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Abstract: In vitro propagation, also known as micropropagation, has become the most widely
employed method for blackberry propagation, as it overcomes the limitations of the traditional
asexual propagation methods (mainly layering and cutting). In this context, synthetic seed technology
represents a strategy to enhance the productivity of in vitro propagation and facilitates the exchange
of plant materials between laboratories, contributing to germplasm conservation. This study aimed
to identify the most suitable vegetative propagule for the encapsulation of blackberry. To this end,
uninodal microcuttings (nodes) and the base of clumps were used to produce synthetic seeds for
the cultivars Thornfree and Chester. Forty-five days after sowing, viability (percentage of green
propagules without browning or necrosis), regeneration (percentage of propagules that sprouted and
rooted simultaneously), number of shoots produced, shoot length, number of roots produced, root
length, and the fresh and dry weights of the plantlets were measured. The results demonstrated that
both considered propagules allowed us to obtain satisfactory regeneration rates. However, plantlets
originating from the encapsulated clump’s base had more shoots and roots, resulting in greater fresh
and dry weights than the plantlets derived from encapsulated nodes. Therefore, for achieving more
robust plantlets and enhancing overall procedural efficiency, we recommend using the base of clumps
as a propagule for blackberry encapsulation.

Keywords: small fruit; micropropagation; synseeds; vegetative propagules; alginate beads

1. Introduction

In recent years, there has been a consistent increase in the cultivation of blackberries
and the consumption of fresh and processed blackberry fruits [1,2]. The rising blackberries’
consumption can be attributed to their appealing shapes, textures, flavors, and colors [3].
Moreover, the presence of bioactive compounds including flavonoids, cyanogenic glu-
cosides, phytoestrogens, and phenols, coupled with their nutritional value, contributes
to their positive effects on human diet and health [4]. Additionally, blackberry leaves,
often regarded as a by-product of cultivation, represent an alternative source of bioac-
tive compounds that can be used for the development of functional food products and
nutraceuticals [5].

The Food and Agriculture Organization Corporate Statistical Database (FAOSTAT)
does not report data about blackberry cultivation and consumption since they are included
in the category ‘other berries’. However, a global survey conducted in 2005 reported
that blackberry production occurs mainly in North America (59,123 tonnes) and Europe
(43,000 tonnes) [6]. These numbers are expected to have risen as the blackberry industry
has expanded significantly in recent years. This growth has been driven by increased
consumption, the introduction of new cultivars, and the adoption of advanced production
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methods that enable a year-round yield. Notably, the fresh-market blackberry industry has
seen rapid growth in Mexico, as well as in Southern Europe, Australia, and Central and
South America [7].

Blackberry plants are successfully propagated by traditional methods such as layering
and cuttings [8], ensuring the preservation of desirable agronomic characteristics [2,9].
However, these methods require a large plantation area, high labor demand, and intensive
weed control [10]. To overcome the abovementioned limitations, the in vitro propagation
(micropropagation) of blackberries has been successfully applied, and it now stands as the
most common propagation method [9-13].

Successful micropropagation protocols have been developed for various blackberry
cultivars including Marion, Black Satin, Thornless Evergreen, Loch Ness, Cacanska bestrna,
Agavam, Ebano, Tupi, and Guarany [12,14,15]. In vitro methods were also used to study
the effects of gamma irradiation on morphological and biochemical traits in blackberry
plantlets [16]. However, it is important to underline that Rubus is a very wide and diverse
genus, and the response of its species, hybrids, and cultivars to micropropagation is quite
variable [9]. Extensive efforts are necessary to optimize the medium composition (nutrients,
plant growth regulators, and their combinations) [4].

Furthermore, micropropagated plants are not easy to manage, store, and transport
due to the risks of deterioration and damage. This can lead to commercial limitations when
compared with the zygotic or gamic seeds, which, due to their reduced size, are easier to
handle, store, and transport [17].

In this context, encapsulation is a promising technique that combines the advan-
tages of micropropagation with some useful characteristics (e.g., reduced size) of zygotic
seeds [17,18]. The technology of synthetic seeds ensures the genetic uniformity of plants,
facilitates plant material handling and exchange between laboratories [19], and can be
used for the short- to medium- and long-term conservation of germplasm [19] as well as
for the eradication of viruses in several species of economic importance [20,21]. Initially,
the definition of synthetic seeds was limited to encapsulated somatic embryos. However,
given the recalcitrance of some plant species to produce somatic embryos, the concept of
synthetic seeds was extended to a wide range of encapsulated vitro-derived propagules,
including shoot tips, nodal segments, and others [19,22]. While numerous studies have
explored the application of encapsulation technology in various plant species [19,23], this
technology has rarely been applied to blackberry. Indeed, to our knowledge, only two
studies have been published on synthetic seed technology in blackberry. One study focused
on producing artificial seeds and inducing organogenesis [24], while another study aimed
to develop a vitrification protocol for cryopreservation [25].

This study aimed to identify the most suitable vegetative propagule for the encap-
sulation of Thornfree and Chester blackberry cultivars. In particular, for the first time, to
the best of our knowledge, the use of the clump’s base was evaluated and compared to
uninodal microcutting as a vegetative propagule in blackberry encapsulation.

2. Results

In this study, we investigated the effect of explant type and explant age on the
development of the synthetic seeds of two blackberry cultivars. The ANOVA results
(Supplementary Table S1) did not show a significant interaction between these two factors
or a significant effect of the explant age on any of the growth parameters investigated,
except the number of roots formed by Chester explants (Supplementary Table S1, Table 1).
In Chester, encapsulated explants that had been grown for 45 days before encapsulation
formed significantly more roots (averaging 4.06 £ 0.64) than when the explants had been
grown for 30 days (averaging 2.33 £ 0.18). Anyway, as the number of roots was enough to
allow for a successful acclimation, we decided to pool the data of the two explant ages and
focus on the effect of the explant type, which had a significant effect on the performance of
both cultivars (Table 1).
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Table 1. Summary of the ANOVA results of the effects of the explant type and explant age factors
and their interaction on the viability (%), regeneration (%), shoot produced (n), shoot length (mm),
roots produced (n), roots length (mm), fresh weight per explant (mg), and dry weight per explant
(mg) for Thornfree and Chester cultivars. The complete ANOVA tables for each parameter can be
found in Supplementary Table S1.

SN . Shoot Shoot Roots Roots Fresh Weight  Dry Weight
Factors Vla(ob/l)l 1ty Rege?)/el;atlon Produced  Length  Produced  Length per Explant per Explant
¢ ? (n) (mm) (n) (mm) (mg) (mg)
Cultivar Thornfree
Type of explant * ns * * ** ns * >
Explant age ns ns ns ns ns ns ns ns
Interaction ns ns ns ns ns ns ns ns
Cultivar Chester

Type of explant ns ns * ns * ns * o
Explant age ns ns ns ns * ns ns ns
Interaction ns ns ns ns ns ns ns ns

*p <0.05; ** p < 0.01; ns, none significant.

In the Thornfree cultivar, the propagule type had an impact on viability, with a higher
viability observed in the encapsulated nodes (92.50 £ 4.12%) compared to the clump’s base
(78.75 = 4.41%) (Figure 1). Nevertheless, it is worth noting that the encapsulated clump’s
base exhibited a high and satisfactory viability rate. In contrast, regeneration rates were
consistent and were not influenced by the type of explant used for encapsulation (Figure 1).
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Figure 1. Viability and regeneration rates of the encapsulated explants (clump’s base and node)
of blackberry Thornfree cultivar. Data are expressed as means £+ SEM from 4 independent tests.
Different letters indicate statistically significant differences according to Tukey HSD test (p < 0.05).

The plantlets derived from the encapsulated clump’s base in the Thornfree cultivar ex-
hibited a greater number of shoots (4.09 = 0.37) and longer shoot lengths (10.16 &£ 0.53 mm)
compared to those derived from encapsulated nodes (1.13 £ 0.05 and 7.31 £ 0.49 mm,
respectively) (Figure 2). Also, the number of roots was higher in the plantlets derived from
the encapsulated clump’s bases (4.55 & 0.61) than those derived from the encapsulated
nodes (1.77 £ 0.11). However, it is noteworthy that root length was not influenced by the
propagule type; root length remained consistent and was similar in plantlets derived from
both the encapsulated nodes and clump’s base (Figure 2).
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Figure 2. Number of shoots, shoots length, number of roots, and roots length in the plantlets derived
from encapsulated clump’s base and node of blackberry Thornfree cultivar. Data are expressed as
means £ SEM from 4 independent tests. Different letters indicate statistically significant differences
according to Tukey HSD test (p < 0.05).

The enhanced growth of Thornfree cultivar plantlets, derived from the encapsulated
clump’s base, is evident in terms of shoots number, shoots length, and roots number. This
is further supported by the higher fresh (31.07 + 4.93 mg for the encapsulated clump’s
base and 3.09 £ 0.87 mg for encapsulated nodes) and dry weights (3.33 £ 0.27 mg for the
encapsulated clump’s base and 0.78 £ 0.10 mg for encapsulated nodes) of the plantlets

(Figures 3 and 4).
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Figure 3. Fresh and dry weights of the plantlets derived from encapsulated clump’s base and node
of blackberry Thornfree cultivar. Data are expressed as means £+ SEM from 4 independent tests.
Different letters indicate statistically significant differences according to Tukey HSD test (p < 0.05).
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Figure 4. Plantlets of Thornfree cultivar obtained from encapsulated clump’s base on the (left) and
encapsulated uninodal microcutting (node) on the (right).

The explant type used for encapsulation for the Chester cultivar did not affect the
viability rate (Figure 5). Likewise, the regeneration rate of the encapsulated explants in the
Chester cultivar was not affected by the type of propagule (Figure 5) as already observed
for the Thornfree cultivar.
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Figure 5. Viability and regeneration rates of the encapsulated explants (clump’s base and node) of
blackberry Chester cultivar. Data are expressed as means + SEM from 4 independent tests. Different
letters indicate statistically significant differences according to Tukey HSD test (p < 0.05).

Regarding the development of plantlets derived from encapsulated clump bases and
nodes, differences were found only for the parameters number of shoots and number of
roots (Figure 6). Specifically, the plantlets originating from the encapsulated clump base
exhibited a higher number of shoots (5.00 & 1.19) and roots (3.29 & 0.65) compared to those
originating from the encapsulated nodes (1.57 & 0.16 and 2.46 & 0.29 for number of shoots
and roots, respectively). In contrast, the type of propagule used did not affect the length of
shoots and roots (Figure 6).

The plantlets originating from the encapsulated clump’s base exhibited a greater fresh
weight (10.77 £ 1.42 mg) and dry weight (1.46 £ 0.16) compared to those derived from
encapsulated nodes (4.12 £ 0.48 mg for fresh weight and 0.69 £ 0.99 mg for dry weight)
(Figures 7 and 8), and this can be attributed to the higher number of shoots observed.
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Figure 6. Number of shoots, shoots length, number of roots, and roots length in the plantlets derived
from encapsulated clump’s base and node of blackberry Chester cultivar. Data are expressed as
means + SEM from 4 independent tests. Different letters indicate statistically significant differences
according to Tukey HSD test (p < 0.05).
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Figure 7. Fresh and dry weights of the plantlets derived from encapsulated clump’s base and node of
blackberry Chester cultivar. Data are expressed as means 4+ SEM from 4 independent tests. Different
letters indicate statistically significant differences according to Tukey HSD test (p < 0.05).
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Figure 8. Plantlets of Chester cultivar obtained from encapsulated clump’s base on the (left) and
encapsulated uninodal microcutting (node) on the (right).

3. Discussion

In the present study, the possibility of using the in vitro-derived base of the clump as
a propagule for blackberry encapsulation was investigated for the first time. The type of
propagule along with the composition of the artificial endosperm, the sowing medium,
and the growing conditions is a factor that can strongly influence the performance of the
synthetic seeds [19].

Both types of evaluated propagules provided positive results in terms of viability and
regeneration rates, demonstrating that they can absorb the needed water and nutrients
from the capsule. The high regeneration rates obtained are significant given the consensus
among researchers regarding the crucial importance of obtaining a high regeneration rate.
Indeed, only in this case, the synthetic seed technology is truly valuable and applicable [26].
Nodes with apical or axillary buds (microcuttings) are widely used for synthetic seed
production since they can be obtained easily and have a higher degree of genetic stability
compared to somatic embryos [27,28]. For this reason, these vegetative propagules have
been used to obtain synthetic seeds in several plant species including pineapple [29],
Carrizo citrange [30], pomegranate [31], kiwifruit [32], apple rootstock M26 [27,28,33],
mulberry [34,35], olive [26,36], and hop [37].

However, one potential drawback of using microcuttings for encapsulation may
arise from the absence of root primordia, thereby impeding the spontaneous formation of
adventitious roots. However, in our study, the regeneration rates obtained were satisfactory
with both vegetative propagules (nodes and clump’s bases) encapsulated in Thornfree and
Chester cultivars. In particular, for the Thornfree cultivar, the regeneration rates exceeded
80%. This result is consistent with what has been observed in other species, such as
banana [38], Cannabis [39], Dalbergia [40], Plumbago [41], and Solanum nigrum [42], where the
encapsulated microcuttings exhibited a high rooting capacity after sowing. On the contrary,
in other species such as Borivilianum [43], olive [36], Phyllanthus [44], pomegranate [31],
Spilanthes [45], Tylophora [46], and several others [19], rooting was not satisfactory.

Among the two propagules examined in this study, the clump’s base seems to be the
more suitable for encapsulation as it gives rise, after regeneration, to plantlets with a higher
number of shoots and roots in both cultivars. This could be attributed to the abundance
of meristematic cells present in the clump’s base [47]. Explant age does not appear to be
a critical factor for synthetic seed development. This flexibility can be an advantage for
carrying out experiments with a high number of propagules or for the transfer of this
technique to large-scale propagation companies.

4. Materials and Methods
4.1. Plant Material
In vitro-derived material of blackberry cultivars Thornfree and Chester was obtained

from the experimental fields of the ‘Tree Science’ Research Unit of the Department of
Agricultural, Food and Environmental Sciences, and used as the object of the study.
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Thornfree is a very vigorous cultivar with stems that can reach up to 5 m in length
and up to 2 m in height. The flowers are large and white (with a low pinkish shade). The
Thornfree cultivar has a late ripening and a long harvest season. The fruits are large, black,
and glossy with an oblong shape. The fruit’s firmness is very low because Thornfree’s
berries have a high juicy content. Thornfree cultivar has a medium resistance to pests and
disease and a good resistance to low temperatures. On the contrary, Thornfree cultivar’s
berries are sensitive to high summer temperatures that cause sunburns, so they need to be
sheltered from direct sun rays [48].

The Chester cultivar is a semi-erect shrub characterized by high yield potential and
tolerance to pests and diseases. The fruits are big, characterized by good quality, late
maturation, and good postharvest performance. The plant has a semi-erect growth habit
and needs a supporting system [49].

4.2. Encapsulating Procedure and Growing Conditions

For the proliferation of the Thornfree and Chester cultivars, glass jars (500 mL)
were used, each containing 100 mL of a growth medium consisting of the half-strength
nutrient component of the Murashige and Skoog medium [50] supplemented with su-
crose (15 g L™1), Indole-3-butyric acid (IBA) (0.1 mg L~'), 6-Benzylaminopurine (BAP)
(0.4mg L), and agar (8 gL 1), pH of 5.7. The vessels were placed in a growth chamber at
a constant temperature of 22 £+ 2 °C and a 16 h photoperiod of light with an intensity of
40 uE m~2 s~ The usual proliferation subculture length was 30 days.

Shoots (about 4 cm length) were selected from a well-established in vitro plant mate-
rial (four proliferation subcultures) from plant material derived from two subcultures of
different durations (30 and 45 days). From the abovementioned shoots, uninodal microcut-
tings (3—4 mm long, hereafter referred to as nodes) and the clump’s bases (3—4 mm long)
were isolated and encapsulated to verify which was the most suitable (Figure 9).

Figure 9. Explants used for encapsulation: clump’s base on the (left) and uninodal microcuttings
(nodes) on the (right).

Encapsulation was performed according to the procedure described by Standardi and
Micheli [17]. The explants were individually collected and dropped for 15 min into a coat-
ing solution consisting of the one-quarter-strength nutrient component of the Murashige
and Skoog medium [50] supplemented with sucrose (50 g L), IBA (0.1 mg L), BAP
(0.4 mg L), and sodium alginate (25 g L™!) of medium viscosity (Sigma Aldrich), and
deprived of calcium chloride, with a pH of 5.7. The explants were then taken with a drop of
coating solution using sterile Pasteur pipettes and individually collected and dropped for
30 min into the complexing solution consisting of the one-quarter-strength nutrient compo-
nent of the Murashige and Skoog medium [50] supplemented with sucrose (50 g L~1), IBA
(0.1 mg L™1), BAP (0.4 mg L), and calcium chloride (11 g L~!) (Merck KGaA, Darmstadt,
Germany), pH of 5.7 (Figure 10).

The encapsulated explants were then taken with the aid of sterile forceps and rinsed
with a sterile washing solution consisting of the one-quarter-strength nutrient component
of the Murashige and Skoog medium [50] supplemented with sucrose (50 g L~'), IBA
(0.1 mg L), and BAP (0.4 mg L~ '), with a pH of 5.7; this was performed three times for
15 min to remove the eventual presence of toxic residual ions of chloride and sodium.
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Figure 10. Propagules with a drop of the coating solution were dropped in the complexing solution
(left) and encapsulated explant in the complexing solution (right).

The capsules (diameter 5-6 mm) were sown, respecting polarity in glass jars (500 mL
volume) containing 100 mL of the growth medium consisting of the Murashige and Skoog
medium [50] supplemented with sucrose (30 g L~!) and agar (8 g L~!), with a pH of 5.7. In
each jar, 10 capsules of propagules were sown, and 4 replicates for each treatment were set
up. The procedure described above took place in sterile conditions under a laminar flow
hood at room temperature (about 23 °C).

The jars containing the encapsulated propagules were placed in a growth chamber at
a constant temperature of 22 4= 2 °C and a 16 h photoperiod of light with an intensity of
40 uE m~2 s~ 1. All the plant’s manipulations were carried out in sterile conditions under
horizontal laminar flow cabinet.

4.3. Growth Parameters

The evaluation of the following parameters was made 45 days after sowing: viability
(green propagules without browning or necrosis) refers to the initial explants (%), regenera-
tion (propagules that sprouted and rooted at the same time) refers to the initial explants (%),
average number of shoots produced per explant that showed shoots and roots (n), average
shoots length per explant that showed shoots and roots (mm), average roots produced per
explant that showed shoots and roots (n), average roots length per explant that showed
shoots and roots (mm), average fresh weight per explant that showed shoots and roots
(mg), and average dry weight per explant that showed shoots and roots (mg) obtained by
keeping the plant material in an oven for three days at 105 °C.

4.4. Statistical Analysis

The trial was organized according to a completely randomized design. For each
cultivar, two types of explant (node and clump’s base) and two explant ages (30 and 45 days)
were considered, with 40 encapsulated explants for each treatment. The collected data were
subjected to a two-way ANOVA analysis (Split-Plot completely randomized design), and
the significance of the differences was tested using the Tukey HSD test (p < 0.05). Data on
percentages were arcsine-transformed before performing statistical analysis.

5. Conclusions

Both vegetative propagules used in this study (uninodal microcutting and clump’s
base) are suitable for encapsulation since they exhibited a high regeneration rate. The
base of the clumps due to the abundance of meristematic tissue gives rise to plantlets
with a higher number of shoots and roots than unimodal microcuttings in both cultivars.
Despite their great vegetative vigor, the bases of the clumps are rarely used for in vitro
multiplication. Nowadays, individual shoots are mainly used for in vitro propagation, but
in the future, clump bases could be isolated with automated systems to separate them from
the proliferated biomass. Indeed, automation is another possibility for reducing the cost
of in vitro-derived production, but the systems studied so far cannot accurately separate
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individual shoots, often damaging them mechanically. Instead, the base of the clump,
which can be evenly fragmented owing to its structure, appears to be capable of developing
new shoots and plantlets after encapsulation. The findings from the present study represent
the first evidence wherein the base of the clumps in blackberry cultivars Thornfree and
Chester was identified as the optimal propagule for encapsulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants13010032/s1, Table S1: ANOVA tables.
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