sal 35” selection showed a reduced adaption to all of the di↵erent
culture systems, showing the lowest RGR (Figure 4). The RGR, calculated at 30 and 60 days, showed an
improvement of culture growth in the TIS compared to the solid system. Similar results were obtained
for Olea europaea L. cv Canino [42], using the same PlantForm facilities, for which an increasing RGR
was observed depending on the hormone concentration used in the medium. In the present study, a
high RGR value was recorded even after 60 days of continuous culture (without subculture). In fact,
the RGR in the TIS shoot culture containing 6.6 µM mT + 0.25 µM IBA was about 10 times higher than
the one in the solid medium (7.89 versus 0.84 mg g�1 d�1).

Regarding the analysis of the AGR, significantly di↵erent results were obtained using mT. The best
results in terms of AGR were obtained for “Sal 39” in liquid medium containing mT at both 30 and 60
days of subculture (5.96 and 8.52 g d�1, respectively). Again, the “Sal 35” selection showed the lowest
AGR among the tested accessions (Figure 5).

The statistical analysis performed on growth parameters showed a significant interaction (p  0.05)
between the culture medium and the PGRs adopted, a↵ecting the length and the number of shoots.
A higher number of shoots was obtained in the TIS compared to the solid medium (7.32 vs 5.24 on
average, respectively) in the presence of mT (Figure 6). The induction of axillary buds was greater on
MS integrated with 6.6 µM mT + 0.25 µM IBA compared to the substrate containing BAP.
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Figure 6. E↵ect of di↵erent culture systems and plant growth regulator (PGR) concentrations on
the number of shoots in di↵erent C. spinosa accessions after 30 (a) and 60 days (b). Bars represent
standard error. The di↵erent letters reported above the bars grouped for each single treatment indicate
statistically significant di↵erences; n.s. not significant (Tukey’s test, p  0.05).
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In previous studies [20] using solid MS with 6 µM BAP + 0.12 µM IBA for multiplication, 8.9 ± 1.6
shoots for explant were obtained, whereas, by placing explants in solid MS supplemented with 88 mM
of sucrose and 6.6 µM BAP + 0.25 µM IBA, 8 to 10 shoots were generated; finally, 4 shoots per explants
were obtained in a solid MS medium with 4 µM of BAP [17]. In the present study, for “Sal 39”, after
60 days of culture, in the substrate containing BAP, it was possible to obtain between 3.2 shoots,
measuring 0.82 cm in length in solid medium, and 4.84 shoots, measuring 0.95 cm in length in liquid
medium, while for “Sal 37” an average of 3.32 shoots were obtained in solid substrate, and up to 4.52
in liquid substrate. For “Sal 39”, in the medium containing mT, an average of 5.24 shoots with a length
of 0.95 cm were obtained in the solid medium, and up to 7.32 shoots with a length of 1.3 cm were
obtained in the liquid medium. “Sal 37” produced 5.44 shoots in the solid medium and up to 6.04
in the liquid medium. A greater explant length was obtained after 60 days in the TIS, compared to
the solid medium (1.3 cm vs 0.95 cm) for “Sal 39”, using MS medium integrated with mT (Figure 7).
The other two selections “Sal 37” and “Sal 35” had shorter shoots. The data obtained showed the role
played by both PGRs and culture system in elongation tissue growth (Figures 8 and 9).Plants 2019, 8, x 7 of 11 
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Many studies have shown that BAP has a significant e↵ect on the multiplication of shoots.
For example, BAP has proven to be an e�cient proliferating agent in all assayed concentrations
by stimulating the simultaneous growth of multiple caper shoots [17]. Furthermore, another
study concerning in vitro conservation of Cadaba eterotricha (Capparaceae) showed that di↵erent
concentrations of BAP in MS medium had a significant e↵ect on the frequency of shoot regeneration
(65%) and on the number of shoots per explant [43]. Similar results were reported in a recent study
about micropropagation of C. spinosa L. [19]. In the present study, the best results were obtained in the
MS medium integrated with meta-Topolin. The e�ciency of mT has also been reported for a number
of plant species di↵erent from caper [44–47].

4. Conclusions

This study aimed to understand the usefulness of PlantForm bioreactors as a valid alternative
to traditional solid-substrate techniques, in terms of proliferation indexes, relative growth rate, and
number and length of shoots. It should be noted that no previous study with TIS techniques has ever
been performed on this species, which is specifically defined as “recalcitrant” to agamic propagation.
Nonetheless, the adoption of a TIS has been reported for other species with generalized positive
e↵ects in one or more stages of proliferation of plant tissues. The results obtained in the present
study allow us to highlight the comparative value of TIS and solid medium during the multiplication
phase of three di↵erent caper selected accessions cultivated in the Aeolian island of Salina. As a
whole, we observed a higher RGR in TIS compared to the solid medium system, together with better
proliferation indices and higher number of shoots produced by the explants, in accordance with
previous results obtained for other plant species [46–49]. Bioreactor cultures have several advantages
compared to those on agar substrate, such as a better control of plant tissue contact with the culture
medium, optimal supply of nutrients and growth regulators, as well as better aeration and substrate
circulation, filtration of the medium, and reduction of the number of cultures. In addition, the TIS
can improve the propagation protocol by introducing a semi-automatic cultivation process, forced
ventilation, and liquid medium, which promote more e↵ective nutrient absorption. In general, it can
be concluded that an increase in mass production can be obtained through the use of liquid medium,
even in caper cultures. The availability of mineral nutrients depends on the type of crop, agar-gelled
or liquid substrate, and type and size of the explants. As a consequence, the duration and frequency
of TIS immersion are parameters of paramount importance that must be carefully considered for
micropropagation success. This aspect can partly influence the size of the shoots, for example, by
reducing their length and number. It should, however, be noted that, as generally reported in plant
tissues culture, the genotype e↵ect is quite relevant, as confirmed in this present study. Our data, in
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fact, showed that some biotypes are more adaptable to in vitro multiplication techniques, confirming
that it is not easy to develop a single protocol for each species and, thus, it is necessary to test the
adaptation of each genotype.

Author Contributions: Conceptualization, F.S. and V.G.; Methodology, V.G. and F.S.; Validation, V.G. and F.S.;
Formal Analysis, V.G.; Investigation, V.G.; Resources, F.S., E.B. and P.I.; Data Curation, V.G.; Writing-Original
Draft Preparation, V.G. and F.S.; Writing-Review & Editing, E.B. and F.S.; Supervision, P.I. and F.S.; Funding
Acquisition, F.S.

Funding: This research was funded by the UNIVERSITY OF PALERMO, doctoral course in Agricultural, Forestry,
and Environmental Science, XXXI cycle.

Acknowledgments: We are grateful to Cassandra Funsten, mother-tongue English speaker and graduate of the
University of Palermo, Department of Agriculture, Forest, and Food Sciences, for her fundamental assistance
editing the English language in the final version of the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fici, S. Intraspecific variation and evolutionary trends in Capparis spinosa L. (Capparaceae). Plant Syst. Evol.
2001, 228, 123–141. [CrossRef]

2. Fici, S. A taxonomic revision of the Capparis spinosa group (Capparaceae) from the Mediterranean to Central
Asia. Phytotaxa 2014, 174, 1–24. [CrossRef]

3. Bounous, G.; Barone, E. Prospettive di sviluppo di specie legnose per le zone aride e semi-aride del Meridione
e nuovi criteri di utilizzo: Cappero. Terra Sole 1989, 568, 733–735.

4. Gruère, G.P.; Giuliani, A.; Smale, M. Marketing underutilized Plant Species for the Benefit of the Poor: A Conceptual
Framework; Kontoleon, A., Pasqual, U., Smale, M., Eds.; Agrobiodiversity Conservation and Economic
Development; Routledge: Abington, UK, 2006; pp. 73–87.

5. Barbera, G.; Di Lorenzo, R.; Barone, E. Observations on Capparis populations cultivated in Sicily and on their
vegetative and productive behaviour. Agric. Mediterr. 1991, 121, 32–39.

6. Zargari, A. Medicinal Plants, 4th ed.; Tehran University Publications: Tehran, Iran, 1986; Volume 1, pp. 249–252.
7. Al-Said, M.S.; Abdelsattar, E.A.; Khalifa, S.I.; El-feraly, F.S. Isolation and identification of an anti-inflammatory

principle from Capparis spinosa. Pharmazi 1988, 43, 640–641.
8. Bonina, F.; Puglia, C.; Ventura, D.; Aquino, R.; Tortora, S.; Sacchi, A.; Saija, A.; Tomaino, A.; Pellegrino, M.;

de Caprariis, P. In vitro antioxidant and in vivo photoprotective e↵ects of a lyophilized extract of Capparis
spinosa L. buds. J. Cosmet. Sci. 2002, 53, 321–336.

9. Sozzi, G.O.; Chiesa, A. Improvement of caper (Capparis spinosa L.) seed germination by breaking seed
coat-induced dormancy. Sci. Hortic. 1995, 62, 255–261. [CrossRef]

10. Bahrani, M.J.; Ramazani, G.M.; Shekafandeh, A.; Taghvaei, M. Seed germination of wild Caper (Capparis
spinosa L. var. parviflora) as a↵ected by dormancy breaking treatments and salinity levels. Seed Sci. Technol.
2008, 36, 776–780. [CrossRef]

11. Barbera, G.; Di Lorenzo, R. The caper culture in Italy. Acta Hortic. 1984, 144, 167–171. [CrossRef]
12. Hare, K.; Mahdi, A.; Dhurendra, S.; Udayvir, S.; Nitesh, C.; Maliheh, E.; Radha, K.S. Somaclonal variations

and their applications in horticultural crops improvement. Biotech 2016, 6, 54.
13. Ancora, G.; Cuozzo, L. In vitro propagation of caper (Capparis spinosa L.). In Proceedings of the XXVIII

Convegno della S.I.G. A, Bracciano, Italy, 3–5 October 1984.
14. Rodriguez, R.; Rey, M.; Cuozzo, L.; Ancora, G. In vitro propagation of caper (Capparis spinosa L.). In Vitro

Cell. Dev. Biol. 1990, 26, 531–536. [CrossRef]
15. Salem, A.B.; Zemni, H.; Ghorbel, A. Propagation of caper (Capparis spinosa L.) by herbaceous cuttings and

in vitro culture. Agric. Med. 2001, 31, 42–48.
16. Chalak, L.; Elbitar, A.; Cordahi, N.; Hage, C.; Chehade, A. In vitro propagation of Capparis spinosa L.

Acta Hortic. 2003, 616, 335–338. [CrossRef]
17. Caglar, C.; Caglar, S.; Ergin, O.; Yarim, M. The influence of growth regulators on shoot proliferation and

rooting of in vitro propagated caper. J. Environ. Biol. 2005, 26, 479–485. [PubMed]
18. Musallam, I.; Duwayri, M.; Shibli, R. Micropropagation of caper (Capparis spinosa L.) from wild plants. Funct.

Plant Sci. Biotechnol. 2010, 5, 17–21.



Plants 2019, 8, 177 10 of 11

19. Al-Safadi, B.; Elias, R. Improvement of caper (Capparis spinosa L.) propagation using in vitro culture and
gamma irradiation. Sci. Hortic. 2011, 127, 290–297. [CrossRef]

20. Carra, A.; Del Signore, M.B.; Sottile, F.; Ricci, A.; Carimi, F. Potential use of new diphenylurea derivatives in
micropropagation of Capparis spinosa L. Plant Growth Regul. 2012, 66, 229–237. [CrossRef]

21. Horshati, E.; Jambor-Benczur, E. In vitro propagation of Capparis spinosa. Acta Hortic. 2006, 725, 151–154.
[CrossRef]

22. Movafeghi, A.; Ghader, H.; Aliasgharpour, M. Regeneration of Capparis spinosa L. using hypocotyl explants.
Iran. J. Biol. 2008, 21, 289–297.

23. Pierik, R.L.M. In vitro culture of higher plants as a tool in the propagation of horticultural crops. Acta Hortic.
1988, 226, 25–40. [CrossRef]

24. Oliveira, A.S.C.; Filho, F.N.C.; Do Nascimiento, R.A.H.; Paiva, L.K.B. A palma forageira: Alternativa para o
semi-árido. Rev. Verde Agroecol. Desenvolv. Sustent. 2011, 6, 49–58.

25. Zobayed, S.M.A.; Saxena, P.K. In vitro-grown roots; a superior explants for prolific shoot regeneration of St.
John’s wort (Hypericum perforatum L. cv ‘New Stem’) in temporary immersion bioreactor. Plant Sci. 2003, 165,
463–470. [CrossRef]

26. Aitken-Christie, J.; Jones, C. Towards automation: Radiate pine shoot hedges in vitro. Plant Cell Tissue Organ
Cult. 1987, 8, 185–196. [CrossRef]

27. Alvard, D.; Cote, F.; Teisson, C. Comparison of methods of liquid medium culture for banana
micropropagation. E↵ects of temporary immersion of explants. Plant Cell Tissue Organ Cult. 1993,
32, 55–60. [CrossRef]

28. Rioseras, B.; López-García, M.T.; Yagüe, P.; Sánchez, J.; Manteca, A. Mycelium di↵erentiation and development
of Streptomyces coelicolor in lab-scale bioreactors: Programmed cell death, di↵erentiation, and lysis are closely
linked to undecylprodigiosin and actinorhodin production. Bioresour. Technol. 2014, 151, 191–198. [CrossRef]

29. Lorenzo, J.C.; Gonzalez, B.L.; Escalona, M.; Teisson, C.; Espinosa, P.; Borroto, C. Sugarcane shoot formation
in a improved temporary immersion system. Plant Cell Tissue Organ Cult. 1998, 54, 197–200. [CrossRef]

30. Escalona, M.; Lorenzo, J.C.; Gonzales, B.; Daquinta, M.; Gonzalez, J.L.; Desjardins, Y.; Borroto, C.G. Pineapple
(Ananas comosus L. Merr) micropropagation in temporary immersion systems. Plant Cell Rep. 1999, 18,
743–748. [CrossRef]

31. Gupta, P.K.; Timmis, R. Mass propagation of conifer trees in liquid cultures—Progress towards
commercialization. Plant Cell Tissue Organ Cult. 2005, 81, 339–346. [CrossRef]

32. Viclhez, J.; Albany, N. Multiplicacion in vitro de Psidium guajava L. en sistemas de immersion temporal. Rev.
Colomb. Biotecnol. 2014, 2, 96–103.

33. Maciel, A.D.; Rodrigues, F.A.; Pasqual, M.; de Carvalho, C.H. Acclimatization of Co↵ee (‘Co↵ea racemosa’,
‘Co↵ea arabica’) somaclones obtained from temporary immersion bioreactor system (RITA). Aust. J. Crop Sci.
2016, 10, 169–175.

34. Perez, M.; Bueno, M.A.; Escalona, M.; Toorop, P.; Rodrìguez, R.; Cañal, M.J. Temporary immersion systems
(RITA®) for the improvement of cork oak somatic embryogenic culture proliferation and somatic embryo
production. Trees 2013, 27, 1277–1284. [CrossRef]

35. Harris, R.E.; Mason, E.B. Two machines for in vitro propagation of plants in liquid media. Can. J. Plant Sci.
1983, 63, 311–316. [CrossRef]

36. Businge, E.; Trifonova, A.; Schneider, C.; Rödel, P.; Egertsdotter, U. Evaluation of a New Temporary Immersion
Bioreactor System for Micropropagation of Cultivars of Eucalyptus, Birch and Fir. Forests 2017, 8, 196.
[CrossRef]

37. Welander, M.; Persson, J.; Asp, H.; Zhu, L.H. Evaluation of a new vessel system based on temporary
immersion system for micropropagation. Sci. Hortic. 2014, 179, 227–232. [CrossRef]

38. Yan, H.; Liang, C.; Li, Y. Improved growth and quality of Siraitia grosvenorii plantlets using a temporary
immersion system. Plant Cell Tissue Organ Cult. 2010, 103, 131–135. [CrossRef]

39. Damiano, C.; La Starza, S.R.; Monticelli, S.; Gentile, A.; Caboni, E.; Frattarelli, A. Propagation of Prunus and
Malus by temporary immersion. In Liquid Culture Systems for in vitro Plant Propagation; Hvoslef-Eide, A.K.,
Preil, W., Eds.; Springer: Berlin, Germany, 2005; pp. 243–251.

40. Murashige, T.; Skoog, F.A. Revised medium for rapid growth and bioassays with tobacco tissue cultures.
Physiol. Plant. 1962, 15, 473–497. [CrossRef]



Plants 2019, 8, 177 11 of 11

41. Etienne, H.; Berthouly, M. Temporary immersion systems in plant micropropagation. Plant Cell Tissue Organ
Cult. 2002, 69, 215–231. [CrossRef]

42. Benelli, C.; De Carlo, A. In vitro multiplication and growth improvement of Olea europaea L. cv ‘Canino’ with
temporary immersion system (PlantForm). 3 Biotech 2018, 8, 317. [CrossRef]

43. Abbas, H.; Qaiser, M. In Vitro Conservation of Cadaba heterotricha Stocks, an Endangered Species in Pakistan.
Pak. J. Bot. 2010, 42, 1553–1559.

44. Kubalakova, M.; Strnad, M. The e↵ects of aromatic cytokinins on micropropagation and regeneration of
sugar beet in vitro. Biol. Plant. 1992, 34, 578–579.

45. Werbrouk, S.P.O.; Strnad, M.; Van Onckolen, H.A.; Deberg, P.C. Meta-Topolin an alternative tobenzyladenine
in tissue culture. Physiol. Plant. 1996, 98, 291–297. [CrossRef]

46. Chiancone, B.; Karasawa, M.M.G.; Gianguzzi, V.; Abdelgalel, A.M.; Bárány, I.; Testillano, D.; Marinoni, D.;
Botta, D.; Germanà, M.A. Early embryo achievement through isolated microspore culture in Citrus clementina
Hort. ex Tan., cvs. ‘Monreal Rosso’ and ‘Nules’. Front. Plant Sci. 2015, 6, 413. [CrossRef] [PubMed]

47. Chiancone, B.; Martorana, L.; Gianguzzi, V.; Germanà, M.A. The e↵ects of meta-Topolin and benzyladenine
on in vitro organogenesis from epicotyl cuttings of Troyer citrange (Citrus sinensis [L.] Osbeck ⇥ Poncirus
trifoliata [L.] Raf.). Acta Hortic. 2017, 1155, 185–192. [CrossRef]

48. Mamun, N.H.A.; Egertsdotter, U.; Aidun, C.K. Bioreactor technology for clonal propagation of plants and
metabolite production. Front. Biol. 2015, 10, 177–193. [CrossRef]

49. Ziv, M. Simple bioreactors for mass propagation of plants. Plant Cell Tissue Organ Cult. 2005, 81, 277–285.
[CrossRef]

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).


