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W N e

Abstract: Juglans regia L. is a crucial species as a forest tree and for its nutritional and medicinal
values. It is also included in the list of endangered species in Albania and thus, there is a need
to find methodologies to ensure its rapid regeneration and ex situ conservation. This research,
investigated the regeneration of plantlets from synthetic seeds containing shoot tips of four native
walnut varieties: ‘Pérmet’, ‘Kor¢é’, ‘Peshkopi’, and “Tropojé’. First, in vitro-derived shoot tips from
walnut seedlings are encapsulated using sodium alginate. After that, the regeneration potential of the
encapsulated shoot tips and the influence of incubation conditions are evaluated. The synthetic seeds
were incubated at either 25 °C or 8 °C, with and without dehydration treatment, in 0.5 M sucrose
solution for 3 h. The synthetic seeds in both temperature regimes (25 °C and 8 °C) develop plantlets
and provid conservation potential without the need for subcultures for 4 and 3.5 months, respectively.
Furthermore, all walnut varieties incubated in these conditions achiev a high regeneration rates.

Keywords: native walnut varieties; in vitro culture; encapsulated shoot tips; conservation period

1. Introduction

The Persian walnut (J. regia L.) represents a crucial woody plant species for its nuts’
nutritional, medicinal, and commercial values and, in some areas, its timber. In addition,
it has numerous valuable qualities, including the high content of essential components
beneficial to human health [1,2], its use in the furniture sector [3], the use of extract from
its leaves and bark as a dye [4,5], and the importance as a forest tree for improving and
preventing land erosion [6].

In Albania, the walnut tree is considered a native species distributed primarily in
the north-easte (Peshkopi, Tropojé) and south-easte (Korcé, Pérmet) with varieties that
are considered to be quite adaptable to different environmental conditions [7]. However,
despite this, walnut trees have consistently been subject to deliberate tree cutting and
arson, which have reduced their population. For this reason, in Albania, this species is
included in the list of endangered plants (EN) [7,8]. Furthermore, Paz-Dyderska et al. [9]
reported that walnut trees tend to be invasive in northern Europe, whereas there has been a
reduction of their population in southern Europe. The authors suggested that this situation,
which was caused by climatic changes, is expected to become more pronounced soon.
Thus, developing a strategic plan to prevent the loss of specific walnut varieties is highly
recommended.

Usually, walnut trees are propagated by seed, but high yields are significantly slowed
due to their dormant embryos [10]. In vitro regeneration methods using zygotic embryos
enable overcoming the barriers in hybridization [11,12], obtaining higher and faster multi-
plication rates of plants of an elite genotype [10]. According to Lambardi et al. [13] and Rios
Leal et al. [14], in vitro propagation is a method that creates opportunities for obtaining
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homogeneous plant material with high genetic stability if explants, such as apical buds
or shoot tips, are used as initial plant material. The socioeconomic significance of walnut
trees associated with their wide range of uses, requires the development of procedures
to ensure the rapid regeneration of selected lines. Applying in vitro techniques for the
mass production of plants can ensure the production of a homogeneous material and
allow biodiversity conservation [15-17]. The encapsulation technique for creating synthetic
seeds is essential for in vitro culture. Artificial or synthetic seeds, also known by other
names, such as “synseeds,” were first described by Murashige [18]. They are defined as
artificially coated somatic embryos; other plant parts such as zygotic embryos, shoot buds,
cell aggregates, axillary buds; or any other micropropagules that can be sown like seeds
and grown into plants in vitro or ex vitro [19,20]. Growing these artificial seeds involves
synseed germination, leading to plantlet formation, shoot growth (synseed conversion),
and new cell proliferation (synseed regrowth) [21]. Artificial seeds should also be able
to retain their conversion and regrowth abilities for an extended period [22-24] without
decreased vitality during the storage time [25-28].

Synthetic seed technology, as an alternative to natural seeds, has potential advantages
such as efficient mass production, the rapid delivery of plantlets, easy handling and
transportation, increased efficiency of in vitro propagation in terms of space, time, and
labor, and cost-effective and efficient short-mid-term storage (minimal growth) or long-term
storage (cryopreservation) [29-36]. In recent years, encapsulation technology has expanded,
and the successful production of synthetic seeds has been reported in several plant species,
with numerous advantages for their propagation and preservation [37-43].

For the encapsulation of explants, many gelling agents have been tested. However,
sodium alginate is the most effective and widely applied due to its low cost, non-toxic na-
ture, and gelling qualities [24,39]. Encapsulation within the alginate matrix offers protection
to the explants from physical and environmental injury. The parameters of encapsulation,
such as the alginate percentage used and time of bead hardening, should be optimized for
selected species [23,44—-46]. This study aims to evaluate the encapsulation technique in four
native walnut varieties of Albania and to assess suitable in vitro conditions for synthetic
seed regrowth and the possible duration for short-term storage.

2. Materials and Methods
2.1. Plant Material Collection and Explant Sterilization

Mature seeds of the Pérmet, Kor¢é, Peshkopi, and Tropojé varieties were collected in
their natural habitats (Pérmet: 40.2362° N, 20.3517° E; Korcé: 39°56'53.29” N, 20°5'44.12” E;
Peshkopi: 41°41/25.04” N, 20°25'20.95” E; Tropojé: 42°17'40” N, 20°17'55” E) The seeds
were double-sterilized for 10 min before and after removing the seed coats with HgCl,
0.01% and then rinsed three times with distilled sterile water. Zygotic embryos were excised
in aseptic conditions under laminar flow and used as primary explants for establishing and
stabilizing walnut in vitro cultures.

2.2. In Vitro Culture for Walnut Zygotic Embryo Development

Zygotic embryos from the four varieties underwent in vitro culture for shoot and root
organogenesis induction. For this purpose, three basal media were tested, specifically
MS [47], WPM [48], and DKW [49]. Sucrose at 3% was used as a carbon source, and 0.6%
agar was used as a gelling agent. No plant growth regulators (PGRs) were added at this
stage. The zygotic embryo cultures were incubated at 25 °C £ 2 °C in a 16-h light 24-h
photoperiod. Then, 21 days after the explants’ inoculation, biometric parameters such as
shoot and leaf number and shoot length were measured to evaluate embryonic regeneration
potential and in vitro plantlet development.

2.3. Encapsulation Procedure

In vitro shoot tips derived from seedlings of the walnut varieties were immersed in
a solution composed of calcium-free MS with sodium alginate at 3% (Sigma Aldrich, St.
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Louis, MO, USA; medium viscosity) (Figure 1a). Then, the explants and a small quantity of
sodium alginate solution were taken with a Pasteur pipette (Figure 1b) and dropped into
100 mM of CaCl, - 2 H,O solution (Figure 1c). The shoot tips were left in these conditions
for about 30 min to achieve polymerization of sodium alginate in the presence of Ca**
cations. After that, synthetic walnut seeds were produced (Figure 1d).

Figure 1. (a) In vitro-derived shoot tips in sodium alginate solution; (b) pipetting of an explant and a
small quantity of sodium alginate solution; (¢) dropping to CaCl, - 2 H,O solution; (d) synthetic seed
formation after complete polymerization.

2.4. Effect of In Vitro Conditions on Encapsulated Explants

The explants of walnut varieties coated with artificial beads (synthetic seeds) were
exposed to two incubation temperatures (25 °C or 8 °C) and to dehydration treatment with
sucrose solution at 0.5 M for three hours. The synthetic seeds from the walnut varieties
were divided into four groups: (I) incubation at 25 °C, (II) incubation at 25 °C after sucrose
treatment, (III) incubation at 8 °C, and (IV) incubation at 8 °C after sucrose treatment.
In all conditions, the synthetic seeds were maintained in culture vessels in MS medium
regrowth, with 1 mg L~! 6-benzyl amino purine (BAP),0.1 mg L~! 1-naphthaleneacetic acid
(NAA), agar at 0.6% and sucrose at 3%. The culture vessels during the regrowth stage were
maintained at a 16-h light/8-h dark photoperiod. In addition, experiments were conducted
to assess the capability of encapsulated explants to break the gel coat, leading to normal
growth with shoot development and to evaluate the possibility of preserving the synthetic
seeds for a short time.

Data on germination (breaking of the beads from the explants) and regrowth (explants
showing regrowth and conversion to shoots) percentages were recorded.

Periodic monitoring of the synthetic seed germination and regrowth was conducted
immediately after planting them in a growth medium for three months, without subcultur-
ing, for groups I and II. Conversely, after three months of storage at 8 °C, groups IIl and IV
were transferred to standard growth conditions at 25 °C for four weeks prior to monitoring.

2.5. Elaboration Data and Statistical Analysis

Thirty explants were used for each treatment. The tests were repeated three times for
the micropropagation stage and for synthetic seed production and storage. Experimental
data were elaborated by using Student’s t-test (p < 0.05) and analysis of variance (ANOVA)
with JMP 7.0 statistical software.
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3. Results
3.1. In Vitro Germination of Walnut Zygotic Embryos

One week later, zygotic embryos (ZE) of all varieties showed strong organogenic
responses with seedling induction (Figure 2a), regardless of the basal medium used. In
addition, the growth of entire plantlets was observed after a few weeks (Figure 2b). The
findings showed considerable disparities in the germination and proliferation rates of
zygotic embryos in the initial stage of micropropagation. The variety of basal media used
significantly impacted these differences (Figure 3).

The “Tropojé’ variety, followed by the ‘Pérmet’ one, showed the highest values for all
of the biometric parameters measured, regardless of the basal medium used. Concerning
the medium applied, for the “Tropojé” and ‘Pérmet’ varieties, the DKW allowed having
the highest number of shoots (2.75 and 2.25, respectively), number of leaves (6.33 and
4.85, respectively), and length of shoots (1.33 and 1.07 cm, respectively). However, no
statistical differences in the biometric parameters were observed for the ‘Pérmet” variety
when using the DKW or MS medjia. This last performance was also observed for the “Korgé’
and ‘Peshkopi’ varieties without significant differences between the MS and DKW media.
The WPM medium gave low data for each parameters in the assessed varieties, except
‘Tropojé’ variety, for which, values above averages were recorded (Figure 3).

|

Figure 2. (a) Seedling induction of walnut zygotic embryo; (b) in vitro seedling development;
(c) encapsulated shoot tip of walnut seedling; (d,e) plantlet regeneration from synthetic seeds;
(f) proliferation of walnut plantlets from synthetic seeds via subcultures.
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Levels not connected by the same letter are significantly different (p = 0.05)

Walnut variety /
basal media
'Tropojé' / DKW
'Pérmet' / DKW
'Korgé' / DKW
'Peshkopi' / DKW
'Tropojé’ / MS
'Pérmet' / MS
'Korgé' / MS
'Peshkopi' / MS
‘Tropojé' / WPM
'Pérmet' / WPM
'Korgé' / WPM
'Peshkopi' / WPM

Walnut variety /
basal media
‘Tropojé' / DKW
'Pérmet’ / DKW
'Korgé' / DKW
'Peshkopi’ / DKW
‘Tropojé' / MS
‘Pérmet' / MS
'Korgé' / MS
'Peshkopi' / MS
'Tropojé' / WPM
'Pérmet' / WPM
'Korgé' / WPM
'Peshkopi' / WPM

Walnut variety /
basal media
'Tropojé' / DKW
'Pérmet’ / DKW
'Korgé' / DKW
‘Peshkopi' / DKW
"Tropojé' / MS
‘Pérmet' / MS
‘Korgé' / MS
'Peshkopi' / MS
‘Tropojé' / WPM
'Pérmet' / WPM
'Korgé' / WPM
‘Peshkopi’ / WPM

Shoots number
(Mean  Std. dev.)
2.75 +0.852
2.25+0.72
1.75  0.72¢de
1.82 £ 0.76%4¢
1.90 + 0.72bcd
2.05 + 0.68b¢
1.65 + 0.67¢
1.51+0.61¢
2.15%0.67%
1.65 + 0.48%f
1.45 +0.51f
1.60 + 0.59¢f

Leaves number
(Mean - Std. dev.)
6.33- 2.17¢
4.85-1.35°
3.30- 1.38¢
3.65- 1.57%¢
4.41- 1.87°¢
4.31- 1.458%
3.25- 1.07¢
3.15- 1.35¢
5.20- 1.98°
3.75- 1.584
2.82- 0.52¢
3.45- 1359

Shoots length (cm)
(Mean + Std. dev.)
1.33+0.31°

1.07 £0.26°

0.87 +0.28%

0.79 £0.26¢
1.01+0.38%
1.15+0.39°

0.83 +0.18¢%
0.75+0.21¢f
1.21+0.482

0.92 +0.28%
0.59+0.132

0.72 +0.26%

Figure 3. Variability chart for (a) shoot number, (b) leaf number, and (c) shoot length depending on

the basal media used and walnut variety.

3.2. Effect of Different Temperatures and Sucrose Treatment on the Regrowth Potential of Synthetic

Walnut Seeds

The percentage of sodium alginate (3%) used in the solution and the Na*/Ca?* ion
exchange time (30 min) resulted in optimal conditions to have suitable calcium alginate

beads for explant regrowth (Figure 2c—f).

The germination and regrowth rates of the encapsulated explants for each treatment

were evaluated and compared (Figure 4).
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Figure 4. (A) Germination and (B) Regrowth rates of walnut varieties for different treatments:
(I) 25 °C; (IT) 25 °C and dehydration treatment; (III) 8 °C; (IV) 8 °C and dehydration treatment.

In this study, the synthetic seeds of the four varieties responded positively regarding
germination and regrowth rates after Treatment I. ‘Kor¢é” and ‘Pérmet’ showed a 100%
rate of germination, whereas ‘Peshkopi” and “Tropojé’ showed 95% and 94% germination,
respectively. Under the same conditions, the highest of the synthetic seeds’ regrowth rates
was recorded in ‘Korgé’, followed by ‘Pérmet’ and ‘Peshkopi’ with a similar trend, and by
‘Tropojé’, whose rate was significantly lower. The standard temperature for the optimal
walnut micropropagation process was 25 °C, and it helped the plantlets to recover from the
synthetic seeds. The results of Treatment III, which involved storage at a temperature of
8°C, revealed a germination rate ranging from 60% to 80% and a regrowth rate ranging
from 65% to 50% of the synthetic seeds after three months of preservation.

In Treatments II, III, and IV, the monitored parameters (germination and regrowth)
were significantly reduced, and they were lower in Treatments II and IV than in Treat-
ment III. These results suggest that dehydration treatment may be a stress factor that
significantly reduces the explants’ development from synthetic seeds in in vitro culture.
However, the sucrose treatment permits low moisture content in the explant. This condition
is essential when applying the encapsulation technique for mid-term conservation and
cryopreservation.

Overall, the ‘Korgé” and “Tropojé’ varieties were best adapted to all of the treatments.
Despite the differences exhibited by the varieties within the same treatment, the lowest
germination and regeneration values were observed for all varieties in Treatment IV, in
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which 8 °C and dehydration treatment were combined. However, achieving 50-60%
germination of explants after the conservation period (3 months) was considered adequate.

The application of specific growth conditions during minimal-growth storage, both
physical and chemical, is aimed at the short-term or medium-term conservation of en-
capsulated explants [15]. The time between subcultures depends on the physicochemical
alterations to which the encapsulated explants are exposed. Applying specific parameters
affects the time of explant adaptation, the beginning of growth, and the speed of plant
regeneration, consequently affecting the time necessary to move to the subsequent subcul-
ture [15,20]. Some physicochemical conditions (temperature, light/darkness, and osmotic
compounds) that tend to slow down metabolic processes constitute stressful conditions
for explants and sometimes decrease germination or regenerative potential [16,17,40-43].
However, at the same time, these conditions are helpful for the explants’” preservation
under minimal-growth storage, where a reduction in growth is required.

Explant regrowth time is when encapsulated explants react by increasing their size
or rupturing the alginate beads until shoot formation [40,41]. In this study, regrowth time
was monitored periodically from the first day in incubation at 25 °C and immediately after
8 °C incubation up to a maximum of four weeks. Figure 5 shows the average values for
regrowth time for each walnut variety in all applied treatments. If an explant showed no
signs of viability over four weeks, it was considered to not have survived. Depending on
the treatment applied, the regrowth started from four days after inoculation up to twenty
days after. New plantlet recovery was observed in all walnut varieties (Figure 2e,f).

20
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Walnut variety / Treatment

Figure 5. Regrowth time in synthetic seeds of walnut varieties.

Among the applied treatments, the shortest regrowth time was observed for Treat-
ment I, with an average value of approximately 5.5-6 days in the varieties assessed
(Figure 5 and Table 1). For Treatment II, the average proliferation time was about 14 days,
and for Treatments IIl and IV, it was about 17 days. There was no difference in the regrowth
time of the encapsulated explants in Treatments III and IV, which may be related to the
conditions created by the temperature reduction. As lowering the temperature is a method
that slows down plant metabolism, it is a condition that requires time to overcome or adapt
when the explants are transferred to standard growth conditions (25 °C). This adaptation
time is reflected in the longer regrowth times in Treatments Il and IV versus Treatment II,
where the explants were subjected to only dehydration treatment while maintaining the
standard temperature (25 °C).
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Table 1. Summary of the treatments, regrowth times, and conservation periods.
Group/Incubation Conditions Variety Regrowth Time (Mean =+ Std. Dev.) Period of the First Subculture
Korgé 585+1.18?
I Pérmet 595+092? 3 months
Incubation at 25 °C Peshkopi 6.11 +0.81° (no signs of necrosis)

Tropojé 558 +1.72°

I Korgé 14.00 + 1.28 "

& b

Incubation at 25 °C after synthetic Permet. 1387 £1.72 bc . 4 we eks .
seed dehydration procedure Peshkopi 14.75 + 1.28 (conspicuous signs of necrosis)

Tropojé 14.63 £1.93°

Korgé 17.08 + 1.52 ¢f

I Pérmet 16.00 & 2.07 <4 3 +1=4months
Incubation at 8 °C Peshkopi 16.83 + 1.58 de (slight signs of necrosis)
Tropojé 16.61 4 0.82 e
v Korgé 17.00 & 1.26
N f =
Incubation at 8 °C after synthetic seed Permet. 18.00 £ 0.81 ef 3+ 0'5. 35 months.
dehydration procedure Peshkopi 1725 £ 0.95¢ (severe signs of necrosis)

Tropojé 18.16 = 1.33f

Note: Levels not connected by the same letter, are significantly different between (p < 0.05)

Regarding the conservation period, the obtained results were promising and created
the possibility of application of some of the assessed treatments for the short- or medium-
term preservation of encapsulated explants. As noted in Table 1, Treatment I ensured the
maintenance of synthetic seeds for three months without subcultures or signs of shoot
necrosis for all walnut varieties. The synthetic seeds undergoing Treatment II developed
over 14 days, but after four weeks, the shoots showed conspicuous signs of necrosis that
advised subsequent subcultures to avoid material loss.

The first subculture was performed for Treatments III and IV after 4 and 3.5 months,
respectively. Relatively high germination and regrowth rates of the explants were observed
in Treatment III, but the combination of low temperature and dehydration in Treatment
IV resulted in severe necrosis in the shoots in this last treatment. Thus, Treatment III is
considered to be an effective short-term preservation procedure.

For Treatments II and IV, the surviving plants initially showed regenerative ability, but
the subcultures later failed to produce healthy shoots and provide proliferation. Conversely,
shoots recovered from Treatments I and III successfully produced new shoots that could be
subcultured in further micropropagation steps.

The shoot quality from synthetic seeds was most suitable and appropriate at a storage
temperature of 25 °C, but even during storage at 8 °C, the synthetic seeds remained viable
and developed well after storage.

4. Discussion

The present study provides useful information regarding the possibility of walnut
tree in vitro propagation and conservation using synthetic seed technology. The obtained
results strengthen the findings of some of the reports so far on the in vitro propagation of
walnut trees, and it also provides new information about conservation through synthetic
seeds of this recalcitrant plant species. Zygotic embryos were used as primary explants and
they have proven to be a good starting point for obtaining in vitro seedlings of the walnut
varieties tested, taking into consideration that walnut is a recalcitrant plant species and
thereby presents a low in vitro regeneration rate [50]. Studies have reported the efficiency of
zygotic embryos for the in vitro propagation of many fruit-tree species [51-54] and also for
the avoidance of post-zygotic incompatibility in some cases [55]. Due to their autotrophic
nature, zygotic embryos from mature seeds show high organogenic responses in a PGR-free
nutrient medium [56]. Particularly in walnut, a species characterized by a low percentage
of seed germination and long propagation cycle, due to its recalcitrance, the application
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of regeneration from in vitro cultured embryos [53,54] can allow walnut trees to obtain a
higher and faster plant multiplication rate.

The development potential of zygotic embryos is determined at several levels, with
the embryos’ genotype being an essential factor. Kaur et al. [53] investigated embryo
germination in five walnut cultivars (J. regia L.) via in vitro culture, reporting significant
differences in percentage embryo germination among the cultivars. This result agrees with
our study.

The variation on regeneration rates quickly demonstrates this concept in embryogenic
responses, which are often observed among genotypes within the same species [51]. Hence,
the genotypes significantly impact growth parameters in specific cultural conditions. Sev-
eral authors have reported the effects of different varieties on plant proliferation or in vitro
regeneration rates under the same cultivation conditions [53,54,57-59]. These differences
result from interaction between external physicochemical factors and internal genetic and
hormonal factors. The functional genomic component affects plant growth, proliferation,
and hormonal components [12,60]. This can explain the different responses shown in
zygotic embryos growth among the walnut varieties evaluated in our study. Nevertheless,
despite these differences, in vitro cultures can allow the acquisition of zygotic embryos
from selected lines with superior characteristics.

This research highlights that the success of walnut in vitro culture is influenced by the
specific responses of different varieties and the effectiveness of the media used. Different
culture media have been applied for the micropropagation of J. regia L. [12,49]. Driver and
Kuniyuki [49] reported that DKW basal solution was effective for the in vitro regeneration
of walnut seedlings. Yari et al. [61] tested three basal media, MS, WPM, and DKW, in the
micropropagation of two walnut varieties. They found that DKW basal medium was the
most effective by a significant margin compared to the other two media. Our findings were
similar: zygotic embryos’ best development and growth occurred in the DKW medium.
On the other hand, other studies have identified the effective use of MS basal solution for
the in vitro establishment and regeneration of walnut seedlings [54,62,63].

Woody plant medium (WPM) has been reported as effective for woody species [64-66],
but it was less effective for the walnut varieties in this study. Long et al. [67] considered
WPM efficiency for the J. nigra micropropagation protocol in combination with specific
hormonal ratios. DKW medium is a relatively high-salt medium resembling MS in its
nitrogen content but also containing high concentrations of several other ions. At the same
time, WPM is a low-salt medium compared to DKW and MS media. For this reason, it is
considered a poor medium for walnut tissue culture [68].

Another important finding provided by this research is that the application of the
encapsulation technique on walnut varieties explants had promising results. As mentioned
previously, recalcitrant species present difficulties for in vitro regeneration. Thus, optimiz-
ing protocols for short- and mid-term conservation is considered to be a challenge [69].
Indeed, all varieties developed plantlets from synthetic seeds, and, to our knowledge, this
technology was employed for the first time in this species. Encapsulation technology is
widely used in forming synthetic seeds for various purposes, especially for propagation
and plant germplasm conservation [70-74]. Sodium alginate is a very effective gelling
agent for forming the beads that surround the explant. This is due to the properties of
sodium alginate in terms of viscosity and changing physical conditions in the presence of
divalent Ca?* or Mg?* ions. The viscosity of the alginate, the number of bivalent ions, and
the time of exposure to these ions play essential roles in gelling [24,75-77]. In our study,
shoot tip beads prepared with 3% sodium alginate and 30 min of polymerization had uni-
form and isodiametric sizes and there were no negative impacts on plantlet development
or decreased regrowth rate, as some investigations have reported [15,16]. The alginate
concentration and polymerization time significantly impact the rigidity and hardness of
synthetic seeds, which in turn can influence other factors, such as germination and storage
ability [25,78-80].



Horticulturae 2023, 9, 559

10 0f 13

In addition, in our research, two groups of synthetic walnut seeds were dehydrated
with sucrose solution at 0.5 M for three hours. These synthetic seeds showed lower
germination and regrowth percentages than those without dehydration treatment. These
findings show that the short-term conservation of walnut using synthetic seed technology
is possible, but the procedure should not include a dehydration stage. Some reports have
indicated that rapid dehydration can increase the survival and germination of recalcitrant
seeds compared to slow dehydration [81,82].

Different compounds can be used for synthetic seed desiccation treatment [80]. In a
study on Stevia rebaudiana [83] and sugarcane [84], KNO3; was applied before synthetic seed
germination. Usually, treatment with sucrose permits low moisture content of the explant
through dewatering due to low water potential in the external environment. It increases
tolerance to dehydration and maintains tissue viability. This condition benefits applications
requiring limited storage space and short- to medium-term preservation. For example,
applying carbohydrates as osmotic agents during slow-growth storage (medium-term
conservation) reduces cell division. It limits the development of shoots [15,16], prolonging
the time between subcultures and reducing the number of subcultures. For plant germplasm
conservation, achieving an optimum balance between extending conservation time and
maintaining explants’ vitality is essential. In this study, synthetic seeds treated with sucrose
showed low germination and regrowth. Indeed, only this treatment combined with lower
temperatures allowed preservation until 3.5 months for the walnut explants with severe
signs of necrosis.

To date, the application of encapsulation technology to preserve various explants,
with minimal growth, has been reported as adequate by several authors to provide short-
or medium-term conservation by modifying chemicals (nutrient medium modification)
or physical factors (such as temperature) [15,16,40,41,85-87]. In terms of temperature,
the incubation of synthetic walnut seeds at 8 °C allowed a suitable regrowth time and a
conservation period of 4 months, with slight signs of shoot necrosis, whereas incubation at
25 °C showed a better shoot quality, but a shorter conservation period.

5. Conclusions

The walnut tree is considered one of the most recalcitrant species, thereby presenting
difficulties regarding its regeneration rate. Therefore, for its in vitro propagation and
conservation it is necessary to define the optimal culture conditions and medium that are
optimal for its establishment and proliferation.

In this study, walnut zygotic embryos proved to be a good choice for tissue culture.
Theywere also found to have better potential to develop seedlings in the DKW medium
than in the other media tested. Moreover, the production and storage of encapsulated
shoot tips from in vitro seedlings was successfully applied for the in vitro regeneration and
conservation of four walnut varieties. An important finding provided by this research is
that the encapsulated explants showed high germination and regrowth rates, indicating
potential propagation and short-term conservation applications. Specific conditions affected
the shoots’ shelf life and regenerative capacity. Synthetic seeds at 25 °C and 8 °C allowed
maintaining the walnut explants for 3.5 and 4 months respectively without subcultures.
These findings are promising, given the satisfactory regrowth in all tested walnut varieties
after short-term storage, and the way for the application of encapsulation and storage in
other Juglans spp. Moreover, encapsulation technology can be used in cryopreservation
procedures for the long-term conservation of this species.
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