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Abstract: The genus Sorbus has maintained an extremely relevant role over time from a landscape
and environmental perspective in many countries in the Mediterranean and Central Europe. Based
on the requirements coming from the environmental policies provided in the European strategy
Next Generation EU, Sorbus has been considered a valuable species to be introduced in urban and
peri-urban areas. The purpose of this study was to propagate four Sorbus accessions selected in the
Sicilian territory, Southern Italy, using the liquid substrate in temporary immersion bioreactors
Plantform™. The results obtained showed that the presence of 1 mg L' mT in the substrate in com-
bination with IBA 0.05 mg L' produced a significant number of shoots (4.7) and a greater length
(2.2 cm). Among the accessions, there were statistically significant differences; the accession SN2
and SN1 produced more shoots (respectively, 4.0 and 3.6), and a greater length of the shoots was
observed in the selections SN4 and SN3 (respectively, 2.4 cm and 2.3 cm). The relative growth rate
(RGR) was significantly influenced by the presence of the culture substrate of the combination of
cytokines and auxin; SN4 selection showed the best RGR results of 8.3 mg™ d'. The use of the bio-
reactor Plantform™ in Sorbus domestica L. has favored a better development of plants obtained in
vitro, demonstrating that this system is a valid alternative for the micropropagation of Sorbus.

Keywords: bioreactor; micropropagation; minor fruit species; Plantform™

1. Introduction

The genus Sorbus L. belongs to the Rosaceae family and is native to Central and
Southern Europe, Asia Minor, and North Africa [1]. It is a frequent species throughout its
natural range, almost never cultivated in specialized plantations but common in an agro-
forestry ecosystem. Most species are grown as ornamental plants, with only a few culti-
vated for their fruits [2]. One such economically valuable fruit-bearing species is the com-
mon sorbs (Sorbus domestica L.). In the Mediterranean region, S. domestica trees have been
cultivated for their fruits for over two thousand years [3]. Italy has always been a signifi-
cant center of differentiation of agricultural biodiversity, exhibiting high biological diver-
sity in terms of genes, species, populations, and ecosystems. However, with increasing
globalization, there is a gradual reduction in this variability due to intensified fruit plan-
tations and the abandonment of old cultivars in favor of new ones. This leads to a loss of
the once-rich plant heritage that formed the basis of Italian fruit cultivation [4].

Moreover, it is well known that the climate crisis that is sweeping the planet requires
a considerable contribution in terms of ecological transition. As confirmed by a wide body
of literature [5,6], an increased tree presence is able to foster greater carbon sequestration
for the purpose of reducing the concentration of climate-altering gases in the atmosphere.

As a consequence, the policies of the postpandemic Next Generation EU program [7],
as well as the summary of the last Conference of Parties (COP) meetings [8], have provided
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specific actions in each EU member state for the spread of forested areas in both suburban
and urban areas. Agroforestry and urban forestry have, therefore, become important ob-
jectives within the agricultural European policy [9], and recent initiatives developed to
strengthen the spread of trees and economically supported by Next Regeneration EU
funds have highlighted a concrete shortage of tree availability in nurseries and the need
to identify efficient propagation methods for species of interest for carbon sequestration
purposes. These include Sorbus L., a group of species capable of living at different alti-
tudes, with broad Mediterranean adaptation and able to contribute to ecological transi-
tion.

Besides the ecological interest, there is a growing appreciation for local varieties char-
acterized by high organoleptic and nutritional qualities that were prevalent in the past.
The sorb is part of the underutilized or forgotten fruit species, known as “minor fruits”,
defined from biological, socioeconomic—cultural, productive, and commercial perspec-
tives [10]. These fruits represent an important resource for study, conservation, and pro-
motion as they contribute significantly to the recovery and safeguarding of the genetic
resources of the region. For instance, sorb trees were historically used as medicinal plants,
and their fruits were valuable sources of vitamins and sugars for winter consumption [11].
The most commonly used propagation method for S. domestica L. is by seed [12], resulting
in a wide genetic variability of seedlings in various aspects of the plant, fruit, and wood.
On the other hand, asexual propagation methods like cuttings have not been adequately
effective [13], while vegetative propagation by grafting onto quince is seldom used due to
compatibility issues [14], with respect to studies on in vitro approaches [15-22]. In vitro
propagation is a useful tool for both propagation and safeguarding genotypes with high
genetic erosion, using methods that enhance the efficiency of materials and significantly
reduce environmental impact [23-25]. The efficiency of the regeneration of plant shoots is
affected by the type of explant, composition of the medium, and mixture of phytohor-
mones and growth additives [26-28]. The presence of cytokinin in the cultural substrate
is necessary for the formation of new shoots in woody species, and very often, the combi-
nation of cytokinin with low concentration auxin can increase the number of shoots. One
widely used cytokinin is 6-benzylaminopurine (BAP), as it has greater efficacy in the in-
duction of sprouts in many plant species, including Sorbus species. On the other hand, it
can cause growth abnormalities in some plant species, reducing rooting and worsening
the subsequent acclimatization of plants [29-31]. For these reasons, new aromatic deriva-
tives of cytokinin have been the subject of intense research [32]. One of these is meta-
Topolin (mT), a highly active natural aromatic cytokinin found in poplar leaves [33]. How-
ever, literature on Sorbus micropropagation as a fruit plant is limited, mainly due to min-
imal cultivar selection, and research on clonal propagation is sporadic [34]. While the solid
substrate culture system has been successful, there is a growing need to reduce propaga-
tion time and improve productivity [35]. In recent years, temporary immersion systems
(TIS) by using bioreactors with liquid substrates are considered more effective than solid
culture systems because the plant material has greater accessibility to the substrate com-
ponents, allowing for increased biomass gains and reduced propagation times. Addition-
ally, it offers cost reduction possibilities in terms of management, scalability, and automa-
tion of the propagation process [36-39]. Among liquid substrate systems, TISs allows tem-
porary contact between plants and the liquid substrate, avoiding continuous immersions
that negatively affect plant growth and morphogenesis while providing adequate oxygen
supply to the cultured plants [40]. Tree species of great economic interest require high-
efficiency in vitro multiplication to obtain a sufficient number of plants for production
purposes. Although well-established protocols exist for solid culture systems, liquid cul-
ture using a TIS is now considered an alternative method that has shown advantages for
many of these species [41—44]. Various types of TIS bioreactors exist, with the automated
temporary immersion system (RITA®) introduced by Alvard [42], being used in the micro-
propagation of various species, including Malus sp. [45], Eucalyptus spp. [46], Rubus sp.
[47], Camptotheca acuminata [48], and many others. The Twin Flasks system (BIT®),
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described by Escalona [49], has been reported in numerous studies [50]. However, all these
bioreactors are often too small, with a limited internal bottom size that can lead to com-
petitive growth disturbances due to high density. A new bioreactor has recently been de-
veloped by Plantform™ (www.plantform.se (accessed on 5 January 2024), offering larger
dimensions that promote adequate crop growth. The forced ventilation in the temporary
immersion system enhances the complete renewal of the culture atmosphere, preventing
the accumulation of carbon dioxide and ethylene, which generally occurs in semisolid
culture and has a negative effect on morphogenesis [51]. The use of forced ventilation im-
proves the propagation of many species by promoting photoautotrophic behaviors [52].

The aim of this study is to determine suitable conditions to achieve the best perfor-
mance using the Plantform™ bioreactor in the in vitro propagation of four accessions of
S. domestica L. (69SRB001S; 69SRB003S; 69SRB004P; 69SRB002S), each represented by a
single specimen. These genotypes were preliminarily described in a study characterizing
and enhancing the biodiversity of minor fruit trees in a particularly suitable area of the
Mediterranean Basin [53]. Moreover, the use of the Plantform™ bioreactor can provide a
valuable tool for the long-term conservation of the genetic resources of this species and
the production of uniform plant materials for possible reintroduction into collection fields
and cultivation. In particular, the role of different levels of plant growth regulators (PGR)
in in vitro multiplication through the use of temporary immersion bioreactors in liquid
substrates was studied with this objective in mind.

2. Materials and Methods
2.1. Plant Material and Cultural Environment

The plant material was collected from S. domestica L. adult trees located in the prov-
ince of Messina, Sicily, South Italy. Four genotypes were selected, namely, 69SRB001S
(SN1), 69SRB003S (SN2), and 69SRB004P (SN3), identified in the municipality of Reitano
(38°00'38.8 N 14°19'48.5 E), and 69SRB002S (SN4) identified in the municipality of Pettineo
(37°57'10.6 N 14°17'31.2 E). The starting vegetative material was collected in mid-April as
cuttings, 25-30 cm long and 0.5-0.8 cm thick. After leaf removal, they were washed in
running water and sectioned into uninodal segments of 1 cm in length. The explants with
one node each were sterilized by immersion in a 70% ethanol solution for 5 min, followed
by a 2% sodium hypochlorite solution with a drop of Tween-20 for 15 min, and then three
rinses of 5 min each in sterile distilled water. The initial explants, used for tests in the
Plantform™ bioreactor, were originated from nodal explants and initially stabilized in
Microbox containers containing 25 mL of MS Murashige and Skoog [54], vitamins Nitch
and Nitch [55], supplemented with 8 g L1 sucrose, and plant agar (Duchefa, Haarlem, The
Netherlands) as a gelling agent. The pH of the media was adjusted to 5.8. The cultures
were placed in a climate growth chamber at 25 + 1 °C under a photoperiod of 16 h per day
with a light intensity of 50 umol m= s, and subcultures were performed every 28 days.
After approximately 12 weeks, stabilized explants were taken for testing proliferation in
the Plantform™ bioreactor. Before introducing the culture, all parts of the bioreactors were
sterilized in an autoclave for 20 min at 120 °C. Each container contained 500 mL of sub-
strate. The liquid substrate consisted of MS Murashige and Skoog (MS) and vitamins
Nitch and Nitch. In order to evaluate the effect of different levels of plant growth regula-
tors (PGR), the TIS substrate was integrated with different cytokinins: 6-benzylamino-
purine (BAP) (Sigma B-4308) and meta-Topolin (mT), at the same concentration of 1 mg
L individually and in combination with an auxin, indole-3-butyric acid (IBA) at 0.5 mg
L1 (Table 1). The substrate with Murashige and Skoog (MS) with vitamins Nitch and Nitch
was used as a control. Each treatment included 30 explants. Cultures placed in the Plant-
form™ bioreactor were maintained in a climate growth chamber at 25 + 1 °C under a pho-
toperiod of 16 h per day with a light intensity of 50 umol m=2 s. The immersion and
aeration periods of the Plantform™ culture were controlled using air pumps and a timer
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connected to the bioreactor and positioned in the climate chamber; the immersion fre-
quency was 5 min every 12 h with 4 min of aeration every 8 h.

Table 1. Plant growth regulators integrated into the culture medium for shoot stimulation in S. do-
mestica L.

Medi PGR
edium BAP (mg L) mT(mg L) IBA (mg L)
MC 0 0 0
M1 1 0 0
M2 0 1 0
M3 1 0 0.5
M4 0 1 0.5

2.2. Data Collection and Statistical Analysis

After 4 weeks of culture in the TIS, the number and length (cm) of shoots were meas-
ured, and the relative growth rate (RGR) index was calculated based on the initial and
final fresh weight of the plant as [(Wf - Wi)/(tf - ti)] x 100/days of culture [56]. Each treat-
ment included 30 explants. Statistical analysis was performed using SYSTAT 13 (Systat
Intelligent Software). To highlight statistically significant differences and potential inter-
actions between the culture system and plant growth regulators (PGR), a two-way analy-
sis of variance (ANOVA) was performed (p < 0.05). One-way ANOVA was conducted
when the interaction between two factors was not significant; each factor was analyzed
individually, and mean separation was carried out using the Tukey test (p < 0.05).

3. Results

The effects of the Plantform™ bioreactor (TIS) were evaluated for four studied acces-
sions of S. domestica. The results obtained after 4 weeks of culture showed that the culture
substrates, type of hormone used, and concentration significantly influenced the number
and length (cm) of shoots and the RGR. The interaction between the four Sorbus acces-
sions and the treatment with different PGR in the culture substrate exhibited a varied re-
sponse pattern in average shoot production. In all four accessions, when the culture sub-
strate contained meta-Topolin (mT) at 1 mg L and IBA at 0.5 mg L', there was a higher
shoot production, respectively, in SN1 (4.8), SN2 (5.9), and SN4 (4.4), and lower in SN3
(3.5). When mT was replaced with BAP at the same concentration and in combination with
IBA, the number of shoots produced by the four accessions was lower (SN1 3.6; SN2 4.4;
SN3 2.4; SN4 3.3). Overall, shoot formation was higher when the culture substrate con-
tained cytokinin alone or in combination with auxin compared to the hormone-free sub-
strate (Table 2).

Table 2. Effect of interaction between S. domestica accessions and cultural media on the average
number of shoots obtained per explant.

Medi Accessions
edam SN1 SN2 SN3 SN4
MC 20x0.26e€ 14+0.17c 1.2+0.10c 1.8+0.18 e
M1 32+042d 45+0.58b 22+040b 29+045d
M2 3.6+042c 44+051b 24+0.24b 33+042c
M3 43+029b 41+043b 25+0.38b 39+055b
M4 4.8+0.65a 59+0.73 a 35+046 a 44+046 a

Each treatment included 30 explants. Grouped individual letters for each accession indicate statisti-
cally significant differences (Tukey’s test, p <0.05).
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Statistically significant differences (p value <0.05) among the Sorbus accessions were
found in terms of the average number of shoots per explant. Selections SN2 (4.0) and SN1
(3.6) produced significantly more shoots than SN4 (3.2) and SN3 (2.4) (Figure 1).

a
ab
44 be
34 I c I
SN1 SN2 SN3 SN4
Figure 1. Effect of Sorbus accessions on the number of shoots produced per explant. Bars represent

accessions
standard error, and the different letters above grouped for each individual treatment indicate sta-
tistically significant differences (Tukey’s test, p < 0.05).

shoots (n°)
N

=)

The presence of the combination of cytokinins and auxins in the multiplication sub-
strate significantly increased shoot regeneration compared with the control and with the
substrate in which cytokinin alone was present. A higher shoot production of 4.7 was ob-
served in the substrate containing mT 1 mg L' in combination with indol-3-butyric acid
(IBA) 0.5 mg L (Figure 2).

shoots (n°)
w

mc M1 M2 M3 M4

medium

Figure 2. Effect of different PGRs on the number of Sorbus shoots obtained per explant. The bars
represent the standard error, and the different letters above grouped for each individual treatment
indicate statistically significant differences (Tukey’s test, p < 0.05).

Regarding the interaction between accessions and PGR treatment on shoot length,
statistically significant differences were observed. In all four accessions, shoot elongation
was significantly better in the treatment with only mT or when mT was in combination
with IBA. In SN1 and SN2, shoot elongation was significantly better in the mT + IBA treat-
ment (1.5 cm and 1.1 cm) compared to the combined BAP + IBA treatment (1.08 cm and
0.93 cm), as well as the mT treatment (1.3 cm and 1.2 cm) and the BAP treatment (0.89 cm
and 0.94 cm). In SN3 and SN4, shoot elongation was significantly better in the mT + IBA
treatment (3.1 cm and 3.3 cm) compared to the combined BAP + IBA treatment (2.4 cm
and 2.5 cm), as well as the mT treatment (2.8 cm and 3.1 cm) and the BAP treatment (2.0
cm and 2.1 cm). In the hormone-free substrate, a lower shoot length was obtained in all
four selections (Table 3).
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Table 3. Effect of interaction between Sorbus accessions and PGR treatment on the average number

of shoots per explant in different Sorbus accessions.

Medium Accessions
SN1 SN2 SN3 SN4
MC 0.68 +0.06 ¢ 0.73+0.04 c 1.1+0.10d 1.1+0.13 ¢
M1 0.89+0.12¢ 094+0.13b 2.0+0.23 ¢ 21+025b
M2 1.08 +0.13b 093+0.14b 24+031b 25+030b
M3 1.30+0.17 a 1.20+0.15a 2.8+0.30b 31+032a
M4 1.50+0.13 a 1.10+0.12 a 31+031a 33+027a

Each treatment included 30 explants. Grouped individual letters for each accession indicate statisti-
cally significant differences (Tukey’s test, p < 0.05).

A longer shoot length per explant was almost similar for selections SN4 (2.4 cm) and
SN3 (2.3 cm). Meanwhile, selections SN1 and SN2 produced significantly shorter shoots
(Figure 3).

30

25

20

shoots (cm)
Py
o

0.5

0.0 -
accessions
Figure 3. Effect of Sorbus accessions on the length of shoots produced per explant. Bars represent

standard error, and the different letters above grouped for each individual treatment indicate sta-
tistically significant differences (Tukey’s test, p < 0.05).

The presence of PGRs in the culture substrate also affected the total shoot length. The
combination of the two cytokinins (BAP and mT) with auxin (IBA) had a greater effect on
shoot length than the substrate without hormones (Figure 4).
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Figure 4. In vitro regeneration of Sorbus accessions: (a) initial explants for in vitro establishment;
(b) shoot regeneration of Sorbus accession (SN3) in the Plantform™; (c) shoot regeneration of Sorbus
accession (SN4) in Plantform™; (d,e) Sorbus accessions (SN4) placed in the Plantform™ bioreactor;
(f) Sorbus accessions placed in the Plantform™ bioreactor in a climate growth chamber. Bars (a—c)
=1cm.

Shoots in substrates containing mT in combination with IBA or alone were longer

(2.2 and 2.1) than in substrates containing BAP in combination with IBA or alone (1.7 and
1.5) (Figure 5).

3.0

25 1

ab

201

shoots (cm)
P

0.5 4

0.0 - T
MC M1 M2 M3 M4

medium

Figure 5. Effect of different PGRs on shoot length of Sorbus per explant. Bars represent standard
error, and the different letters above grouped for each individual treatment indicate statistically sig-
nificant differences (Tukey’s test, p < 0.05).

The relative growth rate (RGR) was highest when mT was used as the cytokinin
source. The SN4 selection showed the best RGR results of 8.3 mg g d! in the substrate
containing mT + IBA, whereas when mT was present in the culture substrate, an RGR of
5.4 mg g' d-! was obtained. In contrast, all Sorbus selections showed the lowest RGR in
the absence of PGR (Table 4).

Table 4. Relative growth rate (RGR) of different accessions of S. domestica L.

RGR
. Accessions
Medium SN1 SN2 SN3 SN4
MC 0.9 0.98 1.2 1.3
M1 1.5 1.6 1.8 24
M2 2.6 2.0 23 3.2

M3 3.0 3.5 4.2 54
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M4 4.3 4.7 5.2 8.3

4. Discussion

The use of liquid substrate in bioreactors for plant production is a complementary
strategy to overcome some limitations present in systems based on traditional in vitro
cultivation techniques on solid substrates. The increased absorption of nutrients and hor-
mones through the liquid substrate, as well as the air exchange within bioreactors, con-
tribute to improving the physiological status of the explants [57]. In solid substrates, ex-
plants absorb nutrients through the cutting surface and translocate components from the
xylem to the phloem. In contrast, in a liquid substrate, substrate components are absorbed
through the leaves via stomata and aqueous pores [58]. This allows nutrients to reach the
growth areas much more efficiently [59], and may explain why the TIS leads to a signifi-
cant increase in shoot proliferation compared to solid substrate cultivation systems. The
use of temporary immersion bioreactors should be optimized for each species. The Plant-
form™ bioreactor has been utilized in the propagation of various species. In Olea europaea
L. [60] and Capparis spinosa L. [56], the use of Plantform™ bioreactors resulted in increased
shoot proliferation in terms of shoot length and vigor. Regueira et al. [61], comparing two
cultivation systems, RITA® or Plantform™, in Salix viminalis, found a greater number and
length in the Plantform™ system. In Quercus robur, Plantform™ promotes biomass pro-
duction in terms of shoot growth and proliferation [62]. The use of Plantform™ temporary
immersion bioreactors has also yielded the best results in chestnut in vitro propagation
[63], as well as in Phoenix dactylifera [64]. The results obtained in this study showed that
the four selected Sorbus accessions responded well to the TIS, and the use of PGR posi-
tively influenced proliferation. Plant growth regulators play a key role in adventitious
shoot regeneration in various plants [65]. The presence of cytokinin is necessary for the
formation of new shoots in woody species, and often, cytokinin is combined with a low
concentration of auxin to increase the number of shoots. BAP is an important aromatic
cytokinin that is very effective in inducing shoots in many plant species, including Sorbus
species and is cost-effective compared to other cytokinins. However, it can cause growth
abnormalities in some plant species, reducing rooting and worsening subsequent plant
acclimatization [32,66,67]. For these reasons, new aromatic derivatives of cytokinin have
been intensively researched [66]. One such derivative is mT, a highly active natural aro-
matic cytokinin widely used in the micropropagation of various species [56,68,69].

In this study, mT positively influenced shoot length, the number of shoots, and the
RGR. In fact, the highest RGR was observed in the substrate containing mT alone as well
as in combination with IBA. This behavior has been confirmed in other studies where mT
has been successfully used in the micropropagation of many plant species. Similar results
were obtained in Capparis spinosa L. [56], using the same Plantform™ bioreactors, where
an increasing RGR was observed depending on the hormone concentration in the sub-
strate. In our study on Sorbus, comparing the effectiveness of two cytokinins (BAP and
mT), either individually or in combination with auxin (IBA), mT had a significantly higher
effect on shoot regeneration, both in terms of the number and total length of shoots, with
a greater shoot production in different genotypes. This demonstrates that mT enhances
shoot potential more effectively than BAP. A similar response was observed in ribes,
where a greater shoot elongation was observed in the presence of mT [70]. Many authors,
for the Sorbus genus, commonly used a combination of cytokinin and auxin for prolifera-
tion without further analysis [21,71-74]. In contrast to our results, in studies conducted on
the in vitro culture of S. domestica L. on solid substrates, it was demonstrated that the pres-
ence of cytokinin was essential for the proliferation of shoots; in particular, the use of BAP
significantly increased the number of shoots [15-22]. Also, it has a higher proliferation rate
compared to a solid medium including BAP [75]. A study on Sorbus commixta Hedl. re-
ported that the combination of cytokinin (BA) and auxin (IAA or NAA) had a synergistic
effect on shoot multiplication.



Horticulturae 2024, 10, 164 9 of 12

5. Conclusions

A successful temporary immersion in vitro propagation protocol has been developed
using Plantform™ bioreactors for four Sorbus accessions. The results obtained in this study
highlight how the use of the TIS led to a higher relative growth rate (RGR) as well as an
increased number and length of shoots. The use of mT in the culture substrate has shown
a positive effect in increasing the quality of Sorbus micropropagated plants. Our data have
shown that certain genotypes are more adaptable to in vitro multiplication techniques in
liquid culture, confirming that developing a single protocol for each species is not straight-
forward, necessitating a broader evaluation of adaptation. In comparison to other micro-
propagation protocols reported on Sorbus, the use of this technique of cultivation in liquid
substrates, through the temporary immersion in Plantfrom™ bioreactor, is significantly
more effective as it has allowed substantial increases in the number of shoots formed in a
shorter period of time, with the advantage of reducing production costs by avoiding sub-
cultures in the multiplication process. Moreover, the possibility of starting an efficient
nursery production of valuable genotypes through TISs is promoted, effectively contrib-
uting to a wider availability of trees of a valuable species able to provide a significative
ecological contribution to climate crisis mitigation. The final stage of the in vitro propaga-
tion needs to be completed, but for this aspect, an efficient methodology has already been
set up. In addition, the conservation and reproduction of genetic resources of rare and
endemic species of Sorbus biodiversity is a favorable outcome always in order to ensure
adequate compensation for climate alterations. These species, hence, are significant not
only taxonomically but also in terms of primary biodiversity conservation for agro-envi-
ronmental purposes.
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