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Abstract: Cryopreservation is considered the safe and efficient strategy for the long-term conservation
of embryogenic cultures. The objective of this study was to cryopreserve the embryogenic tissues
of hybrid larch to overcome the result raised by rapid growth rates of conifer embryogenic cultures
necessitating frequent sub-culturing. We systematically evaluated several parameters, including the
pre-culture method (liquid or solid), osmoprotectant type (DMSO, sucrose, or PEG6000), duration of
cryoprotection (1–3 h), and thawing temperature (4 ◦C, 25 ◦C, or 40 ◦C). After one month of cryop-
reservation, we assessed the regeneration efficiency and maturation ability of both cryo-preserved
and non-cryopreserved tissues. Our optimized protocol involves pre-culturing embryonic tissue
on the solid medium with 0.4 M sorbitol for 48 h, followed by treatment with 10% DMSO, 0.4 M
sucrose, and 15% PEG6000 for 1 h on ice, and immersion in liquid nitrogen with rapid thawing at
40 ◦C. Notably, the use of solid media during pre-culturing was crucial to enhancing the success rate
of cryopreservation. Using protocol optimization, we achieved high embryogenic tissue survival
rates of over 80% without affecting the ability of somatic embryogenesis. This work provides a
comprehensive set of steps for routine cryopreservation of embryogenic tissues for long-term con-
servation in hybrid larch, along with sample protocols for cryopreservation of larch. The results
demonstrate that vitrification is a reliable method for preserving embryogenic tissues of hybrid larch
with broader implications for the cryopreservation of other plant species. Further optimization and
standardization of protocols across different species would ensure the preservation of genetic diver-
sity and facilitate future research in plant biotechnology that benefits human health, food security,
and environmental sustainability.

Keywords: embryogenic tissues; long-term storage; vitrification; regeneration potential; somatic
embryogenesis

1. Introduction

Cryopreservation was initially developed in the 1960s for the storage of suspension and
callus cultures. It is a technique that enables tissue to maintain its viability for a long time at
extreme temperatures (−196 ◦C) [1,2]. The process involves preserving plant cells, tissues,
and organs in liquid nitrogen vapor (LNV, approx. −165 to −190 ◦C) and liquid nitrogen
(LN, −196 ◦C). Nowadays, cryopreservation is considered an ideal method for long-term
storage of plant resources [3,4]. Cryopreservation supplies a safe and effective technique
for the long-term preservation of plant genetic resources [5]. At ultra-low temperatures, all
metabolic activities stop, and plant tissues can be preserved permanently without genetic
alteration [6]. Compared to recurrent subcultures, cryopreservation is less time-consuming
and expensive for sustaining embryogenic cultures [7] while also lowering the risk of
contamination and loss of cultures brought on by human mis takes [8]. Additionally, it
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also prevents negative consequences that may arise from long-term subcultures, like the
appearance of somaclonal variation [9] or the loss of embryogenic competence [10].

Larch is widely distributed in northeastern China and has gained popularity due to
its high adaptability, straight trunks, excellent wood quality, and great ecological adaptabil-
ity [7,11]. Due to this, larch is considered one of the most crucial tree species for reforestation
and afforestation practices. However, the low seed set and poor germination have become
significant challenges in the effective use of this species for reforestation [8]. Tissue culture
techniques such as somatic embryogenesis provide a solution for reforestation by allowing
for large-scale multiplication of elite trees and accelerating typical tree improvement initia-
tives by reducing the time necessary to develop genetically altered propagules. The rapid
growth rates of conifer embryogenic tissues necessitate frequent sub-culturing, often on a
weekly or biweekly basis [10]. However, the long-term subculture can result in reduced
or lost embryogenic capacity, high labor expenditures, potential genetic changes such as
somaclonal variation, and culture erosion owing to external influences [10]. Therefore, the
preservation of embryogenic tissues is a crucial aspect to ensure the long-term success and
sustainability of conifer embryogenic culture systems. Cryopreservation offers a solution
to some of the challenges associated with the long-term storage of these tissues. It allows
plant genetic resources to be stored at ultra-low temperatures where biological, enzymatic,
and chemical processes are inhibited and can be preserved for long periods without los-
ing viability [1,12]. Cryopreservation has thus far been applied to various plant species,
including conifer tree species, for the preservation of embryogenic tissues (ETs) [2,13–16].
However, there are few reports on larch embryogenic tissue cryopreservation. If any, the
optimal concentration of sorbitol and dimethyl sulfoxide (DMSO) during pre-culture of
larch embryogenic tissues were found in a few reports, but the effects of cryoprotectants,
cryoprotectant treatment time, and recovery temperature on successful cryopreservation of
larch embryogenic tissues have not yet been explored [10]. Therefore, our study aims to
identify the optimal cryopreservative protocol for larch embryogenic tissues and examine
the effects of pretreatment on embryogenic tissue regrowth following thawing. Here, sev-
eral steps in the cryopreservation process were examined, including pre-culture, selection,
and timing of cryoprotectants, rewarming, and post-culture recovery. The results of this
study would aid in the development of more effective cryopreservation procedures for
larch and promote wider application of larch cryo-biotechnology.

2. Materials and Methods
2.1. Plant Materials and Culture Media

Embryogenic cell lines of Larix kaempefri × Larix gmelinii were established from imma-
ture zygotic embryos collected from seeds harvested during the period between 30th June
and 7th July 2021. The seeds were taken from selected open-pollinated trees growing in the
Qing Shan National Larch seed orchard in Heilongjiang province. The established embryo-
genic tissues were maintained on a proliferation medium consisting of BM1 medium [17]
supplemented with inositol (0.1 g/L), L-glutamine (1.125 g/L), casein hydrolysate (0.5 g/L),
30 g/L sucrose and 7% (w/v) agar. These base materials are the same as BM2 and BM3. The
plant growth regulators (PGRs) of BM1 contain 0.2 µM 6-BA (6-Benzyl amino-purine) and
0.4 µM 2,4-D (2,4-Dichlorophenoxy acetic acid). The embryogenic tissues were cultured in
the dark at 22 ± 1 ◦C. Before initiating the cryopreservation research, embryogenic tissues
were sub-cultured every week for 8 to 12 months.

Recovery culture of embryogenic tissues using BM2 medium supplemented with
2.0 µM 6-BA and 4.0 µM 2,4-D following cryopreservation. Before embryonic tissue
maturation culturing on BM4, the embryogenic tissue was cultured in a regulator-free
proliferation BM3 medium for a week. The maturation BM4 medium that contains 30 mg/L
ABA (Abscisic acid), inositol (1 g/L), casein hydrolysate (1 g/L), L-glutamine (2.25 g/L),
and 9% (w/v) sucrose. Half-strength Murashige and Skoog (1/2 MS) medium was used for
rooting mature somatic embryos without any plant growth regulators. All culture media
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have a PH of 5.7 [17]. All media must be autoclaved at 121 ◦C for 20 min before use to
ensure sterilization. The type of cultured media is listed in Table 1.

Table 1. The type of cultured media.

Medium Type Function PGRs

BM1 Basal proliferation medium 0.2 µM 6-BA, 0.4 µM 2,4-D
BM2 Recover proliferation medium 2.0 µM 6-BA, 4.0 µM 2,4-D
BM3 Regulator-free proliferation medium none
BM4 Maturated medium 30 mg/L ABA

1/2MS Rooting medium none

2.2. The Cryopreservation of Embryogenic Tissue

The actively growing embryogenic tissues were harvested 7 days after sub-culturing in
a fresh proliferation medium and transferred into the BM1 medium. After the embryogenic
tissues grew normally for one week, the embryogenic tissues were divided into two
different media. One was the solid BM2 medium with sorbitol (0.4 M), while the other was
the liquid BM2 medium. For the liquid suspension culture, the embryogenic tissues were
pretreated with sorbitol for 2 days (Experiment 1). The cultures were cultured during this
time on a rotary shaker in the dark at 110 rpm. After pretreatment, the embryogenic tissues
from both solid and liquid cultures were subjected to cryopreservation as follows. Aliquots
of 1.8 mL of the embryogenic tissues were divided into sterile, threaded 2 mL cryovials
(Simport Scientific, Montérégie, QC, Canada). The cryoprotectant was chosen among 10%
DMSO, 0.4 M sucrose, and 15% PEG6000, as in Figure 1 (Experiments 2). The embryogenic
tissues that were subjected to no pretreatment and without cryoprotectant treatment were
used as a control.
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Figure 1. Flowchart depicts the major steps of the cryopreservation for embryogenic tissues. Major
steps of cryopreservation procedure include pre-culture, cryoprotectant addition, freezing, and
thawing. Step 1 is the pretreatment. Step 2–5 is the part of freezing, and step 6–10 is the part
of thawing.
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The embryogenic tissues were transferred into 2 mL cryovials containing cryopro-
tectant until the concentration of 250 mg/mL. Then, the cryovials were put on the ice
for various periods such as 1 h, 2 h, or 3 h (Experiments 3). Finally, the cryovials were
transferred into the Thermo Scientific™ Mr. Frosty™ Freezing Container, which, in ac-
cordance with [6], was filled with 250 mL of isopropyl alcohol and maintained at −80 ◦C
for 24 h. Then, the container was kept in a −80 ◦C freezer for about 1 h until it reached
−80 ◦C. Afterward, the cryovials were quickly placed into Nalgene boxes, which were
then swiftly cooled in liquid nitrogen (−196 ◦C) for long-term storage. The samples were
chilled in the container at a rate of roughly −1 ◦C/min in a −80 ◦C freezer as described
previously [18,19].

2.3. The Recovery of Embryogenic Tissue from Cryopreservation

Then, samples stored in a liquid nitrogen container were recovered. To test the regener-
ation ability of embryogenic tissues after long-term low-temperature storage, cryopreserved
samples were removed from liquid nitrogen after 1 month and then transferred from 4 ◦C,
25 ◦C, and 40 ◦C warming conditions until completely thawed (Experiments 4). Cryovials
were surface sterilized with 75% (v/v) ethanol after being thawed, and they were then al-
lowed to dry on an ultra-clean workbench. Then, the liquid of each cryovial was discarded
and replaced with a new culture liquid BM2 medium, washing the embryogenic tissues
three times. The embryogenic tissues were then put on autoclaved filter paper that was
placed on the top of the BM2 medium inside 7 cm diameter Petri dishes. After plating for
2 weeks, the filter papers containing the cultures were moved to a new BM2 medium. After
that, the thawed embryogenic tissues on filter papers were sub-cultured every week by
moving to a new medium for one month. In the sub-cultured period, the morphology of
regenerated tissues was observed periodically. Samples were stained with 0.01% (w/v)
FDA (fluorescein diacetate) and 1% (w/v) TTC (2, 3, 5-triphenyltetrazolium chloride) and
microscopically examined weekly to check the embryogenic tissues division status after
recovery from cryopreservation as previously described [20] with minor modification.
If any of the three types of pro-embryogenic masses (PEMs) were observed during the
thawing period, the embryogenic tissues were considered to still have their embryogenic
potential. Pro-embryogenic masses (PEMs) contain two types of cells: embryogenic and
suspensor cells. Compared with embryogenic cells, the suspensor cells show elongated
and highly vacuolated characteristics [21]. The normal process of embryogenic tissue
proliferation includes three stages. When the tissues are in the PEMs I, only a tiny piece of
the meristematic tissue is linked to a little elongated cell. Compared to the PEMs I, where
more elongated cells are observed in the PEMs II. Additionally, the tissues in the PEMs II
have a greater portion of meristematic cells. When the tissues in the PEMs III, the masse
have a huge meristematic complex and are encircled by a lot of elongated cells. During the
microscopic observation stage of rewarming tissue, these three stages represented normal
embryogenic tissue proliferation.

2.4. Maturation of Somatic Embryos and Plantlet Regeneration

The ability of recovered embryogenic tissues to generate mature somatic embryos
was assessed during maturation. Meanwhile, the non-cryopreserved embryogenic tissues
cultured at the same time also underwent maturation and were used as controls. The
details for the maturation procedure were as follows. As soon as the cryopreserved tissue
returned to normal growth rate and state, the cryo- and non-cryopreserved embryogenic
tissues were taken separately and sub-cultured for a week. Additionally, the fresh, actively
growing embryogenic tissues from cryo- and non-cryopreserved samples were transferred
to the BM3 medium, respectively. The size of the sample is approximately 0.5 cm per cluster,
and the amount of each from cryo- and non-cryopreserved samples is 10 g. After a week,
the samples in the BM3 medium were transferred to the maturation BM4 medium. During
maturation, the samples had been cultured in the dark until the number of mature somatic
embryos appeared after 45–60 d. We can assess the somatic embryogenesis capacity of the
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cryo- and non-cryopreserved embryogenic tissues by determining the number of somatic
embryos generated per gram of embryogenic tissues. Embryos were then transferred to
1/2 MS rooting medium to germinate and acclimatize as previously described [22]. We
evaluate the plant regeneration rate of cryo- and non-cryopreserved embryogenic tissues
based on the plant survival rate.

2.5. Experimental Design, Data Recording, and Statistical Analysis

Experiments 1, 2, 3, and 4 were designed to test various factors separately, including
the pre-culture medium (liquid or solid), the type of cryoprotectant, the time of incubation
in cryoprotectant (1–3 h), warming conditions of the regrowth after cryostorage, and the
interaction of these factors on the viability and recovery of embryogenic tissues.

The survival level in each experiment for each treatment (3 replicates) was calculated
as the percentage of replicates that demonstrated proliferation in the 4th subculture after
being subjected to freezing and thawing treatments. Each replicate was deemed to have
proliferated if it contained at least 0.5 cm3 of new embryogenic tissues. At the beginning of
the first subculture and the end of each of the three subcultures, the samples were weighed
aseptically. The embryogenic tissues were cultured on the BM2 medium and were sub-
cultured weekly. The evaluation was performed every week under proliferation conditions
until the end of 4 times sub-cultured. The survival percentage is estimated using the
number of samples with proliferation exceeding at least twice the initial FW (Fresh weight)
as compared with the total number of replicates in each treatment. The regrowth rate of
embryogenic tissues was calculated using (FWf − FW0)/FW0, in which FW0 was the initial
fresh weight, and FWf was the weight at the end of the regrowth cultured [23]. The regrowth
rate of non-cryopreserved embryogenic tissues is a control. The FW0 in each sample is
300 mg. Thereafter, the results obtained with the different cryopreservation treatments were
statistically analyzed using analysis of variance (ANOVA) and nonparametric analysis of
variance as described in [22,24,25].

3. Results
3.1. Recovery of Cryopreserved Embryogenic Tissues

To determine the optimal cryopreservation procedure, we evaluated the relative
recovery rates of embryogenic tissues subjected to different treatments during the cry-
opreservation step. These treatments included using separate or different combinations
of cryoprotectants after solid and liquid pre-culture conditions containing 0.4 M sorbitol.
We also tested different durations of treatment (1–3 h) as well as different rewarming
temperatures (4 ◦C, 25 ◦C, and 40 ◦C). After 14 d of culturing, the embryogenic tissues that
survived rewarming started to multiply. The visible proliferation was seen after 4 weeks
in culture when measuring recovery. Differences in recovery rates were observed among
samples according to different treatments. When pre-cultured with the liquid medium, the
relative survival of pretreatment with 10% DMSO alone or 15% PEG6000 alone is 50.6%
and 45.9% (Figure 2a,b). The highest relative survival rate of embryogenic tissues (59.3%)
was achieved after the pretreatment with 10% DMSO, 0.4 M sucrose, and 15% PEG6000
for 1 h under the rewarming temperature of 40 ◦C (Figure 2c). In a comparison of the
relative survival percentages of embryogenic tissues in three pretreatments, the highest
relative survival rate of embryogenic tissues was obtained with pretreatment using 10%
DMSO, 0.4 M sucrose, and 15% PEG6000. Further, the relative survival percentage of
pre-cultured embryogenic tissues in the solid medium in pretreatment with 10% DMSO,
0.4 M sucrose, and 15% PEG6000 was higher (85.3%) when the pretreatment time and the
rewarming temperature were 1 h and 40 ◦C, respectively (Figure 2d–f). In Experiment 1,
a comparison between liquid and solid pre-culture conditions revealed that the relative
survival percentage of embryogenic tissues in solid pre-culture was more stable.
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Figure 2. Effects of pretreatment time and rewarming temp on the survival rates. (a–c) The pre-culture
medium is the liquid; (d–f) the pre-culture medium is the solid. The control is the embryogenic
tissues have not been treated with cryoprotectant (control 1: The embryogenic tissues pre-cultured
in liquid medium; control 2: The embryogenic tissues pre-cultured in solid medium). 1 h + 4 ◦C:
The embryogenic tissues on the ice for pretreatment with 1 h and rewarming in 4 ◦C; 1 h + 25 ◦C:
The embryogenic tissues on the ice for pretreatment with 1 h and rewarming in 25 ◦C; 1 h + 40 ◦C:
The embryogenic tissues on the ice for pretreatment with 1 h and rewarming in 40 ◦C; 2 h + 4 ◦C:
The embryogenic tissues on the ice for pretreatment with 2 h and rewarming in 4 ◦C; 2 h + 25 ◦C:
The embryogenic tissues on the ice for pretreatment with 2 h and rewarming in 25 ◦C; 2 h + 40 ◦C:
The embryogenic tissues on the ice for pretreatment with 2 h and rewarming in 40 ◦C; 3 h + 4 ◦C:
The embryogenic tissues on the ice for pretreatment with 3 h and rewarming in 4 ◦C; 3 h + 25 ◦C:
The embryogenic tissues on the ice for pretreatment with 3 h and rewarming in 25 ◦C; 3 h + 40 ◦C:
The embryogenic tissues on the ice for pretreatment with 3 h and rewarming in 40 ◦C; Data are
presented as the mean over at least three replicates. Different letters (a–i) above the column chart
indicate significant differences by the ANOVA test. The significance level a–i ranges from low to high
(ANOVA test; p = 0.05).

To compare the regrowth rate of embryogenic tissues treated with different cryopro-
tectants, we exposed them to cryoprotectant for 1 h at a temperature of 4 ◦C and then
rewarmed at 40 ◦C once the embryogenic tissues returned to normal growth. We found
that among the three pretreatments in the liquid medium, using 15% PEG6000 (liquid: 43%,
solid: 63%) resulted in the lowest regrowth rate, followed by 10% DMSO (liquid: 51%,
solid: 60%). In Experiment 2, using 10% DMSO, 0.4 M sucrose, and 15% PEG6000 yielded
the highest embryogenic tissue regrowth rate (liquid: 54%, solid: 68%).

Furthermore, we observed that the embryogenic tissue regrowth rate was lower in
the pre-cultured liquid medium than in the pre-culture solid medium with the same
pretreatment. Specifically, the embryogenic tissue regrowth rate pre-cultured in the solid
medium using 10% DMSO, 0.4 M sucrose, and 15% PEG6000 showed the highest growth
rate (Figure 2). In the combination processing of Experiment 1 and Experiment 2, we
obtained the best treatments in Experiment 3 and Experiment 4 at 1 h and 40 ◦C.
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Our results suggest that the best cryopreservation procedure involves pre-culture in
a solid medium, 1 h pretreatment time in cryoprotectant on ice, and rewarming at 40 ◦C.
After 4 weeks of culture, we found that the regrowth rate of cryopreserved embryogenic
tissues in 10% DMSO, 0.4 M sucrose, and 15% PEG6000 was closest to the regrowth rate of
non-cryopreserved embryogenic tissues (Figure 3).
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Figure 3. The regrowth rate of embryogenic tissues treated with different cryoprotectants at the
best pretreatment time on the ice and the best rewarming temperature. (l: liquid medium; s1: solid
medium; s2: 0.4 M sucrose; p: 15% PEG6000; d: 10% DMSO). The relative fresh weight increase was
used to calculate the regrowth rate. The CK is the growth rate of non-cryopreserved embryogenic
tissues (control). Data are presented as the mean over at least three replicates. The mean values are
shown on the top of each column.

However, the embryogenic tissue pre-cultured in either liquid or solid medium and pre-
treated only with 0.4 M sucrose did not proliferate after thawing for three weeks (Figure 4e–h).
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Figure 4. The growth state of cryopreserved embryogenic tissues grew after 2 weeks of rewarm-
ing. (a,b) The embryogenic tissues pre-cultured in liquid medium and the cryoprotectants are 15%
PEG6000 and 10% DMSO, respectively; (c,d) The embryogenic tissues pre-cultured in solid medium
and the cryoprotectants are 15% PEG 6000 and 10% DMSO, respectively, bar = 0.5 cm; (e) The embryo-
genic tissues pre-cultured in liquid medium and no cryoprotectants, bar = 0.5 cm; (f) The embryogenic
tissues pre-cultured in liquid medium and the cryoprotectants is 0.4 M sucrose, bar = 0.5 cm; (g) The
embryogenic tissues pre-cultured in solid medium and no cryoprotectants, bar = 0.5 cm; (h) The em-
bryogenic tissues pre-cultured in solid medium and the cryoprotectants is 0.4 M sucrose, bar = 0.5 cm.
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3.2. Morphological Characterization

To assess the damage caused by cryopreservation on embryogenic tissues, we com-
pared tissue samples that were cryopreserved with those that were not. After rewarming,
we observed that the embryogenic tissues pre-cultured in liquid medium had smaller tissue
clusters than those pre-cultured in solid medium. We then performed 0.01% FDA staining
on the cryo- and non-cryopreserved samples and found that each cryoprotective pretreat-
ment drastically damaged a number of living cells in comparison to non-cryopreserved tis-
sues during cryopreservation (Figure 5). Our results revealed that in the non-cryopreserved
embryogenic tissue samples, there were strong green fluorescence signals present in long
suspensor cells after staining. However, the fluorescent signal was localized in meristematic
cell clumps in cryopreserved tissue, indicating that only the meristematic cells survived
cryopreservation while the long vacuolated suspensor cells were disrupted (Figure 5b–d).
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Figure 5. The FDA staining of thawed cryopreserved embryogenic tissues. (a) The non-cryopreserved
embryogenic tissues as a contrast, bar = 50 µm; (b) The embryogenic tissues pre-cultured in solid
medium and the cryoprotectants is 0.4 M sucrose, 15% PEG6000 and 10% DMSO, bar = 50 µm;
(c) The embryogenic tissues pre-cultured in solid medium and the cryoprotectants is 10% DMSO,
bar = 50 µm; (d) The embryogenic tissues pre-cultured in solid medium and the cryoprotectants is
0.4 M sucrose, 15% PEG6000 and 10% DMSO, bar = 50 µm. MC: meristematic cells, S: suspensor cells.

To investigate the regrowth of embryogenic tissues following cryopreservation, we
stained tissue samples with 1% (w/v) TTC and examined them under a microscope at
weekly intervals. We discovered that bipolar structures were present in the regrown tissues
after cryopreservation, indicating that the embryogenic tissues could re-store their original
structural organization during post-thaw growth (Figure 6). Two weeks after thawing, we
observed the presence of embryogenic tissues in the PEM I stage, which is composed of
only a tiny piece of the meristematic tissues linked to a little elongated cell (Figure 6b).
Three weeks after thawing, the majority of embryogenic tissues belonged to type II (PEM
II stage), where similar aggregates as PEM I stage but with more vacuolated cells were
observed (Figure 6c). Four weeks after thawing, the embryogenic tissues were mostly in
the PEM III stage; the masse have a huge meristematic complex and are encircled by a lot of
elongated cells (Figure 6d). Additionally, there are no obvious color or texture distinctions
between non-cryopreserved and cryopreserved embryogenic tissue samples (Figure 6a,d).
Notably, elongated cells in suspension cells showed non-embryogenic characteristics.

3.3. Maturation Ability and Plantlet Regeneration

To investigate the effect of cryopreservation on the ability of somatic embryo regen-
eration from embryogenic tissues, we tested the maturation of embryogenic tissues to
assess their differentiation after cryopreservation. We observed that after rewarming and
thawing for four weeks, the embryogenic tissues showed higher proliferation (Figure 7a).
Subsequently, we transferred 10 g of the embryogenic tissues onto a growth regulator-
free proliferation medium for a week before transferring them directly to the maturation
medium. A comparison of the maturation ability of cryopreserved and non-cryopreserved
tissues revealed that there was no significant difference between them (Figure 7c,d). We
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calculated the number of somatic embryos generated per gram of embryogenic tissues
in cryo- and non-cryopreserved tissues. The number of somatic embryos obtained from
matured cryo- and non-cryopreserved tissues were both approximately 30.
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Figure 6. The TTC staining of thawed cryopreserved tissues in the sub-cultured period. (a) The
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Figure 7. Somatic embryogenesis and plant regeneration after rewarming cryopreserved tissues
of Larix. (a) The cryopreserved embryogenic tissues proliferation after 4 weeks of rewarming,
bar = 0.5 cm; (b) Regulator-free culture of cryopreserved embryogenic tissues after rewarming,
bar = 0.5 cm; (c) Somatic embryogenesis of cryopreserved embryogenic tissues cultured in the matura-
tion medium for 4 weeks, bar = 1.0 cm; (d) Somatic embryogenesis of non-cryopreserved embryogenic
tissues cultured in the maturation medium for 4 weeks, bar = 1 cm; (e) Somatic embryos (SE) were
exposed to a 16 h photoperiod at 22 ◦C for 4 weeks, bar = 0.5 cm; (f) The normally developed
cotyledonary SE were transferred into fresh rooting media for 3 months and gradually developed
cotyledons, elongated hypocotyls, and roots, bar = 1 cm; (g) Transferred the plantlets to 1/2 MS
media for 2 months and gradually developed into a single plant, bar = 1.0 cm; (h) The normally
grown plantlet acclimatized in soil, bar = 3 cm.

After maturing, the cryopreserved embryogenic-tissue-derived somatic embryos were
exposed to a 16 h photoperiod at 22 ◦C for four weeks (Figure 7e). The normally developed
cotyledonary embryogenic tissue was then collected and placed in fresh rooting media for
three months, during which they gradually developed cotyledons, elongated hypocotyls,
and roots (Figure 6f). These plantlets were transferred to fresh rooting media every three
weeks for two months to develop into a single plant (Figure 7g). After three weeks, the
plantlets were moved to a traditional greenhouse where plantlets were grown at 25 ◦C
and under a 16 h photoperiod (Figure 7h). The survival rate of plants regenerated from
matured cryo- and non-cryopreserved tissues were both approaches to 80%.
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Overall, our experiments showed that cryopreservation had no effect on the regen-
eration ability of embryogenic tissues. Our findings suggest that cryopreservation can
be used as an effective method for preserving embryogenic tissues and maintaining their
reproductive potential.

4. Discussion

Cryopreservation is a valuable technique for the long-term preservation of plant ge-
netic resources while maintaining their genetic stability. Cryopreservation methods have
been established for a large number of plant species, and in the late 1980s, the first reports
on cryopreservation of conifer tissues were published, including studies on Pinus taeda [26]
and P. glauca [2]. Since then, several other conifer species, like P. patula [11], P. mariana [27],
P. radiate [14], P. sitchensis [28], P. omorika [29], P. nigra [24], and Torreya taxifolia [30] have
also been explored using different methods of freezing preservation. Larch is an important
coniferous species with fast growth, high-quality wood, and wide ecological adaptability.
In this work, we focused on cryopreserving hybrid larch embryogenic tissue and examined
the effect of cryopreservation on the maturation of embryogenic tissue by evaluating the
efficiency of somatic embryogenesis. We discussed the steps involved in cryopreserving
hybrid larch embryogenic tissues from various aspects, providing insights into the de-
velopment of effective cryopreservation procedures for larch and further promoting the
application of larch cryo-biotechnology.

The quality and type of plant materials (i.e., water content), pretreatment and pre-
culture conditions, cryopreservation method, and warming conditions are all critical factors
in cryopreservation technologies [3]. For successful cryopreservation, it is important to
reduce the intracellular ice crystals in the cell and protect against damage to the membrane
and wall of the cell, which ensures that the cells can survive the freezing and thawing
processes. Therefore, the most important thing is treating the embryogenic tissues when
the cells possess lower water content. As the water content significantly increases in em-
bryogenic tissues, it makes the cells more susceptible to freeze damage [31,32]. The free
water content needs to be removed using osmotic agents solely or in combination with a
cryoprotectant [33]. The pretreatment and pre-culture conditions are critical in minimizing
the formation of intracellular ice crystals during cryopreservation. One key requirement
for a successful cryopreservation process is to maintain a lower level of the cell water to
prevent the ice crystals from formatting and ensure cell recovery after thawing [34]. In our
work, we utilized both solid and liquid media for pre-culturing the embryogenic tissues
to condition the osmotic potential of the tissue cells by adding sorbitol. Specifically, we
evaluated the effect of using a solid–liquid medium as a pre-culture condition on cryop-
reservation. Although most current conifer cryopreservation schemes adopt liquid cultures
for pretreatment [14,16,23,28,35], some studies have shown that using only liquid cultures
can abrupt the homeostasis of embryogenic potential, often resulting in loss of embryogenic
potential. To date, the suspension culture is known to offer significant advantages over
semi-solid media for the long-term storage of embryogenic tissues [33]. However, based on
our study, it was found that a solid medium is more suitable for the pre-culture of larch em-
bryogenic tissues during cryopreservation. Osmotic regulators such as antioxidants [36–38],
polyvinyl pyrrolidone [39], sorbitol and sugars, and/or elicitors of defense-related proteins
in plants [38,40] can be used in the pre-culture step. In conifers, the most commonly used
osmotic regulators are sucrose [41,42] and sorbitol [14,15,43]. The most common osmotic
regulator for pretreatment of conifer embryogenic tissue was found as sorbitol at 0.4 M
concentration [33]. Our work also used 0.4 M sorbitol for the pretreatment of larch em-
bryogenic tissues and observed the improved effects in cryopreservation, confirming the
significance of pretreatment for successful cryopreservation.

After the pretreatment of the embryogenic tissues, the freezing method plays a cru-
cial role in successful cryopreservation. Currently, vitrification, two-step cooling meth-
ods, encapsulation-dehydration, and V- and D-cryoplatesn are the most commonly used
cryopreservation procedures for vegetatively propagated crops [3,44–46]. Among them,
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vitrification and encapsulation-dehydration methods have been continuously improved
and are thus the most frequently employed for cryopreservation of clonally propagated
plants. In vitrification methods, a concentrated cellular solution is necessary to achieve
vitrification. During the osmotic process, when the cell is placed in “vitrification” solutions,
the water is removed from the cells [47]. Plant tissue is typically treated with a combina-
tion of “vitrification” solutions, such as dimethyl sulfoxide (DMSO), glycerol, or ethylene
glycol. In conifers, the widely used cryoprotectant is DMSO [23,24,37], as it can rapidly
penetrate the cell wall and plasma membrane. Often, semipermeable or non-permeable
cryoprotective substances, such as sugars, sugar alcohols, and high molecular weight
additives, like polyethylene glycol (PEG), are mixed with DMSO [28,29]. In these cases,
no changes in embryogenic potential were observed after storing the tissue in liquid ni-
trogen. Therefore, in our work, we compared the effects of three types of cryoprotectants
(10% DMSO, 0.4 M sucrose, and 15% PEG6000), whether used alone or combined. The
results showed that the highest regrowth efficiency of embryogenic callus was observed in
the pretreatment with combined cryoprotectants. The recovery of the pretreated samples
was significantly different between pretreatments with DMSO and those without DMSO,
demonstrating the significance of this substance. The role of DMSO is to prevent the
formation of electrolytes during freezing, which eventually prevents mechanical damage
caused by the production of ice crystals. Because of its small molecular weight, at the
beginning of freezing, DMSO acts quickly by enhancing the permeability of membranes
and promoting cell protection during dehydration [31]. This finding supports the efficacy
of our cryopreservation method for hybrid larch embryogenic tissue. Physical dehydration
is usually used for encapsulation-dehydration-based cryopreservation techniques to obtain
the plant material with optimum water content, and pretreatments are often essential for
successful encapsulation-dehydration-based cryo-preservation [48]. Thus, a dehydration-
pretreatment step was solely conducted in our work to investigate the effect of dehydration
before attempting cryopreservation.

Conifer tissue cryopreservation methods have primarily been based on slow-cooling
technology. This may be because conifers typically use embryogenic tissue and cell suspen-
sion cultures for cryopreservation, with a small portion being somatic embryos [49]. The
embryogenic tissue and cell suspension cultures are often cryo-preserved using the classical
slow-cooling protocol. The solutions in the cell are considered to be concentrated enough
to vitrify in liquid nitrogen, plunging when the temperature reaches −40 ◦C. This method
is the slow-cooling process that is often used for cryopreservation of cell suspensions and
callus tissue [50]. However, related research suggests that the slow-cooling process would
damage the cell [34]. Short periods of less than 1 h and extremely long periods of more than
24 h have been observed to be detrimental to the recovery of cryopreserved embryogenic
tissues [34]. In our work, we found that the ideal pretreatment time of embryogenic tissues
in cryovials packed with ice is 1 h before placing those in a freezing container in a −80 ◦C
freezer. The container freezes the samples at the speed of approximately −1 ◦C/min in a
−80 ◦C freezer [18,19], which enables slow-cooling of the embryogenic tissues to protect
the cells before placing them into LN. Upon long-term cryopreservation, warming is a
critical factor for successful regrowth. For conifer embryogenic tissues, cryovials have
usually been thawed by transferring those into a water bath at 37–40 ◦C for several min-
utes [24,28,29], while in other plants, room temperature may suffice [38,51,52]. In our work,
we tested three different warming temperatures (4 ◦C, 25 ◦C, and 40 ◦C) and found that
the embryogenic tissues could be recovered under all three warming conditions, with the
highest efficiency of callus regrowth observed during rapid thawing at 40 ◦C. In addition to
the thawing temperature, the genotype effect has also received considerable attention [38],
but no significant effects on the quality of the regenerated plants were observed due to
cryopreservation or the interaction between genotype and cryopreservation [53].

In our work, we also evaluated the effect of cryopreservation on the embryogenesis
of callus by measuring the efficiency of somatic embryogenesis of frozen callus. Either
the number of somatic embryos or the survival rate of regenerated plants from cryo-
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and non-cryopreserved tissues is no significant difference. According to the results, the
somatic embryogenesis ability of frozen callus remains unaffected. Salaj et al. [50] have also
observed that there is no relevance between post-thawing tissue growth (cryo-tolerance)
and the maturation ability of embryogenic tissues. While hybrid larch trees’ cryopreserved
lines have been extensively utilized in experiments for many years, there is a lack of research
on the cryopreservation techniques used to preserve embryogenic lines of most larch species
for long periods. However, the successful experience of utilizing cryopreservation methods
for other conifer genera gives rise to promising prospects for the broader application of
this technology to preserve embryogenic tissues of larch species [7]. Nevertheless, it is
essential to note that although cryopreservation has obvious advantages, the process of
freezing and thawing can potentially cause damage to the structure and functions of the
cell, leading to loss of totipotency and thereby reducing the tissues’ viability and their
potential for recovery.

5. Conclusions

This study demonstrates the feasibility of cryopreserving embryogenic tissue of hybrid
larch. The protocol involves pre-culturing embryogenic tissue on the medium containing
0.4 M sorbitol for two days, followed by treatment with 10% DMSO, 0.4 M sucrose, and 15%
PEG6000 for one hour in ice, and subsequent immersion of samples in LN. Rapid thawing
at 40 ◦C was used to warm samples for recovery. With this approach, we achieved high sur-
vival rates of embryogenic tissues (80%) without compromising the somatic embryogenesis
ability. Thus, this cryopreservation protocol is an appropriate method of the larch. Despite
the success of the cryopreservation for hybrid larch embryogenic tissues, several obstacles
remain to be overcome; it needs to further optimize the preparation phase of tissues for
dehydration and the vitrification solution treatment for each tissue and species.
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