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Abstract: The different pre- and post-treatments are critical in cryopreservation procedures and affect
the shoot tip regrowth after freezing. In the present study, the long-term storage of four citrus cultivars
[Bodrum Mandarin (Citrus deliciosa Ten.); Klin Mandarin (Citrus nobilis Lauriro); White grapefruit and
Red grapefruit (Citrus paradisi L.)] were carried out by droplet vitrification methods, and the critical
points for effective cryopreservation of these species were determined. In this study, we investigated
the effect of explant size, cold hardening treatments, sucrose concentrations, and media combinations
on shoot regrowth after cryopreservation. The highest shoot tip regrowth, ranging from 13.3 to 33.3%,
was achieved when they were obtained from 0.3 to 0.7 mm explants excised from cold hardened
seedlings at 4 ◦C for three days that were then precultured in a medium containing 0.25 M of sucrose
and treated with PVS2 at 0 ◦C for 45 min. In addition, it has been determined that a regeneration
medium containing boric acid (H3BO3) or ferric ethylenediaminetetraacetate (FeEDDHA) increased
the regeneration up to 33.3% after cryopreservation.

Keywords: cold hardening; cryostorage; droplet vitrification; liquid nitrogen; sucrose preculture

1. Introduction

Cryopreservation is the most suitable preservation process for living cells, tissues,
and organs in liquid nitrogen (LN, −196 ◦C) for long periods of time as the mitotic and
metabolic activities are reduced at a basal level [1]. It allows for the use of different parts of
plants, such as the shoot tips, seeds, nodal and dormant buds, pollen grains, somatic and
zygotic embryos, calli, and cell suspensions. The genetic stability also maintains for many
years during cold storage [2,3]. However, during and after cryopreservation, the cells,
tissues, and organs can suffer from freezing damage and even lose their viability, resulting
in failed cryopreservation. Therefore, the selection and pretreatment of excised explants
are often needed as the first step of cryopreservation [4]. In addition, fatal ice crystals
can form inside the cells, as freezing occurs during the liquid nitrogen treatment [5,6].
The reason for this is the amount of water in the cell. During the frozen storage of plant
materials, the water content of the cell should be reduced, and ice crystal formation should
be prevented. Plant cells cannot survive LN treatment without the use of cryoprotec-
tive solutions [7–9]. Therefore, in order to prevent the cells and shoot tips from freezing
and to provide vitrification with liquid nitrogen, dehydration should be performed with
cryoprotective solutions [10].

Cryoprotectants are generally divided into penetrating cryoprotectors and non-penetrating
cryoprotectors [11]. Penetrating solutions pass through the cell membrane to maintain
extracellular and intracellular balance, and non-penetrating solutions accumulate in the
extracellular solution without passing through the cell membrane [11]. Penetrating cry-
oprotectants contain dimethyl sulfoxide (DMSO), glycerol, and amino acids such as proline,
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while non-penetrating cryoprotectants contain sugars and alcohols [12]. When these solu-
tions were examined, it was determined that DMSO and glycerol were the most efficient
cryoprotectants when used appropriately [13]. DMSO is often preferred because of its rapid
penetration into cells, but it also has a toxic effect. Therefore, the PVS with an optimized
concentration of DMSO is often required in vitrification-based methods [14].

Among various PVSs, PVS2 proved applicable to the shoot tip cryopreservation
of a wide range of plant genera. However, it also poses osmotic stress and chemical
toxicity to plant tissues, resulting in excessive damage to the cells and poor shoot re-
growth after cryopreservation [15,16]. Therefore, the sucrose preculture and loading (with
2 M glycerol + 0.4 M sucrose) are often applied to induce osmotolerance prior to PVS2
treatment [16]. In addition, the duration of PVS2 exposure and temperature should be
optimized for the establishment of an optimized vitrification-based protocol [17]. It was
observed that shoot tips were formed at different rates in the samples treated with PVS2 at
different times [18].

Citrus germplasms, which are taken under protection in their natural habitats and
collection gardens, are suppressed by biotic stresses such as insects, nematodes, viruses,
bacteria, and fungi, and abiotic stresses such as extreme heat and cold, soil salinity, and
acidity [19]. The application of in vitro techniques on these species has some limitations
as they have phenolic compounds, similar to some other woody species. Therefore, it
is of great value to apply cryopreservation strategies for the safe conservation of Citrus
germplasm [20–22]. In the literature, there are some protocols applied to the cryopreser-
vation of citrus species. In a study applying shoot tip cryopreservation, nine different
citrus species from greenhouse stock plants in Fort Collins (CO, USA) were cryopreserved
using the droplet vitrification technique [23]. The same research group further established
a droplet vitrification technique for cryopreservation of three Citrus accessions [24]. In
both of these studies, the thawed shoot tips after liquid nitrogen were recovered using the
micrografting method [22,23]. Droplet vitrification combines the use of aluminum foils that
facilitate ultra-rapid freezing and thawing with the PVS vitrification and has been widely
applied in shoot tip cryobanking [24–26]. Compared to other vitrification techniques, higher
cooling and warming rates are observed in the droplet vitrification technique since the
samples are placed on aluminum foil with very high thermal conductivity [27,28]. The use
of aluminum foil allows explants to reach ultra-low temperatures quickly during contact
with liquid nitrogen. Thus, the chance of reaching the vitrified state of the cytoplasm during
ultra-fast freezing is increased [29,30].

In this context, the present study aimed to investigate the critical points such as shoot
tip size, cold hardening, sucrose preculture, PVS2 treatment time, and culture media on
four different citrus cultivars [Bodrum Mandarin (Citrus deliciosa Ten.); Klin Mandarin
(Citrus nobilis Lauriro); cultivars of white grapefruit and red grapefruit (Citrus paradisi L.)].
The direct post-thaw culture was tested without micrografting to facilitate the easier
operation of droplet vitrification.

2. Materials and Methods
2.1. Plant Material, Surface Sterilization and In Vitro Propagation of Citrus Micro-Shoots

The seeds of Citrus deliciosa Ten. cv. “Bodrum Mandarin”, C. nobilis Lauriro cv. “Klin
Mandarin”, C. paradisi L. cv. “white grapefruit” and cv. “red grapefruit” were obtained from
Mugla Metropolitan Municipality, Agricultural Services Department, Mugla Local Seed
Bank collection. Surface sterilization was performed via the protocol of Ozudogru et al. [31].
Each of these four Citrus spp. cultivars were used to evaluate the effects of shoot tip size,
cold hardening, and sucrose preculturing on shoot tip cryopreservation with at least three
replications per treatment. The seeds were treated with 70% ethyl alcohol for 5 min, 10%
H2O2, and twice with 20% commercial bleach for 10 min with active chlorine, and then
they were washed with sterile distilled water until completely rinsed. After drying the
seeds for 10 min in a laminar flow cabinet, they were transferred to solid Woody Plant
Medium (WPM, Duchefa Biochemie) nutrient medium [32] supplemented with 20 g.L−1
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and 7 g.L−1 agar (pH, 5.8) without any growth regulators and incubated in a growth room
under standard conditions (16 h light/8 h dark conditions on 50 µmol–1m–2s–1 with white
cool fluorescent light, 25 ± 2 ◦C). The four weeks old micro-shoots (Figure 1a) obtained
from the germinated seeds were subcultured on WPM medium supplement with 10 g.L−1

charcoal, 1 mg.L−1 6-Benzylaminopurine (BAP), 7 g.L−1 agar (pH, 5.8) in Magenta™ vessel
GA-7 (Sigma-Aldrich) to obtain a sufficient number of micro-shoots (16 explants were
cultured per vessel) for cryopreservation applications.

Figure 1. The micro-shoots and shoot tips of Citrus spp. used in experiments. The micro-shoots
of C. deliciosa cv. “Bodrum Mandarin” derived from in vitro clonal propagiton (a), the shoot tips in
different sizes derived from micro-shoots of C. nobilis cv. “Klin Mandarin” (b,c), bars 1 mm.

In the preliminary trials, two different nutrient media, Murashige and Skoog (MS)
nutrient medium [33] or WPM, were tested in combinations with or without charcoal
for shoot tip regeneration. In these studies, the regeneration percentage, the average
shoots formed from each shoot tip, and the shoot length were scored. The shoot-forming
capacity index (SFC) was calculated via these obtained data [SFC = (average no of shoots
per regenerating explant) × (% of regenerating explant)/100] [34]. In the light of this
preliminary study, a WPM medium supplement with 10 g.L−1 charcoal, 1 mg.L−1 BAP,
7 g.L−1 agar (pH, 5.8), yielded the best stem-forming capacity index compared to other
media combinations, and was decided as the regeneration medium for all of the shoot tips
used in this study. In addition to this treatment, some combinations of additional chemical
compounds were tested for the increased compacity of shoot tip regrowth.

2.2. Cold Hardening

The micro-shoots that belonged to four different Citrus spp. cultivars (16 micro-shoots
were cultured per vessel) were reproduced in four-week subculture periods. They were
covered with aluminum foil in GA-7 and cold-hardened at 4 ◦C in the dark following
different incubation durations: 24 h, 3 days, and 7 days (Figure 2). To evaluate the effect
of cold-hardening on shoot-tip viability, 15 shoot tips were excised from cold-hardened
micro-shoots after the cold exposure. The cold-hardened shoot tips were then directly
transferred to the regeneration medium and cultured for four weeks under the standard
conditions of the control group.

2.3. Isolation of Shoot Tips

For all pre- and post-cryopreservation treatments, two sizes of shoot tips belonging
to four different Citrus spp. cultivars were used as control or liquid nitrogen groups. The
shoot tips were cut between 0.3 and 0.7 mm (Figure 1b) or larger than 0.7 mm in size
(Figure 1c). Then, 15 shoot tips of each size were then precultured with enriched sucrose
levels and cryopreserved following a droplet-vitrification procedure.
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Figure 2. Schematic representation of the stages that are crucial for regeneration before and after
cryopreservation of four different Citrus spp. cultivars via droplet vitrification.

2.4. Sucrose Preculture

The shoot tips excised from the cold-hardened micro-shoots were transferred sepa-
rately to WPM media containing 0.1 M, 0.25 M, or 0.5 M sucrose, 7 g.L−1 agar (pH, 5.8), and
they were incubated at growth room for 24 h. In order to evaluate the effect of each different
concentration of sucrose on shoot tip regeneration, 15 shoot tips treated with WPM media
containing 0.1 M, 0.25 M, or 0.5 M sucrose, 7 g.L−1 agar (pH, 5.8) for incubation of 24 h in a
growth room.

2.5. Application of Droplet Vitrification Technique

For cryopreservation, a droplet vitrification technique, which is a more effective,
easily applicable, and inexpensive method for many species, was applied [29]. After cold-
hardening and sucrose preculture treatment, the shoot tips were transferred to aluminum
foil strips (~0.5 × 2 cm in size) containing 3 µL PVS2 for each drop [35]. A total of five drops
were dropped on the aluminum foil strip, and each shoot tip was placed on each drop
(Figure 3a). Each shoot tip was treated with PVS2 for 15, 30, 45, 60, 75, or 90 min on ice (to
prevent cell damage due to the rapid infiltration of osmotic agents). After treatment with
PVS2, aluminum foils with shoot tips were plunged into liquid nitrogen by transferring
them into cryovials in liquid nitrogen (Figure 3b). The control samples were treated with
PVS2 for 15, 30, 45, 60, 75, or 90 min but not immersed in liquid nitrogen.

2.6. Thawing and Post-Thaw Recovery

The samples of each cultivar were sucrose-precultured by removing the shoot tips
in two different sizes after the cold preculture step. Afterward, the vitrification solution
application (at the different treatment times mentioned above) and immersion in liquid
nitrogen and thawing steps were applied to the shoot tips. The samples stored in liquid
nitrogen for at least 24 h were thawed by direct transfer to a liquid WPM nutrient medium
containing 1 M sucrose (pH, 5.8) at room temperature. For this process, aluminum foils
containing shoot tips, which are treated with liquid nitrogen and the control group (not
treated with liquid nitrogen) were removed from the cryovials and immersed in the sucrose
liquid nutrient medium in Petri dishes. The shoot tips were washed in the same nutrient
medium for 15 min and the PVS2 solution was diluted from the cells and tissues. After-
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wards, the samples were transferred on solid WPM medium supplement with 10 g.L−1

charcoal, 1 mg.L−1 BAP and 7 g.L−1 agar (pH, 5.8) for 24 h (Figure 3c), and after 24 h,
the samples were transferred to different nutrient media [WPM medium supplemented
with 1 mg.L−1 BAP; 1 mg.L−1 BAP and 10 g.L−1 charcoal; 1 mg.L−1 BAP and 10 g.L−1

FeEDDHA; 1 mg.L−1 BAP, 10 g.L−1 FeEDDHA and 10 g.L−1 charcoal; 1 mg.L−1 BAP and
10 g.L−1 AgNO3; 1 mg.L−1 BAP, 10 g.L−1 AgNO3 and 10 g.L−1 charcoal; 1 mg.L−1 BAP
and 10 g.L−1 H3BO3; 1 mg.L−1 BAP, 10 g.L−1 H3BO3 and 10 g.L−1 charcoal, and each
media also contains 7 g.L−1 agar (pH, 5.8)] to observe their regeneration during the final
recovery (Figure 2).

Figure 3. (a) the demonstration of droplet-vitrification performed in this study. (b) The ultra-rapid
freezing performed with aluminum foil as the carrier of shoot tips. (c) Post-thaw cultured shoot tips
after cryopreservation.

2.7. Data Analyses

A high percentage of regeneration, over 90%, was obtained from each control group
sample (Tables 1–4) of all critical point treatments except the sucrose preculture treatment on
WPM medium supplemented with 0.5 M sucrose and different time PVS2 treatments. In this
context, the study is based on the results obtained after liquid nitrogen treatments, and each
critical point was studied in conjunction with the other. After thawing, shoot tips incubated
in the dark for 48 h in regeneration nutrient medium (described before) were transferred to
different nutrient media and incubated for 4 weeks under the above-mentioned standard
conditions (Figure 2). After four weeks of incubation, at least one leaf formation from the
shoot tips of incubation was determined as the shoot tip regeneration. In total, five different
critical steps were evaluated in the present study. Four of these were the application
parameters before cryopreservation, and one of them was applied after cryopreservation. A
total of 15 shoot-tips were used for each parameter, which was performed in three replicates.
Including the controls, 2 different sizes of shoot tips, 3 different sucrose concentrations
containing sucrose preculture, 6 different times of cryoprotectant application, and finally,
after 24 h of incubation after thawing, the shoot tips were transferred to 8 different nutrient
media (described in Figure 2). In all these studies, 864 different parameters were tried in
tree replicates, and a total of 6720 shoot tips were used for each cultivar, including controls.
The percentages of regeneration after cryopreservation were calculated for each cultivar,
and IBM® SPSS Statistics 24.0 was used for the statistical analysis of data.
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Table 1. The shoot tip regeneration, the number of shoots, and the shoot forming capacity (SFC) of four different Citrus spp. cultivars tested in different
media combinations.

MS + 1 mg.L−1 BAP MS + 1 mg.L−1 BAP + 10 g.L−1 Charcoal WPM + 1 mg.L−1 BAP WPM + 1 mg.L−1 BA + 10 g.L−1 Charcoal

Regeneration
(%)

Avarage
Nuber of

Shoots

Shoot
Forming
Capacity

Index

Regeneration
(%)

Avarage
Nuber of

Shoots

Shoot
Forming
Capacity

Index

Regeneration
(%)

Avarage
Nuber of

Shoots

Shoot
Forming
Capacity

Index

Regeneration
(%)

Avarage
Nuber of

Shoots

Shoot
Forming
Capacity

Index
Bodrum

Mandarin 100 ± 0.0 a * 1.4 ± 0.16 D 1.4 100 ± 0.0 a 2.0 ± 0.13 C 2.0 100 ± 0.0 a 3.1 ± 0.06 B 3.1 100 ± 0.0 a 3.7 ± 0.04 A 3.7

Klin
Mandarin 93.3 ± 2.11 b 1.3 ± 0.11 D 1.2 100 ± 0.0 a 1.8 ± 0.08 C 1.8 100 ± 0.0 a 2.8 ± 0.09 B 2.8 100 ± 0.0 a 5.3 ± 0.07 A 5.3

White
grapefruit 96.7 ± 1.7 b 1.1 ± 0.06 D 1.06 100 ± 0.0 a 2.8 ± 0.13 B 2.8 100 ± 0.0 a 2.3 ± 0.04 C 2.3 100 ± 0.0 a 3.1 ± 0.06 A 3.1

Red
grapefruit 100 ± 0.0 a 2.0 ± 0.12 D 2.0 100 ± 0.0 a 2.9 ± 0.11 C 2.9 100 ± 0.0 a 3.1 ± 0.03 B 3.1 100 ± 0.0 a 3.4 ± 0.06 A 3.4

* Values followed by the same letter within each variable and cultivar area are not significantly different (p < 0.05), according to the LSD test. The upper- and lowercase letters next to the
values indicate statistical homology between the values. The regeneration percentage is grouped among themselves (lowercase), the number of stems formed per shoot tip (with capital
letters). Each Citrus spp. cultivar was statistically evaluated within itself via the test of homogeneity of variance.

Table 2. The shoot tip regeneration of four different Citrus spp. cultivars cold hardened in different treatment times. The shoot tips treated with PVS2 for 45 min
were incubated in regeneration medium for the first 24 h, and then they transferred to WPM medium supplemented with 1 mg.L−1 BAP, 10 mg.L−1 activated
charcoal, and 1 mg.L−1 H3BO3 medium for four weeks under standard culture conditions.

The Shoot Tips No Cold Hardened The Shoot Tips Cold Hardened for 24 h The Shoot Tips Cold Hardened for 3 days The Shoot Tips Cold Hardened for 7 Days

Regeneration (%)
(Control)

Regeneration (%)
(After Cryostorage)

Regeneration (%)
(Control)

Regeneration (%)
(after Cryostorage)

Regeneration (%)
(Control)

Regeneration (%)
(after Cryostorage)

Regeneration (%)
(Control)

Regeneration (%)
(after Cryostorage)

Bodrum Mandarin 100 ± 0.0 a * 0 100 ± 0.0 a 13.3 ± 1.26 d 96.7 ± 0.67 b 33.3 ± 0.60 c 0 0
Klin Mandarin 100 ± 0.0 a 0 100 ± 0.0 a 8.3 ± 0.99d 100 ± 0.0 a 26.7 ± 0.58b 16.7 ± 0.54c 0

White grapefruit 100 ± 0.0 a 0 100 ± 0.0 a 0 100 ± 0.0 a 13.3 ± 0.57 b 3.3 ± 052 c 0
Red grapefruit 100 ± 0.0 a 0 100 ± 0.0 a 1.7 ± 0.38 d 93.3 ± 0.61 b 26.7 ± 1.11 c 0 0

* Values followed by the same letter within each variable and cultivar area are not significantly different (p < 0.05), according to the LSD test. The lowercase letters next to the values
indicate statistical homology between the values. The regeneration percentage is grouped among themselves. Each Citrus spp. cultivar was statistically evaluated within itself via the test
of homogeneity of variance.
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Table 3. The regeneration of two differently sized shoot tips of four different Citrus spp. Cultivars. The shoot tips treated with PVS2 for 45 min were incubated in
regeneration medium for the first 24 h, and then they transferred to WPM medium supplemented with 1 mg.L−1 BAP, 10 mg.L−1 activated charcoal, and 1 mg.L−1

H3BO3 medium for four weeks under standard culture conditions.

The Shoot Tips 0.3–0.7 mm in Size The Shoot Tips More Than 0.7 mm in Size

Regeneration (%) (Control) Regeneration (%) (after
Cryostorage) Regeneration (%) (Control) Regeneration (%) (after

Cryostorage)
Bodrum Mandarin 100 ± 0.0 a * 33.3 ± 1.26 b 100 ± 0.0 a 0

Klin Mandarin 100 ± 0.0 a 26.7 ± 1.14 b 100 ± 0.0 a 0
White grapefruit 100 ± 0.0 a 13.3 ± 1.05 b 100 ± 0.0 a 0
Red grapefruit 100 ± 0.0 a 26.7 ± 1.97 b 100 ± 0.0 a 0

* Values followed by the same letter within each variable and cultivar area are not significantly different (p < 0.05), according to the LSD test. The lowercase letters next to the values
indicate statistical homology between the values. The regeneration percentage is grouped among themselves. Each Citrus spp. cultivar was statistically evaluated within itself via the test
of homogeneity of variance.

Table 4. The shoot tip regeneration of four different Citrus spp. cultivars tested in different sucrose preculture media for 24 h. The shoot tips treated with PVS2 for
45 min were incubated in regeneration medium for the first 24 h, and then they transferred to WPM medium supplemented with 1 mg.L−1 BAP, 10 mg.L−1 activated
charcoal, and 1 mg.L−1 H3BO3 medium for four weeks under standard culture conditions.

The Shoot Tips No Sucrose Precultured The Shoot Tips Sucrose Precultured on
WPM Medium Containing 0.1 M Sucrose

The Shoot Tips Sucrose Precultured on
WPM Medium Containing 0.25 M Sucrose

The Shoot Tips Sucrose Precultured on
WPM Medium Containing 0.5 M Sucrose

Regeneration (%)
(Control)

Regeneration (%)
(after Cryostorage)

Regeneration (%)
(Control)

Regeneration (%)
(after Cryostorage)

Regeneration (%)
(Control)

Regeneration (%)
(after Cryostorage)

Regeneration (%)
(Control)

Regeneration (%)
(after Cryostorage)

Bodrum Mandarin 100 ± 0.0 a * 0 100 ± 0.0 a 11.7 ± 1.02 d 100 ± 0.0 a 33.3 ± 0.6 c 53.3 ± 0.55 b 0
Klin Mandarin 100 ± 0.0 a 0 100 ± 0.0 a 16.7 ± 0.52 d 100 ± 0.0 a 26.7 ± 0.58 c 66.7 ± 0.54 b 8.3 ± 0.28 e

White grapefruit 100 ± 0.0 a 0 100 ± 0.0 a 0 100 ± 0.0 a 13.3 ± 0.57 c 63.3 ± 0.53 b 6.7 ± 0.55 d
Red grapefruit 100 ± 0.0 a 0 100 ± 0.0 a 13.3 ± 0.48 d 100 ± 0.0 a 26.7 ± 1.12 c 56.7 ± 1.03 b 0

* Values followed by the same letter within each variable and cultivar area are not significantly different (p < 0.05), according to the LSD test. The lowercase letters next to the values
indicate statistical homology between the values. The regeneration percentage is grouped among themselves. Each Citrus spp. cultivar was statistically evaluated within itself via the test
of the homogeneity of variance.
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3. Results
3.1. The Determination of the Medium for Shoot Tip Regrowth

Pre-trials of the present study were conducted to optimize the optimal regeneration
medium for the shoot tips of four different Citrus spp. cultivars. Two different nutrient
media supplemented with 1 mg.L−1 BAP were tested with or without charcoal, and WPM
supplemented with charcoal yielded the best results for the shoot tip regeneration. Very
high regeneration percentages ranging between 93.3 and 100 were obtained in all of the
tested media. However, in the tested media, the highest number of stems per shoot ranged
between 3.1 and 5.3, was obtained from WPM supplemented with 1 mg.L−1 and 10 g.L−1

Charcoal, pH 5.8 (Table 1). For this reason, this medium was used as the regeneration
medium in further trials based on the calculated Shoot Forming Capacity (SFC) index [34].

3.2. The Evaluation of Cold-Hardening

Considering each treatment as an integrated (Figure 4), it was observed that shoot tip
explants cut from shoots acclimatized to cold for 3 days had a significantly positive effect
on regeneration after cryopreservation and the best regeneration percentages were 33.3%,
26.7%, 13.3%, and 26.7, respectively, in all four citrus cultivars (Table 2). It was observed
that the regeneration of the non-acclimatized samples was significantly reduced, and they
even died after cryopreservation, evidencing that this step is critical for the process.

Figure 4. The shoot tip regrowth of Citrus spp. after optimized cryopreservation. After three days
of cold-hardening application, shoot tip explants cut in 0.3–0.7 mm size were taken to the sucrose
preculture stage on solid WPM nutrient medium containing 0.25 M sucrose. Then, they were kept in
droplets containing 3 µL PVS2 for 45 min, and they were incubated on solid WPM nutrient medium
containing 1 mg.L−1 BAP and 10 mg.L−1 charcoal for 24 h. Then, they were transferred to WPM
solid nutrient medium supplemented with 1 mg.L−1 BAP, 1 mg.L−1 H3BO3, and 10 mg.L−1 charcoal
(a) cv. Bodrum Mandarin; (b) cv. Klin Mandarin; (c) white grapefruit and (d) red grapefruit after
four weeks incubation; (e) cv. Bodrum Mandarin; (f) cv. Klin Mandarin; (g) red grapefruit after eight
weeks incubation, bars 1 cm.

Local necrosis formations and etiolated shoots were observed in the one-week-cold-
hardened micro-shoots of all Citrus spp. cultivars. For this reason, the healthy shoot tips
could not be cut from them. On the other hand, in the control groups of cold hardening, all
of the shoot tips of each cultivar cut from 24 h- or three-days cold hardened micro-shoots
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obtained 100% regeneration. However, in the post-cryo applications, the regeneration was
just only observed in three-day cold-hardened shoot tips (Figure 4), and the viability was
not observed in shoot tips obtained from 24 h-cold hardened micro-shoots (Table 2).

3.3. The Effect of Shoot Tip Size on Cryopreservation

In the control groups, 100% shoot regrowth was obtained from all four tested Citrus
spp. After cryopreservation, no viability was obtained in the shoot tips larger than 0.7 mm.
On the other hand, the regenerations were obtained from all four different Citrus spp.
cultivars from the applications where 0.3–0.7 mm cut shoot tips were used (Table 3).

3.4. The Evaluation of Sucrose Preculture

As for the optimized shoot tip preculture with elevated sucrose levels, the shoot tips
were transferred to solid WPM medium containing sucrose at three different concentrations
(0.1 M, 0.25 M, and 0.5 M) and incubated for 24 h at the standard growth room conditions
described above and then they subjected to other cryogenic applications. For the shoot
tips tested in the control group, 100% regeneration was obtained after preculture with
0.1 and 0.25 M sucrose for 24 h. However, a significant decrease was observed in the shoot
tip regrowth of those precultured with 0.5 M sucrose. Of these three parameters, the
samples precultured in a nutrient medium containing 0.25 M sucrose provided the best
results in recovery after cryopreservation (Table 4).

3.5. The Evaluation of Cryoprotectant Treatment Time

The PVS2 treatment was also optimized in this study with exposure durations ranging
from 0 to 90 min. In the control groups without freeze–thaw cycles, high shoot regrowth
levels (83.3–100%) were obtained. However, when the samples were cryopreserved after
various PVS2 exposures, the highest shoot regrowth levels ranging from 13.3% to 33.3%
were obtained after the 45 min of PVS2 treatment for all four tested genotypes (Table 5,
Figures 5 and 6).

Table 5. The shoot tip regeneration of four different Citrus spp. cultivars tested in different PVS2
treatment times. After PVS2 treatment, the shoot tips were incubated in regeneration medium for the
first 24 h, and then they transferred to WPM medium supplemented with 1 mg.L−1 BAP, 10 mg.L−1

activated charcoal, and 1 mg.L−1 H3BO3 medium for four weeks under standard culture conditions.

PVS2 Treatment
Time Regeneration (%) Bodrum

Mandarin Klin Mandarin White Grapefruit Red Grapfruit

0 min
Control 100 ± 0.0 a * 96.7 ± 0.71 b 93.3 ± 0.51 c 100 ± 0.0 a

Cryostoraged 0 0 0 0

15 min
Control 100 ± 0.0 a 90.0 ± 0.0 d 100 ± 0.0 a 100 ± 0.0 a

Cryostoraged 0 0 0 0

30 min
Control 96.7 ± 1.67 b 100 ± 0.0 a 96.7 ± 0.49 b 100 ± 0.0 a

Cryostoraged 0 3.3 ± 0.56 f 0 0

45 min
Control 93.3 ± 1.42 c 96.6 ± 0.65 b 100 ± 0.0 a 86.7 ± 1.07 d

Cryostoraged 33.3 ± 1.67 d 26.7 ± 1.09 e 13.3 ± 0.88 f 26.7 ± 0.75 e

60 min
Control 100 ± 0.0 a 90.0 ± 1.89 d 86.7 ± 1.26 d 90.0 ± 0.0 c

Cryostoraged 6.7 ± 0.79 e 0 6.7 ± 0.86 g 0

75 min
Control 83.3 ± 3.02 d 93.3 ± 1.23 c 93.3 ± 0.94 c 86.7 ± 0.39 d

Cryostoraged 0 0 0 0

90 min
Control 83.3 ± 2.11 d 96.7 ± 0.59 b 83.3 ± 0.92 e 93.3 ± 0.78 b

Cryostoraged 3.3 ± 0.74 f 0 0 6.7 ± 0.73 f
* Values followed by the same letter within each variable and cultivar area are not significantly different (p < 0.05),
according to the LSD test. The lowercase letters next to the values indicate statistical homology between the
values. The regeneration percentage is grouped among themselves. Each Citrus spp. cultivar was statistically
evaluated within itself via the test of homogeneity of variance.
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Figure 5. The shoot-tips regenerations of liquid nitrogen (LN) and control (C) groups of four different
Citrus spp. cultivars after cryogenic applications on solid WPM medium supplemented with 1 mg.L−1

BAP, 10 mg.L−1 activated charcoal, and 1 mg.L−1 FeEDDHA. The graphs were formed according
to the shoot tip regeneration data, which obtained the best regeneration in the optimized cryogenic
applications and then treated with PVS2 at different times. In addition, shoot tips untreated with
PVS2 (0 min) were also given as the control group of PVS2 treated with different time in graph. The
graphs represent the mean ± SD (p < 0.05).

3.6. The Evaluation of the Optimized Post Thaw Culture after Cryopreservation

In this study, cryopreserved shoot tips were first post-thaw cultured on solid WPM
medium supplemented with 1 mg.L−1 BAP and 10 mg.L−1 charcoal before transferring
to eight different nutrient mediums for final recovery (Figure 2). For the four tested
cultivars, as the optimized explant size, preculture, PVS2 exposure, etc., have already
been presented in the results, the only solid WPM nutrient medium containing 10 mg.L−1

activated charcoal and 1 mg.L−1 BAP supplemented with 1 mg.L−1 H3BO3 (Figure 5) or
1 mg.L−1 FeEDDHA (Figure 6) led to shoot regrowth after cryopreservation. Noticeably,
the highest shoot regrowth levels, ranging from 13.3% to 33.3%, were obtained for all the
tested cultivars after the post-thaw recovery with 1 mg.L−1 H3BO3 (Figure 6).
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Figure 6. The shoot-tips regenerations of liquid nitrogen (LN) and control (C) groups of four different
Citrus spp. cultivars after cryogenic applications on solid WPM medium supplemented with 1 mg.L−1

BAP, 10 mg.L−1 activated charcoal, and 1 mg.L−1 H3BO3. The graphs were formed according to
the shoot tip regeneration data, which obtained the best regeneration in the optimized cryogenic
applications and then treated with PVS2 at different times. In addition, shoot tips untreated with
PVS2 (0 min) were also given as the control group of PVS2 treated with different time in graph. The
graphs represent the mean ± SD (p < 0.05).

4. Discussion

In this study, five critical points following a droplet-vitrification protocol were evalu-
ated for cryopreservation of four Citrus spp. Each critical point was evaluated in different
parameters, and the optimum combination was obtained.

First, in the current work, the positive effects of cold-hardening for three days of
cold-hardening proved necessary to obtain shoot regrowth after cryopreservation. It has
been proven by studies that some genes for the adaptation of plants to low temperatures
are expressed during cold adaptation [36]. It is known that proline synthesis is induced
during cold hardening, especially in plants, and the accumulation of this amino acid in
tissues increases the plant’s resistance to both osmotic stress and low temperatures [37]. In
a study on the cryopreservation of the date plant, meristems were used, and it was proven
that cold preculture increased the accumulation of proline in the tissues [38]. Similarly, in
studies on the cryopreservation of blackberry [39], apple [40], and heaven bamboo [41]
plants, it has been proven that cold preculture provides very successful results in recovery
after cryopreservation. In our study, cold hardening led to successful shoot recovery
after cryopreservation.

The size of the explant used in cryopreservation is another factor affecting the cry-
opreservation success, and the shoot tip size should be large enough for the tissue to
regenerate during the recovery after cryopreservation but small enough to prevent exces-
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sive fatal ice crystallization due to the higher water content of the vacuole in the mature
tissues during the treatment with liquid nitrogen [42,43]. In this study, successful shoot
tip regrowth was only obtained with the use of small shoot tips (0.3–0.7 mm). The small
shoot tips consist of more cells that could survive after cryogenic treatments due to the
reduced number and size of the vacuoles [44,45]. In another study for cryopreservation
of Vitis spp., four different shoot tips, 0.5, 1.0, 1.5, and 2.0 mm, in size, were used, and
the best regeneration was obtained from meristems 1 mm in size. An earlier study made
for citrus cryopreservation also found that explants cut to 1 mm in size presented better
results [22,46]. Nevertheless, some other factors, such as the anatomical and morpholog-
ical characteristics of the in vitro shoots may also affect the optimized explant size for
shoot tip cryopreservation.

Preculturing the shoot tips with a high concentration of sucrose is important to ensure
shoot tip recovery after cryopreservation. In this study, 0.25 sucrose treatment for 24 h
resulted in improved shoot regrowth after cryopreservation. During the preculture, sugar
accumulation in the extracellular compartments will ensure the transfer of the existing
water in the vacuoles of the cells to the intercellular compartments [47–49]. The critical
point to be considered here is to optimize the sugar concentration to be used for sucrose
preculture so that it is both high enough to ensure maximum removal of water in the vacuole
and low enough to not damage tissues and cells while removing water [20,50]. Similar to
our study, the sucrose preculture at 0.25 M to 1.0 M for 24 h has proved effective in the
successful cryopreservation of many species such as heavenly bamboo [38], eucalyptus [3],
sweet orange [51], and pineapple [52].

In vitrification-based methods for shoot tip cryopreservation, the exposure time to the
PVS is a critical point for recovery after cryopreservation [53]. For example, insufficient
PVS2 dehydration can cause freezing injuries due to ice crystallization, while excessive
PVS exposure would lead to greater osmotic stress and toxicity to the tissues [54]. In the
present study, PVS2 exposure for 45 min proved optimal for obtaining shoot regrowth
after cryopreservation for all of the tested cultivars. We also applied PVS2 exposure on ice
as it could result in the slow penetration of cryoprotectants into the tissues for alleviated
osmotic stress and toxicity. Similarly, a PVS2 exposure on ice for 30 min was applied in a
droplet-vitrification protocol for the shoot tip cryopreservation of Citrus spp. [22].

In the present study, various chemical additives were tested in the recovery medium for
improved shoot tip regrowth after cryopreservation. In the present study, it was observed
that the medium containing activated charcoal yielded healthier shoots compared to those
without (Table 1, Figure 4). Activated charcoal provides the retention of various chemicals,
especially the phenolic components present in the environment. Thus it can prevent shoot
tips from the excessive damage caused by pre- and post-cryopreservation applications from
inhibiting shoot development by keeping these chemicals [28]. They act against this stress
and limit the growth of the plant by passing into the nutrient medium [54]. Moreover, in
the present study, successful shoot regrowth was obtained only after the addition of H3BO3
or FeEDDHA in the post-thaw recovery, whereas shoot tip micrografting was applied to
assist in the regrowth of Citrus spp. Shoot tips cryopreservation [22]. H3BO3 is important
in the recovery after liquid nitrogen may be due to its supporting effect on the cell wall [55].
Therefore, its deficiency can be a limiting factor for growth and development [55,56].In our
study, the positive response of H3BO3 in, thus, the use of H3BO3 in cryogenic applications
may have ensured the preservation of cell integrity due to the support it provides the cell
wall. FeEDDHA, which also led to shoot recovery after cryopreservation, is effective in
metabolic activities due to its chelating feature and the chlorophyll ratio in plants. Therefore,
it is important to shoot growth [57]. In this context, the current study may suggest that
FeEDDHA may have positive effects on post-cryo shoot development, and this is the first
use of these substances in shoot tip cryopreservation.

There are two publications by the same researcher in the literature on citrus shoot tip
cryopreservation. In one of the studies, shoot tips cryopreserved with PVS2 vitrification [22],
and in the second study, shoot tips cryopreserved with droplet vitrification technique [23];
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similar to our study, the micrografting method was used for the recovery of shoot tips
after liquid nitrogen treatment. In our study, the shoot tips were transferred to different
nutrient media with different contents for recovery after thawing (Figure 2). Our study,
which is basically based on the same principle, aimed to determine the most suitable
recovery medium by transferring the shoot tips to different nutrient media so that they
can overcome these post-cryo stresses. However, the method we applied was relatively
less time-consuming and easier to manipulate than the micrografting method. Thus, it
was implemented more effectively during the study. In addition, with this application, the
healthier growth of shoot tips was ensured in the recovery after cryopreservation.

5. Conclusions

The determination of the physical, molecular, and biochemical changes associated
with successful regeneration after cryopreservation is a critical point for developing cry-
opreservation protocols [58–61]. In this study, an optimized explant size, preculture, and
PVS2 exposure, and the addition of H3BO3 and FeEDDHA in the post-thaw recovery, are
critical factors affecting the direct shoot tip regrowth of Citrus spp. after cryopreserva-
tion. We believe that the combined optimization of these critically important treatments in
difficult-to-cryopreservation species, such as Citrus spp., would yield positive results in the
cryopreserve of similar species or difficult woody species in the future. In this context, the
present study will be a very useful resource for scientists working in similar fields for their
future work.
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