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Abstract: Root and tuber crops (RTCs) are the second-most important carbohydrate commodity
after cereals. Many species of the RTCs are vegetatively propagated, making their shoot tips the
preferred material to be conserved for future uses. Shoot tip cryopreservation provides an important
tool to support the long-term conservation of plant genetic resources. Over the past four decades,
significant efforts have been undertaken to move shoot tip cryopreservation of RTCs from research
projects to full-scale implementation in cryobanks. This comprehensive review focuses on the history
of cryopreservation protocols developed in RTCs. The encapsulation and vitrification solution-
based cryopreservation techniques followed by ultra-rapid freezing and thawing have been highly
successful. Additionally, different strategies for improving the cryotolerance of shoot tips have been
introduced to further increase post-cryopreservation recovery. Finally, the research conducted to
explain the mechanism underlying cryoprotection and differential cryotolerance including the use of
histological studies are highlighted.

Keywords: cassava; cryopreservation; long-term storage; potato; root and tuber crop; shoot tips;
sweet potato; taro

1. Introduction
1.1. Importance of Root and Tuber Crops to Humans

Root and tuber crops (RTCs) are plants that produce underground storage structures
such as tubers (e.g., potato), tuberous roots (e.g., cassava, sweet potato), taproots (e.g., yam,
carrot), a corm which is a thickened underground stem (e.g., taro) and many other forms [1].
Despite the diverse morphologies of the storage organs, RTCs have the high carbohydrate
content in common, which makes starchy RTCs the second-most important commodity
after cereals in terms of carbohydrate consumption [1,2]. In addition, RTCs also contain
different levels of proteins, vitamins, antioxidants, and other phytochemical constituents
that provide nutritional and health benefits to humans [2–7].

Worldwide, potato (Solanum tuberosum L.), cassava (Manihot esculenta Crantz), and
sweet potato [Ipomoea batatas (L.) Lam.] are consumed by billions of people. In 2020, the
global production of potato, cassava, and sweet potato reached to approx. 359, 303, and
89 million tons, respectively [8]. Potato is the world’s fourth-most important food crop
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after maize, rice, and wheat [9], and is the staple food of 1.3 billion people [10]. Potato
contributes to food security on a global scale, due to its wide adaptability to various
climates and soils [3,10–12], its yield capacity [3], and as a processed product with high
commercial value [13]. Moreover, promoting potato as a staple crop has potentially reduced
the carbon-land-water uses and environmental impacts of crops production in China [14].
Cassava is among the most important tropical RTCs, contributing to food security and
income generation [15]. Attributes such as rusticity, tolerance to drought, harvest flexibility
and low input requirements make cassava an important crop for food and nutritional
security [15–17]. Sweet potato is another important food crop grown in the wet tropical
and subtropical regions [4,8,18]. Sweet potato is rich in protein, fibers, vitamins, minerals,
and antioxidants [2,4], and, like cassava, has a wide ecological adaptation and harvest
flexibility [6,19]. In addition to their edible starchy tuberous roots, the leaves of sweet potato
and cassava are widely used as a source of gross energy, protein, and mineral elements for
animal feeds, and can also be exploited as bioenergy crops [4,15,20–22].

The global production of other RTCs such as yam (Dioscorea spp.) and taro [Colocasia
esculenta (L.) Schott] are smaller compared to potato, sweet potato, and cassava but serve as
a staple crop in resource-limited communities of the Asia-Pacific region, Africa, and Latin
America [23,24]. Classically, most of these crops are selected from landraces by farmers, and
only recently progress has been made in breeding programs [25,26]. Therefore, the values in
these crops are expected to increase in the near future so they would not only contribute to
food security, but also to rural development and poverty alleviation [27–30]. According to
FAO/OECD, the world production and utilization of RTCs is projected to increase by about
18% in 2020s [9]. Nevertheless, continuous efforts regarding the conservation, breeding,
propagation, and production of RTCs are needed to ensure global agrobiodiversity and to
feed a growing population [31,32].

1.2. Conserving RTCs as the Filed, Greenhouse, and In Vitro Collections

The availability of and easy access to plant genetic resources are essential for future
breeding program advances. Conserving the genetic diversity of RTCs is therefore pivotal
to ensure food security challenged by the climate change and increasing world popula-
tion [33,34]. Most RTCs are of tropical and subtropical origins. These regions contain the
most abundant diversity of RTCs and, are therefore priority locations for establishing the
conservation programs [23]. While potato is commonly grown and consumed in temperate
countries, the wild potatoes are found in the Andean highlands from 10 to 20◦ S in South
America [11,23]. Home to the well-known potato, the Andean altiplano is also the center of
genetic origin of many other RTCs such as oca (Oxalis tuberosa Molina), mashua (Tropae-
olum tuberosum Ruiz & Pav.), ulluco (Ullucus tuberosus Caldas) and maca (Lepidium meyenii
Walp) [35,36]. Therefore, the genebank of the International Potato Center (CIP) was based
in Lima, Peru, and started its operations in 1971. CIP manages and facilitates access to
highly diverse germplasm of potato, sweet potato, and other Andean RTCs [37]. Currently,
the CIP genebank holds the most diverse collection of cultivated potato and sweet potato,
as well as their wild relatives [38].

The wild RTC species are naturally preserved in their indigenous habitats but are
increasingly threatened by diseases and pests, ageing of the plants, expansion of agriculture,
urbanization, and climate change [39,40]. Many wild species of RTCs can produce orthodox
seeds and thus are amenable to be stored dry at the conventional conditions of a seed
bank (−18 ± 3 ◦C; 15 ± 3% relative humidity) or under cryogenic storage (<−70 ◦C) for
prolonged periods of time [23,34,41]. However, when conservation of particular gene
combinations is required, clonal propagation is better suited over seeds. Since almost all
RTCs are propagated vegetatively, the simplest strategy is conserving the RTCs as whole
plants in field and greenhouse collections. These collections allow the germplasm to be
observed throughout the year and to be readily available for characterization, exchange,
and other uses [34,42]. However, the maintenance and management of such field collections
are expensive and are at risk of losses from attacks by pests, diseases, and environmental
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disasters [23,43]. Thus, over time, farming communities have lost unique accessions of
RTCs due to susceptibility to these biotic and abiotic stresses [23,44]. Thanks to the strong
partnership between CIP and local communities in the Peruvian Andes, the lost potato
landraces were successfully reintroduced. This collaboration allows for a dynamic exchange
between the ex situ and in situ conservations. Healthy and valuable landraces are returned
to local communities, and in exchange landraces identified from these communities are
safely stored in the CIP genebank [44].

Using plant tissue culture technologies, in vitro genebanks have been established
for many vegetatively propagated crops, including RTCs [43,45,46]. In vitro genebanks
provide an alternative to field collections for the short- and medium-term storage
of plant genetic resources [34]. Additionally, plant materials kept in vitro are free
of most pests and diseases and can be delivered on a year-round basis [23]. In vitro
plant collections are often maintained under slow growth conditions to minimize labor
input, as well as to reduce the risks of microbial contamination, human errors such
as mislabeling, and somaclonal variation [23,41]. Slow-growth storage is achieved
by modifying environmental conditions, including the culture medium composition,
temperature, and light intensity [47]. In vitro culture collections also come with some
limitations as their maintenance is labor-intensive, has a high cost of infrastructure and
requires skilled and trained technicians [23,48]. Moreover, it is well known that genetic
instability due to somaclonal variation may increase with time in culture, resulting in
the loss of genetic integrity of the stored accessions [48–50].

1.3. Cryopreservation of RTCs and Its Challenges

If possible, long-term storage of RTC genetic resources should be through cry-
opreservation, with in vitro and/or field collections maintained for active use [51].
Cryopreservation is the storage of biological materials in liquid nitrogen (LN, −196 ◦C)
or in its vapor phase (LNV, −150 to −196 ◦C). Under these conditions, propagules are
preserved in a state in which metabolic and biological processes are halted [43,52,53].
Cryopreservation procedures have already been established and implemented for many
vegetatively propagated crops, including most RTCs [38]. Cryopreservation techniques
for RTCs have been developed using pollen, seeds, shoot tips, and cell suspensions as a
plant source [54–58]. The propagule choice to be cryopreserved depends on whether the
seed is orthodox, whether in vitro/cryopreservation protocols are already developed,
and on whether the genes or the specific genetic combination of elite germplasm are the
program conservation targets [59]. For clonal conservation, shoot tip cryopreservation
is preferred over seeds or pollen, as they could readily developed into whole plants with
high level of genetic fidelity [59,60]. To ensure the survival and regeneration capacity
of cryopreserved samples, freezable water content needs to be reduced prior to LN
exposure. As such, the cell solution will vitrify and not form lethal ice crystals that
irreversibly damage membranous structures [53,61].

Following the first successful tissue culture reports of potato in the 1970s [62], Grout
& Henshaw [63] were the first scientists to successfully apply shoot tip cryopreservation
for potato. Since then, shoot tip cryopreservation has been successfully applied to
many other important crops, including RTCs. At present, the most successful shoot tip
cryopreservation procedures make use of encapsulation-dehydration and vitrification
solution-based methods [43,52,60,64–66]. To date, successful cryobanks for potato and
sweet potato have been established at several institutes, such as CIP, Leibniz Institute of
Plant Genetics (IPK), the New Zealand Institute for Plant and Food Research (PFR), and
US Department of Agriculture-Agricultural Research Service (USDA-ARS) [43,67,68].
The International Center for Tropical Agriculture (CIAT) [69] and the International
Institute of Tropical Agriculture (IITA) have established cryo-collections for cassava
and yam, respectively [70].
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The process of cryopreservation has a high initial cost of initiating materials in LN
and facility costs; however, once material is in LN, maintenance cost can be kept to a
minimum as compared with other conservation methods [43,70,71]. Cryopreservation
protocols consist of several steps, each often requiring optimization in case a new
species is dealt with [59]. Although great success has been achieved in cryopreservation
of potato [55,56], some genotypes of cassava [72], sweet potato [73], yam [70,74], and
minor RTCs such as oca [75] are still recalcitrant to the newly developed cryogenic
protocols. These “cryopreservation-recalcitrant” RTCs will therefore require method
modifications and optimization.

Since the first report on RTCs shoot tip cryopreservation was published in 1978 [63],
much research has been carried out with methods developed and optimized to achieve
regrowth levels that satisfy the genebank standards for cryopreserved RTC collections.
The aims and scope of this review is therefore to provide updated and comprehensive
information on the recent development and progress of shoot tip cryopreservation in RTCs.
In addition, we will discuss fundamental studies performed in RTCs on cryoprotection and
tolerance to cryopreservation including histological studies.

2. Overview of Protocols to Cryopreserve Shoot Tip of RTCs
2.1. From Two-Step (Programmed) Cooling to Ultra-Rapid Freezing
2.1.1. Two-Step (Programmed) Cooling

Bajaj [76] was the first to report a two-step cooling protocol for RTC shoot tip cryop-
reservation. In this method, tissues containing apical meristem were treated with cryopro-
tectant solutions containing sucrose and glycerol before the two-step cooling. The first
step of slow cooling was performed in LNV, thus reducing the cellular water content of
tissue through freeze-induced dehydration, and was followed by a direct immersion in
LN [76]. While the survival percentage of post-thawed tissues ranged from 7 to 18%, no
shoot regrowth was reported [76]. Noticeably, in the study of Kartha et al. [77], an inno-
vative approach to cryopreserve cassava shoot tips was included. In this method, shoot
tips were cryoprotected with 15% dimethyl sulphoxide (DMSO) and 3% sucrose for 15 min
at room temperate, and then transferred into 2–3 µL droplets of the same cryoprotectant
solution placed on aluminum foil strips before slow cooling [77]. The use of aluminum foil
facilitated the further development of rapid-freezing methods that are still widely applied
to date [52,60].

2.1.2. Ultra-Rapid Freezing

Grout & Henshaw [63] further improved the two-step cooling protocol to the direct
freezing of shoot tips in LN. In their study, potato (S. goniocalyx) shoot tips consisting of
the apical dome and 2–4 leaf primordia were incubated on Murashige and Skoog [78]
medium (MS) supplemented with 3% (w/v) sucrose and 1.0 mg L−1 benzyladenine (BA)
for 72 h, then treated with a cryoprotectant solution containing 10% of DMSO for 1 h before
immersion in LN. The cryopreserved shoot tips were thawed in liquid MS at 35 ◦C for
1 min and subsequently transferred to recovery medium. This is the first cryopreservation
protocol that led to shoot tip regrowth (11%). Both ultra-fast cooling and warming proved
the essential requirements to avoid the lethal intracellular ice crystals formation [79,80].
Improved shoot regrowth levels were further obtained in potato by combining DMSO
cryoprotection with the use of aluminum foil strip to facilitate ultra-rapid freezing [81–84].
For example, an average plant regeneration rate of 39% was obtained for 125 tested potato
varieties after applying the DMSO droplet freezing method [82].

Although the initial two-step freezing protocols and DMSO droplet freezing method
achieved shoot tip regrowth in potato [85–87] and cassava [77,88], and showed improved
survival of embryogenic tissues of sweet potato [89], many RTCs are not amenable to
these protocols [88,90]. Moreover, the development and adaptation of these protocols
to high-throughput cryopreservation of diverse RTCs needed further refinement and
simplification [91]. Additionally, most classical two-step cooling procedures require the
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use of expensive programmable freezing devices to achieve precise freezing parameters,
thus reducing the broad application of this method. Therefore, this review only provides
basic information regarding the two-step cooling and the rapid-freezing methods applying
DMSO, due to its limited use in current shoot tip cryopreservation.

2.2. Development of Air-Drying Based Methods
2.2.1. Encapsulation-Dehydration Method (En-De)

This method was first reported by Fabre and Dereuddre [92] for cryopreserving
potato (S. phureja) shoot tips, based on the technology for producing artificial seeds.
In this method, shoot tips were suspended in 3% (w/v) sodium alginate solution, and
then individual explants in alginate solution were dropped into a 100 mM calcium
chloride solution by pipette for encapsulation. The encapsulated shoot tips were precul-
tured with 0.5 M sucrose and dehydrated under sterile air flow for 4 h, prior to the
two-step freezing and slow thawing. This first En-de attempt resulted in low shoot
regrowth of 9.3% [92]. Working with S. phureja and S. tuberosum, Bouafia et al. [93]
further improved the En-de protocol by optimizing the sucrose concentration in the
preculture medium (0.75 M for 2 days), dehydrating the tissues with silica gel to a water
content of 0.20–0.22 g g−1 (dry weight), and performing a rapid freezing technique.
With these modifications, the shoot tip regrowth rates ranged from 50 to 78% [93].
Grospietsch et al. [94] improved the dehydration tolerance of shoot tips by a stepwise
preculture protocol, i.e., increasing the sucrose concentrations to 2.0 M for 5 days for the
donor plants, followed by preculturing the isolated shoot tips with 0.7 M sucrose for
1 day. With this optimized preculture procedure, 78.8% survival level was obtained for
the potato (S. tuberosum) cv. ‘Desirée’ [94]. Preculturing the beads induces desiccation
tolerance to the En-de protocols, and the progressive increase in sucrose concentration
can avoids the deleterious effects of a direct exposure to high sucrose levels [95,96].

The En-de method also proved to be successful for cassava [97]. In this method,
encapsulated shoot tips were pretreated in liquid MS medium supplemented with
0.75 M sucrose for 1 day or with 0.5 M sucrose for 3 days prior to 6 h of desiccation.
The moisture content of beads was then dropped to approx. 30% fresh weight basis
before LN storage. This procedure resulted in 60% shoot tip survival on a hormone-free
recovery medium without an intermediate callus phase [97]. In general, the common
steps in the En-de method are (1) encapsulation of shoot tips in calcium alginate beads;
(2) preculturing the shoot tips with sucrose-enriched medium before and/or after
encapsulation at either fixed or increasing concentrations; (3) partial dehydration of
beads by air drying in a laminar flow hood or in the presence of silica gel; and (4) rapid
freezing and thawing [53,64,97].

While the dehydration of the En-de may take hours, the encapsulated shoot tips are
easily handled in the dehydration process, which is also straightforward and less time
sensitive than procedures making use of toxic cryoprotectants [64,66]. To date, En-de has
been applied to well over 70 different plant species, including a wide range of RTCs [64,98],
such as sweet potato [99], yam [100,101], and taro [102]. Examples of RTCs that were
successfully cryopreserved with the En-de method are listed in Table 1.



Agronomy 2023, 13, 219 6 of 37

Table 1. The use of encapsulation with air drying and (ultra-) rapid freezing for cryopreservation of root and tuber crops (RTCs).

Plant Species (No. of Tested
Genotypes)

Age of Culture, Pretreatment of
Donor Plants and Excised

Explant
Encapsulation Method 1 Preculture

Duration of
Dehydration (Residual

Water Content) 2

Shoot Tip Regrowth
in Percentage Ref.

Cassava [Manihot esculenta (3)] Apices (not specified)

3% sodium alginate to
form beads, the calcium

chloride concentration was
not specified

0.75 M suc for 1 day or
0.5 M for 3 days 6 h <60 (survival) [97]

Potato [Solanum phureja,
S. Phureja × chacoense,

S. tuberosum (5)]

Shoot tips (0.5 mm) excised from
in vitro shoots cultured for

2 weeks

3% sodium alginate to
form beads of 3–4 mm

in diameter

0.5 M or 0.75 M suc for
2 days

4.5 h (0.2–0.22 g per g of
dry weight) 50–78 [93]

S. tuberosum, S. chacoence,
S. phureja, S. bulbocastanum,

S. pinnatisectum (16)

Shoot tips (1.5–2.0 mm) excised
from in vitro shoots cultured for

2 weeks

2% sodium alginate and
0.4 M suc to attach shoot
tips to aluminum plates;

osmoprotection with 2 M
glycerol and 0.8 M suc for

30 min

0.3 M suc overnight 2 h 80–100 [56]

Sweet potato
[Ipomoea batatas (1)]

Shoot tips (0.5–1.0 mm) excised
from cultures that are 4 to

8 weeks old

3% sodium alginate to
form beads of 4–5 mm

in diameter

Stepwise daily increased
of suc levels 0.25, 0.5 and

0.75 M,

Till water content of
18.1% 67 [99]

Taro [Colocasia esculenta (1)]
Shoot tips (0.8–1.0 mm) excised

from 8-week-old cultures
preconditioned with 0.29 M suc

2% sodium alginate
and 0.4 M suc to form

beads of 4 mm in diameter

0.75 M suc for
2 days

6 h in laminar airflow
and 12 h over silica gel

(18–19%)
65 [102]

Ulluco
[Ullucus tuberosus (11)]

Shoot tips (1.0–1.5 mm) excised
from cultures that are 3 to 4 weeks
old were cold-hardened at 5 ◦C,

followed by preculture with
sucrose at 0.3 M for 16 h

With 2% sodium alginate
and

0.4 M suc to attach shoot
tips to aluminum plates

2.0 M gly and 1.0 M suc
for

90 min
45 min 73–97 [103]

Yam [Dioscorea alata,
D. wallichii, D. bulbifera,

D. floribunda (4)]

Apical shoot tips (0.6–1.2 mm)
excised from cultures that are 6 to

6 weeks old

3% sodium alginate to
form beads 0.75 M suc for 3 days 4 h

21% for D. alata,
37% for D. wallichii
and 0% for others

[100]

1 Unless otherwise stated, the encapsulation was performed before preculture with 0.1 M calcium chloride. 2 Unless otherwise stated, the dehydration was performed by air drying.
Abbreviations: gly, glycerol; suc, sucrose.
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2.2.2. Dehydration Cryo-Plate Method (D Cryo-Plate)

D cryo-plate method combines calcium-alginate encapsulation on a cryoplate with
dehydration [104]. In En-de protocols, dehydrated beads are transferred to cryovials before
a rapid plunging into LN for cooling and in a water bath for warming [64,97,99]. The
cooling and warming rates achieved using En-de are usually about 200 ◦C min−1 and
80–140 ◦C min−1, respectively [105,106]. The D cryo-plate method achieves much higher
cooling (4000–5000 ◦C min−1) and warming rates (3000–4500 ◦C min−1), because shoot
tips adhered to the wells of cryo-plates are directly exposed to LN for cooling and in
unloading solution (ULS) for warming, resulting in high shoot tip regrowth [106–109].
Niino et al. [104] were the first to successfully apply the D cryo-plate to 20 genotypes of
mat rush (Juncus decipiens). Since then, D cryo-plate has been applied for the successful
cryopreservation of many species, with regrowth levels that satisfy the genebank standards
for cryopreserved collections [60,110].

Yamamoto et al. [56] achieved 80–100% of shoot tip regrowth across the 16 varieties of
potato cryopreserved using D cryo-plate method. In their study, shoot tips (2.0 mm) were
precultured overnight in MS medium supplemented with 0.3 M sucrose, and transferred
individually into each well of the aluminum cryo-plate with 5 µL of alginate solution
(2% alginate in a calcium-free medium supplemented with 0.4 M sucrose). Then, calcium
chloride solution (0.1 M calcium chloride in medium supplemented with 0.4 M sucrose)
was added dropwise to the cryo-plate for polymerization. Cryo-plates with shoot tips were
placed in a loading solution (LS; 2 M glycerol and 1 M sucrose in MS medium) for 30 min
at 25 ◦C, followed by air drying dehydration in a laminar flow hood for 2.0 h at 25 ◦C
with 40–50% of air humidity. Thereafter, cryo-plates with shoot tips were transferred into
uncapped 2-mL cryovials, followed by direct immersion in LN. For warming, cryo-plates
were removed from the cryovials and placed in ULS (1 M sucrose in MS medium) for
15 min at room temperature. The encapsulated meristems were then detached from the
cryo-plates and transferred into the recovery medium [56]. Using protocols described by
Yamamoto et al. [56], Valle Arizaga et al. [103] achieved regrowth levels ranged from 73 to
97% for shoot tip cryopreservation of 11 ulluco lines.

Valle Arizaga et al. [111] further optimized the D cryo-plate protocol by addition of
a paper mounting step to the cryo-plate with alginate gel and shoot tips. In the paper
mounting step, a sheet of BEMCOT paper (7 × 30 mm) was used to cover the cryo-plates
adhered with shoot tips to avoid losing the samples during the cooling and warming
steps [111]. With this optimized protocol, the shoot tip regrowth levels ranged from 70 to
93% across 13 potato genotypes, comparable to the original D cryo-plate protocol [111]. The
high shoot tip regrowth levels in D cryo-plate method have suggested that it is an efficient
cryopreservation methodology for preserving valuable plant genetic resources. Moreover,
the D cryo-plate uses air dehydration and eliminates the risks of chemical stress that could
be caused by exposure to highly concentrated vitrification solutions [60,104]. Additional
studies are required to determine the applicability of this method to other major RTCs.

Recently, a new adaptation of the D cryo-plate method has been developed for stor-
age of garlic shoot tips at −80 ◦C (and not at the usual −196 ◦C), due to the high glass
transition temperatures (Tg) of air-desiccated tissues (−44.7 to −39.4 ◦C after 90–120 min
of dehydration) [112]. Practically, it is advocated to maintain the cryopreserved material
well below the Tg temperature, as the extremely low (almost nil) molecular mobility of the
vitrified matrix impedes the formation and growth of lethal ice crystals while inhibiting
most ageing reactions. In their protocol, shoot tips were precultured on 1/2 MS medium
containing 0.3 M sucrose for 2 days at 25 ◦C, embedded in alginate drops on cryo-plates,
treated by LS with 1.0 M sucrose and 2.0 M glycerol for 30 min at 25 ◦C, and dried in a
laminar flow cabinet for 120 min. Then, the cryo-plates were transferred in 2 mL-cryovial
and cooled directly into a deep freezer at −80 ◦C. For warming, cryo-plates were removed
from the cryovials, and placed in ULS (1 M sucrose in 1/2 MS medium) for 30 min at
25 ◦C. Alginate beads were then detached from the cryo-plates and transferred into the
recovery medium. With this protocol, the shoot tip regrowth levels ranged from 91.7 to
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100% and averaged at 95.3% across 7 garlic genotypes [112]. The main advantage of −80 ◦C
storage compared to conventional cryopreservation methods are that it proved possible to
use relatively cheap freezers for storage and it is free from the regular supply of LN [112].
However, more research in the −80 ◦C storage is needed before this method can apply as
an alternative means for the cryopreservation of RTCs [112].

2.3. Development of Vitrification Solution-Based Methods
2.3.1. Vitrification and Vitrification Solution Method (Vi)

Vitrification refers to the solidification of an aqueous solution into an amorphous
state (a glass) without the formation of a crystal during the rapid cooling process [52,61].
Therefore, vitrification is an indispensable status to avoid freezing injuries associated with
ice crystal formation in biological materials during cryopreservation. As a consequence of
the vitrification process, molecular mobility is also highly restricted, and plant tissues can
remain viable during long-term storage at −196 ◦C [113]. Successful vitrification requires
dehydration of cells prior to exposure to LN temperatures by exposing plant tissues to
high concentrations of cryoprotectants (both penetrating and nonpenetrating) to increase
the viscosity of the cell solution [52,61]. To enhance tolerance to the dehydration process,
donor plants are often exposed to cold or osmotic acclimation before excised tissues are
precultured on medium with high sucrose concentration and subsequently transferred
to a glycerol-sucrose solution [59,114]. During preculture on sucrose-enriched medium,
concentrations of sugar, starch, and proline are greatly increased in the shoot tips and
may enhance the stability of membranes under conditions of severe dehydration [115,116].
DMSO has been widely used as a cryoprotectant to induce the vitreous status in shoot tip
cryopreservation of RTCs in 1980–1990s, but only showed limited success [85,88,117,118].

Significant success in shoot tip cryopreservation was obtained following the applica-
tion of plant vitrification solution 2 (PVS2), which consists of 15% (w/v) DMSO, 15% (w/v)
ethylene glycol, 30% (w/v) glycerol, and 0.4 M of sucrose [119]. Since the first report on the
development of PVS2 published in 1990 on navel orange callus, much research has been
carried out and PVS2 has made an outstanding contribution to the plant cryopreservation
research and plant germplasm conservation worldwide [120,121].

Towill and Jarret [122] were the first to report the PVS2-based vitrification (Vi) methods
for sweet potato shoot tip cryopreservation. In this study, shoot tips (0.5–0.7 mm containing
3 to 4 leaf primordia) were precultured for 2 days in MS medium supplemented with 3%
ethylene glycol, followed by stepwise dehydration with PVS2 treatment. PVS2-treated
shoot tips were enclosed to a paper strip soaked with 80% PVS2 (the optimized final
concentration), and rapidly immersed in LN. Following thawing in MS medium containing
1.2 M sucrose, cryopreserved shoot tips were post-thaw cultured on recovery medium [122].
While the use of paper strip as the carrier facilitates rapid cooling and thawing rates, most
surviving shoot tips developed callus, and a variable shoot regrowth percentage (64 ± 37%)
was obtained [122].

Sarkar and Naik [123] later established the first Vi protocol for shoot tip of four S.
tuberosum cultivars using a stepwise PVS2 treatment, as previously used by Towill &
Jarret [122] for sweet potato. They reported that the highest regrowth (56%) occurred
when potato shoot tips (0.5–0.7 mm) were precultured on 1/2 MS medium supplemented
with 0.3 M sucrose and 0.2 M mannitol for two days, prior to treatment with 20% PVS2
(30 min, 24 ◦C), 60% PVS2 (15 min, ice bath) and 100% ice cold PVS2 (5 min) [123]. The
survival rates improved when cryopreserved shoot tips were incubated on post-thaw
culture medium containing high sucrose (0.2 M) under diffused light for the first week,
before being transferred to standard recovery medium (0.09 M sucrose) [123]. Kryszczuk
et al. [118] further optimized the Vi protocol by using a one-step PVS2 treatment for
cryopreserving potato shoot tips. In their study, shoot tips (1.0 mm) harvested from one-
week-old cultures were incubated overnight in basal MS medium with 30 g L−1 sucrose,
and then osmoprotected with LS (2 M glycerol + 0.4 M sucrose in MS medium) for 20 min
followed by full-strength PVS2 exposure for 30 min (at 0 ◦C). The shoot tips were then
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placed in cryovials containing 1.5 mL of fresh PVS2 and directly plunged into LN for
cryopreservation. For thawing, the cryovials were rapidly warmed in a water bath at
38 ◦C for two minutes, and PVS2 was drained and shoot tips were washed three times
with ULS (1.2 M sucrose in liquid MS), before being transferred to recovery medium. This
cryoprotocol resulted in 42–88% of shoot tip regrowth in the tested genotypes [118]. This
study showed that potato shoot tips could tolerate the full-strength PVS2 treatment without
a stepwise PVS2 treatment. The Vi method was also successfully tested on nine potato
cultivars in China, and shoot regrowth levels were ranged from 11.1–45.0% [124].

Charoensub et al. [125] were the first to report a Vi protocol for cassava result-
ing in 75% shoot regrowth of cryopreserved shoot tips. In this study, shoot tips were
precultured on MS medium supplemented with 0.3 M sucrose for 16 h, treated with LS
(2 M glycerol + 0.4 M sucrose) for 20 min, and followed by an exposure to PVS2 for 45 min
at 25 ◦C before the LN exposure [125]. This protocol was further tested in 10 cassava
cultivars and showed an average of 70% post-thaw recovery [125].

While the Vi method was shown to achieve satisfactory shoot tip regrowth in
yam [74,117,126] and taro [127], a further improved shoot tip regrowth was achieved using
other vitrification solution-based methods [108,124,128]. Studies making use of Vi protocol
for potato cryopreservation were compared with other Vi-based methods in Figure 1.
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Figure 1. Comparison of major steps of various vitrification solution-based methods for shoot tip
cryopreservation in potato [56,68,107,108,118,123,124,129–134]. Abbreviations: gly, glycerol; man,
mannitol; PVS, Plant vitrification solution; suc, sucrose.

2.3.2. Encapsulation-Vitrification Method (En-vi)

Based on the success of En-de and the development of PVS2 for plant cryopreservation,
an En-vi method was developed for cryopreservation of carnation (Diathus caryophyllus L.)
shoot tips [135]. This method was first tested in potato by Hirai & Sakai [107], combining
the advantages of the easy manipulation of encapsulated explants and dehydration by
vitrification solutions. In their study, axillary shoot tips (1 mm) were excised from cold-
hardened (4 ◦C for three weeks) segments and precultured on MS medium supplemented
with 0.3 M sucrose for 16 h. After encapsulation, shoot tips were osmoprotected with
LS (2 M glycerol + 0.6 M sucrose in MS medium) at 25 ◦C for 90 min, followed by PVS2
treatment at 0 ◦C for 3 h. The beads were then placed in cryovials containing 1.0 mL of fresh
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PVS2 and directly plunged into LN for cryopreservation. For thawing, the cryovials were
rapidly warmed in a water bath at 38 ◦C water bath, PVS2 was drained and shoot tips were
washed in 1.2 M sucrose solution for 10 min to remove the cryoprotectants before being
cultured in recovery medium. This En-vi protocol resulted in 40–70% post-cryopreservation
recovery for 14 potato cultivars, much higher compared to the En-de method [107]. Further
studies using En-vi protocol also achieved satisfactory shoot tip regrowth in nine cultivars
of China’s potato (13–71%) [124] and two purple-fleshed potato cultivars (45–80%) [129].

Following a similar En-vi protocol proposed by Hirai & Sakai [107] for potato shoot
tips, shoot tips of four cassava cultivars were successfully cryopreserved with survival
levels ranging from 58 to 85% [136]. A high average regrowth rate (80%) was reported
for three sweet potato cultivars that were cryopreserved by En-vi [137]. In this protocol,
encapsulated shoot tips were precultured in MS medium supplemented with 0.3 M sucrose
for 16 h, and osmoprotected with 2 M glycerol and 1.6 M sucrose, before being dehydrated
with PVS2 for 1 h at 25 ◦C [137]. Although the En-vi has been successfully applied to many
plant species, this method is less studied compared to other cryopreservation methods
for RTCs. Even though this technique has been used with a limited number of RTCs, it
possesses great potential both in terms of efficiency and practicality [52,53,138].

2.3.3. Droplet-Vitrification Method (Dr-vi)

Dr-vi is derived from the DMSO droplet freezing methods developed by Kartha
et al. [77] and Schäfer-Menuhr et al. [81–83] for cryopreserving cassava and potato shoot
tips, respectively. In the Dr-vi method, shoot tips are placed into a droplet of vitrification
solution on foil strips [79], similar to the DMSO droplet freezing method. Dr-vi allows
samples to obtain the ultra-fast cooling and warming rates, which are much faster compared
to the methods using capped vials, due to the direct contact of explants with LN and the
ULS [79,139,140]. Following the PVS2-based Dr-vi method, sweet potato shoot tips were
firstly cryopreserved by Pennycooke & Towill [141] with 62% recovery reported. In this
method, shoot tips (0.5–1 mm) were excised from 4- to 8-week-old in vitro stock cultures
and then incubated in a liquid MS medium containing 2% sucrose at 25 ◦C for 1 day. Shoot
tips were precultured in liquid MS medium supplemented with 0.3 M sucrose for one day
at 25 ◦C, then osmoprotected with LS (2 M glycerol + 0.4 M sucrose in MS medium) for
1 h min at 22 ◦C. Osmoprotected shoot tips were exposed to PVS2 for 16 min at 22 ◦C and
then transferred to PVS2 droplets of about 10 µL, placed on sterile aluminum foil strips,
and directly immersed in partially solidified nitrogen (about −208 ◦C). For warming, the
aluminum foils containing the shoot tips were immersed, for 20 min, in ULS (1.2 M sucrose
in MS medium) at 22 ◦C, and transferred to recovery medium [141]. Shoot formation
without intermediate callus was observed in all surviving shoot tips [141], showing a
significant progress as compared to the traditional PVS2- Vi method, in which almost all
the surviving sweet potato shoot tips formed callus after cryopreservation [122]. Although
considerable effort has been made to establish the Dr-vi method for the cryopreservation of
sweet potato collections [128,142], accessions react very differently to the cryopreservation
protocol, i.e., some of the cultivars achieved a regeneration rate of 66% while others barely
reached 2% [142]. A recent report by Wilms et al. [73] shows that Dr-vi can overcome the
genotype-specific responses in sweet potato species, resulting in satisfactory post-thaw
regrowth rates of more than 40% in seven out of ten cultivars tested. Briefly, in their study,
shoot tips were harvested from 3- to 9-week-old in vitro plants and treated with LS (2 M
glycerol and 0.4 M sucrose in MS medium) for 20 min at room temperature. Osmoprotected
shoot tips were exposed to chilled PVS2 for 30 min, transferred to a thin layer of PVS2
droplets on sterile aluminum foil strips, and directly immersed in LN. For warming, the
aluminum foil strips containing the shoot tips were immersed in ULS (1.2 M sucrose in
MS medium) for 15 min at room temperature and incubated in post-thaw culture medium
enriched with 0.3 M sucrose for 24 h, before being transferred to recovery medium in
darkness for 1 week, followed by a transfer to light conditions [73]. Given that this protocol
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resulted in high recovery levels, it seems to be a practical and promising sweet potato
cryopreservation methodology.

For potato, Dr-vi was first tested by Halmagyi et al. [143] and resulted in shoot
regrowth levels that ranged from 46 to 55% across the three tested cultivars. Kim et al. [108]
later compared the effects of different PVS2 exposure times (20 and 60 min) with various
freezing techniques on the efficiency of cryopreservation of potato shoot tips. They found
that the highest survival was achieved when shoot tips were treated with PVS2 for 20 min
following Dr-vi. In the Dr-vi protocol optimized by Kim et al. [108], shoot tips (1.5 mm)
were stepwise precultured with sucrose at 0.3 M for 8 h and 0.7 M for 18 h without loading
treatment prior to the PVS2 incubation, as suggested by Yoon et al. [144]. The highest
post-thaw survival after cryopreservation was obtained when cryopreserved shoot tips
were warmed in pre-heated ULS (0.8 M sucrose in liquid MS medium) at 40 ◦C for 30 s,
followed by treatment in pre-cooled ULS for 30 min [108]. With this optimized protocol,
the shoot tip survival levels ranged from 64 to 94.4% across 12 potato cultivars [108].

Although the loading step was ignored in the Dr-vi protocols proposed by Kim
et al. [108] and Yong et al. [144], it was proved to be a necessary step when the preculture
was performed with a lower sucrose level (e.g., 0.3 M) [124] or when was not applied at
all [130]. In the protocol optimized by Wang et al. [124], an LS (2 M glycerol with 0.2 to
1.0 M sucrose in liquid MS medium) incubation for 30 min was necessary to enhance potato
shoot tip tolerance to dehydration and freezing [124]. This method resulted in an average of
71% post-cryopreservation recovery in nine potato cultivars [124]. In addition, they found
that the Dr-vi method resulted in a higher shoot tip recovery compared to En-vi (38%) and
Vi (28%) [124]. In the Dr-vi protocol proposed by Panta et al. [130] for cryopreservation of
CIP potato accessions, apical shoot tips (2.0 mm) excised from 3-week-old cultures were
directly exposed to LS without preculture. Osmoprotected shoot tips were then treated
with PVS2 for 50 min on ice, placed into a droplet of PVS2 on an aluminum foil strip
and quickly plunged into LN. Cryopreserved shoot tips were post-thaw cultured on MS
medium with daily culturing onto fresh medium with decreased sucrose levels (daily
transfers following 0.3 M, 0.2 M, 0.1 M and finally in 0.07 M) in darkness for 1 week, before
being transferred to normal light conditions [130]. In comparison with CIP’s PVS2-based
Vi and IPK’s DMSO-based droplet methods that had been applied in potato cryobanks,
the optimized Dr-vi protocol proposed by Panta et al. [130] resulted in significantly higher
recovery rates [130]. Panta et al. [145] further improved the PVS2-based Dr-vi protocol by
including a cold-hardening culture phase before shoot tip excision. The cold-hardening
pretreatment for three weeks at 6 ◦C significantly increased the post-cryo recovery in
drought and frost tolerant potato cultivars, resulting in high recovery rate (40–100%) in
63% of the 755 assessed accessions [145].

In cassava, Dumet et al. [146] were the first to report the efficacy of Dr-vi for shoot tip
cryopreservation, based on the protocol successfully established for Musaceae [79]. In this
protocol, shoot tips were excised from 3–4-week-old in vitro cultures and directly treated
with LS (2 M glycerol and 0.4 M sucrose in basal medium) for 20 min at 24 ◦C. Thereafter,
shoot tips were exposed to PVS2 for 30 min on ice, and then transferred to PVS2 droplet
on aluminum foil strips before immersion in LN. For warming, cryotubes were taken out
from the LN and the aluminum foil strips holding shoot tips were quickly placed in an
ULS (1.2 M glycerol and 0.4 M sucrose in liquid basal medium) for 15 min. Cryopreserved
shoot tips were post-thaw cultured on MS medium supplemented with 0.3 M sucrose
for 24 h, before being cultured in recovery medium [146]. This Dr-vi protocol resulted in
shoot tip regrowth ranging from 38–48%, which was higher compared to the conventional
En-de method (7–14%) [146]. This Dr-vi protocol was further tested to cryopreserve yam
shoot tips, resulting in shoot recovery levels ranging from 0 to 60% [70]. To overcome the
recalcitrance of cassava to cryopreservation in CIAT, Dr-vi was tested in 100 clones which
previously showed low shoot regrowth levels (>30%) after a En-de [72]. About 70–75%
of the clones tested achieved post-thaw regrowth levels that accomplish the genebank
standards for the implementation of cryopreserved cassava collections [72].
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Dr-vi has been applied to many important plant species from different climatic en-
vironments and the number of species successfully cryopreserved using this method is
continuously increasing [59,60,66,139]. Dr-vi has been actively tested for other minor
RTCs and resulted in variable shoot regrowth levels: 0–50% [147] and 21–51% [74] in
yam, 73–100% [148] in taro, and over 66% in yacon [Smallanthus sonchifolius (Poepp.)
H.Rob.] [149]. Dr-vi is currently the most widely applied cryoprotocol for cryopreserving
plant germplasm within genebanks, including those for potato [66,69,150,151], cassava [69],
sweet potato [151] and yam [70]. Detailed procedures of applying Dr-vi for shoot tip cryop-
reservation of potato and other RTCs are presented in Figure 1 and Table 2, respectively.

2.3.4. Vitrification Cryo-Plate Method (V Cryo-Plate)

To facilitate the easy handling of explants at different stages of Dr-vi method, Hi-
rai [134] proposed a Gelled Dr-vi protocol for cryopreservation of potato shoot tips. In this
study, 10–15 precultured shoot tips were transferred into a droplet of approximate 15 µL of
sodium-alginate solution, which was previously placed on an aluminum foil strip. Then,
calcium chloride solution (0.1 M calcium chloride) was added dropwise to aluminum foil
strip for polymerization. Aluminum foil strips with shoot tips were then osmoprotected,
PVS2-dehydrated, and directly immersed into LN. This protocol resulted in 70% shoot
tip regrowth rate in 26 potato cultivars and six wild potatoes, which was similar to the
regrowth achieved by Dr-vi (about 70%) and much higher than the conventional Vi and
En-vi methods (about 40%) [134]. The Gelled Dr-vi was soon improved and standardized
by the development of aluminum cryo-plates [104,109]. The V cryo-plate method is based
on PVS2-vitrification dehydration and was first tested in shoot tip cryopreservation of
Dalmatian chrysanthemum (Tanacetum cinerariifolium) [109]. General procedures are similar
for both the V cryo-plate and D cryo-plate methods, with the main difference that shoot
tips are air-dried in D cryo-plate instead of using vitrification solution in V cryo-plate. The
V cryo-plate was later tested and compared with D cryo-plate by Yamamoto et al. [56]
and obtained similarly high post-thaw regrowth rates (>90%) in 13 varieties and four lines
of potato. In ulluco, the V cryo-plate produced lower (43%) shoot regrowth compared
to D cryo-plate (>73%) [103]. The V cryo-plate and gelled Dr-vi protocols can be easily
adapted from the available vitrification solution-based protocols, with ultra-rapid freezing
and thawing benefits comparable to the Dr-vi method [110,134]. By adhering shoot tips
to aluminum foils or plates, these methods simplify the handling of shoot tips at different
stages of cryopreservation, allowing precise control of the treatment duration, and reducing
the risk of mechanical injury to the shoot tips [109,110,152]. While V cryo-plate has been
actively tested and implemented for routine use in cryobanks [60,110,153], more efforts are
still needed to test the efficiency of this method for cryopreserving other minor RTCs in
genebank collections.
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Table 2. The use of Droplet-vitrification for shoot tip cryopreservation of root and tuber crops (RTCs) except potato.

Plant Species (No. of
Tested Genotypes)

Pretreatment of Donor Plants
and Preculture of Explants Osmoprotection PVS Dehydration and

Unloading Post-Thaw Culture (PTC) Shoot Regrowth (%) Ref.

Cassava
[Manihot esculenta (48)]

Meristems (0.7 mm) excised
from in vitro seedlings that are 3

to 4 weeks old, without
preculture

2 M gly with 0.4 M suc
for 20 min at 24 ◦C

PVS2 for 30 min on ice;
2 M gly with 0.4 M suc

for 15 min for unloading

With 0.3 M suc, 1.07 µM NAA,
0.23 µM GA3 and 0.66 µM BA for

the first day and the same
medium with 0.1 M suc for the

rest of the recovery. The first
8 days of PTC was in darkness

6–86 [146]

M. esculenta (9)
Meristems (0.5 mm) excised

from cultures that are 3 weeks
old, without preculture

2 M gly with 0.4 M suc
for 20–60 min

PVS2 for 30 min on ice;
1.2 M gly with 0.4 M suc

for unloading

With 0.3 M suc, 1 mg L−1 ascorbic
acid and then transfer to standard

medium for final recovery. The
first 7 days of PTC was

in darkness

About 60–98 [70]

M. esculenta (100) which
showed recalcitrance to

En-de (potst-thaw
regrowth rate <30%)

Shoot tips (2 mm) excised from
cultures that are 3 months old,

without preculture

2 M gly with 0.4 M suc
for 2 h

PVS2 for 30 min on ice;
1.2 M suc for unloading

With 0.3 M suc and 0.2% active
charcoal for 2 days in darkness,

and then transfer to basal medium
with 2.32 µM Kinetin, 0.72 µM

GA3 and vitamins

Higher than 30% for
70–75% tested accessions [72]

Sweet potato
[Ipomoea batatas (1)]

Apical shoot tips (0.5–1.0 mm)
excised from cultures that are 4

to 8 weeks old, cultured on
liquid basal medium with 2%

suc for 1 day, followed by
preculture with 0.3 M suc for

another day

2 M gly with 0.4 M suc
for 2 h

PVS2 for 16 min at 22 ◦C;
1.2 M suc for unloading

With 1 µM NAA, 0.5 µM BA,
0.1 µM Kinetin for 2 days in the
dark, under dim light for 3 days,

before being transferred to
normal conditions

62 [141]

I. betatas (1)

Shoot tips (length of 2.5 and a
width of 1.5 mm) excised from
cultures that are 5 to 7 weeks
old and stepwise precultured
with 0.3 and 0.5 M suc for 31

and 17 h, respectively

2 M gly with 0.5 M suc
for 50 min

PVS3 for 1 h at room
temperature; 0.9 M suc

for unloading

With 1 g L−1 casein hydrolysate,
1 mg L−1 GA3, 0.5 mg L−1 BA for

1 week in the dark, and then
cultured with 1 g L−1 casein

hydrolysate, 0.5 mg L−1 GA3 for
further recovery

19 [128]
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Table 2. Cont.

Plant Species (No. of
Tested Genotypes)

Pretreatment of Donor Plants
and Preculture of Explants Osmoprotection PVS Dehydration and

Unloading Post-Thaw Culture (PTC) Shoot Regrowth (%) Ref.

I. betatas (30)

Apical shoot tips 1.0–1.2 mm
excised from 4–8-week-old

cultures and precultured 1 d
with 0.35 M suc

2 M gly with 0.4 M suc
for 20 min

PVS2 for 30 min on ice;
1.2 M suc for unloading

First 9 days of PTC in darkness
with 10 mg L−1 GA3, 10 mL

coconut water, and 0.3, 0.1, 0.09 M
stepwise with decreased suc level,

each level for 3 days, and then
transferred to fresh medium with
0.09 M suc under diffuse light for
4 days before being moved to the

normal conditions

2–66 [142]

I. betatas (10)

Axillary meristems (1 mm)
excised from cultures that are 3

to 9 weeks old, without
preculture

2 M gly with 0.4 M suc
for 20 min

PVS2 for 30 min on ice;
1.2 M suc for unloading

With 0.3 M suc overnight in the
dark, and then moved to

regeneration medium with
2.22 µM BA for 7 days in the dark,

before being transferred to the
normal conditions

10–84 [73]

Yam [Dioscorea bulbifera,
D. alata, D. cayenensis,

D. polystachya (4)]

Apical shoot tips (2–4 mm)
excised from shoots after 3

weeks of cold-hardening and
precultured with 0.3 or 0.44 M

sucrose for 3 days

2 M gly with 0.4 M suc
for 20 min

PVS2 for 20 min at 23 ◦C;
thawing was performed
with 0.09 M suc for 3 min

followed by 5 min
unloading with

1.17 M suc

Recovered on MS with 2 mg L−1

BA and 0.1 mg L−1 NAA
0 for D. alata and 27–47

for the other species [147]

D. alata,
D. rotundata (21)

Meristems (0.5 mm) excised
from cultures that are 3 weeks

old, without preculture

2 M gly with 0.4 M suc
for 20–60 min

PVS2 for 30 min on ice;
1.2 M gly with 0.4 M suc

for unloading

With 0.3 M suc and 1 mg L−1

ascorbic acid, and then transfer to
standard meristem medium for

final recovery. The first 7 days of
PTC was in darkness

0–60 [70]

D. deltoidei (15)

Shoot tips (2 mm) excised from
cultures that are 4 weeks old
and precultured with 0.3 M

sucrose for 16 h

2 M gly with 0.4 M suc
for 20 min

PVS2 for 90 min at 0 ◦C;
1.2 M suc for unloading

With 1.5 mg L−1 BA, 0.2 mg L−1

NAA, 0.2 mg L−1 GA3 for 10 days,
and then transferred to medium
with 0.5 mg L−1 zeatin. The first
5 days of PTC was in darkness

21–51 [74]
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Table 2. Cont.

Plant Species (No. of
Tested Genotypes)

Pretreatment of Donor Plants
and Preculture of Explants Osmoprotection PVS Dehydration and

Unloading Post-Thaw Culture (PTC) Shoot Regrowth (%) Ref.

Oca [Oxalis tuberosa (4)]
Shoot tips (2 mm) excised from

cultures that are 3 weeks old,
without preculture

2 M gly with 0.4 M suc
for 20 min

PVS2 for 1 h on ice;
1.2 M suc for unloading

With 0.04 mg L−1 kinetin,
0.1 mg L−1 GA3 and 0.3 M suc for

the first 2 days in the dark, and
then with 0.1 M suc for another
2 days in the dark, and finally

plated with 0.07 M suc and
2 mg L−1 calcium pantothenate

for final recovery

7–15 [75]

D. deltoidei (15)

Shoot tips (2 mm) excised from
cultures that are 4 weeks old
and precultured with 0.3 M

sucrose for 16 h

2 M gly with 0.4 M suc
for 20 min

PVS2 for 90 min at 0 ◦C;
1.2 M suc for unloading

With 1.5 mg L−1 BA, 0.2 mg L−1

NAA, 0.2 mg L−1 GA3 for 10 days,
and then transferred to medium
with 0.5 mg L−1 zeatin. The first
5 days of PTC was in darkness

21–51 [74]

Oca [Oxalis tuberosa (4)]
Shoot tips (2 mm) excised from

cultures that are 3 weeks old,
without preculture

2 M gly with 0.4 M suc
for 20 min

PVS2 for 1 h on ice;
1.2 M suc for unloading

With 0.04 mg L−1 kinetin,
0.1 mg L−1 GA3 and 0.3 M suc for

the first 2 days in the dark, and
then with 0.1 M suc for another
2 days in the dark, and finally

plated with 0.07 M suc and
2 mg L−1 calcium pantothenate

for final recovery

7–15 [75]

Taro [Colocasia
esculenta (18)]

Apical hoot tips (0.8–1 mm)
excised from in vitro shoots

cultured on MS with 0.26 M suc
for 4–8 weeks

2 M gly with 0.4 M suc
for 20 min

PVS2 for 20–40 min on
ice; 1.2 M suc for

unloading

With 0.3 M suc overnight in the
dark, and then with 0.1 M suc for

another 5 days in the dark and
10 days under dim light

73–100 [148]

C. esculenta (1)

Apical shoot tips (0.8–1.0 mm)
excised from cultures that are
3 months old and precultured
with 0.3 M sucrose overnight

2 M gly with 0.4 M suc
and 5% DMSO for

20 min

PVS3 for 10 min;
1.2 M suc for unloading

With 0.3 M suc for 2 days in the
dark, and then transferred to basal

medium with 0.1 M for final
recovery for the next 13 days

78 (survival) [154]
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Table 2. Cont.

Plant Species (No. of
Tested Genotypes)

Pretreatment of Donor Plants
and Preculture of Explants Osmoprotection PVS Dehydration and

Unloading Post-Thaw Culture (PTC) Shoot Regrowth (%) Ref.

Ulluco [Ullucus
tuberosus (1)]

Apical shoot tips excised from
the lateral shoots of in vitro

nodal sections cultured on MS
with 2 M suc for 5 days and
precultured with 0.7 M suc

for 12 h

Not specified

PVS3 for 1.5 h; thawing
was performed with

cryovials by immersing
into a 40 ◦C water bath

for 30 min. Unloading of
PVS3 was exempted

PTC was performed with
0.5 mg L−1 kinetin and IAA, and

0.2 mg L−1 GA3

52.5 [155]

U. tuberosus (4)
Shoot tips (2 mm) excised from

cultures that are 3 weeks old,
without preculture

2 M gly with 0.4 M suc
for 20 min

PVS2 for 1 h on ice;
1.2 M suc for unloading

Similar to the PTC protocol of Oca
[Sánchez et al. 2011] 11–35 [75]

Yacon [Smallanthus
sonchifolius (5)]

Apical shoot tips (2–3 mm)
excised from cultures that are

2–3 weeks old and precultured
with 0.3 M sucrose in darkness

overnight

2 M gly with 0.4 M suc
for 20 min

PVS2 (0 ◦C) or PVS3
(22 ◦C) for 60 min; 1.2 M
and 0.3 M suc were used
for unloading PVS2 and

PVS3, respectively

For the shoot tips treated with
PVS2, PTC begins with 0.3 M suc
for 1 day in darkness followed by

basal MS medium for another
6 days in the dark. For the shoot
tips treated with PVS3, PTC was

performed with basal MS medium
for the first 7 days in the dark

66–75 [149]

Callerya speciosa
(Champ.) Schot

Axillary shoot tips (1.5 mm)
excised from cultures that are

40 days old

2 M gly with 0.4 M suc
for 4 h on a shaker at

150 rpm

PVS2 (0 ◦C) for 60 min
on a shaker at 150 rpm;
1.2 M suc for unloading

PTC begins with 0.3 M suc for
2 days, and were then transferred

to MS with 2.2 µM BA, 0.6 µM
IAA and 0.1 Mm GA3 for final

recovery, first 6 days of PTC were
in the dark

60 [156]

Abbreviations: BA, 6-benzyl adenine; GA3, gibberellic acid; gly, glycerol; IAA, Indole-3-acetic acid; MS, Murashige and Skoog (1962) medium; NAA, 1-Naphthaleneacetic acid; PTC,
post-thaw culture; PVS2, plant vitrification solution 2; PVS3 plant vitrification solution 3; suc, sucrose.
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3. Key Strategies for Improving the Shoot Regrowth of RTCS after Cryopreservation

While great success has been achieved in cryobanking of potato, species- and genotype-
specific responses to cryopreservation still exist in other RTCs, limiting the widespread
use of cryopreservation procedures [68,72,73]. At present, most shoot tip cryopreservation
procedures for vegetatively propagated crops make use of air-drying and vitrification
solution-based methods, and thus do not require programmable freezers [60,66,153,157].
Often, several parameters should be considered to develop a successful cryopreservation
including the quality and type of materials, pretreatment of donor plants, preculture and
osmoprotection conditions, alleviation of osmotic stress, dehydration methods, cooling
and thawing conditions, and post-thaw requirements [59]. It is recommended to assess
the shoot regrowth levels and not solely survival to determine cryopreservation efficacies.
On some cases, only shoot tip survival after 2 weeks was reported [108,144,158]. Longer
evaluation periods (up to two months) are usually required to determine the value of a
cryopreservation procedure [130,132].

3.1. Pretreatment and Type of Plant Materials

Pretreating the donor plants using cold acclimation or exposure to high sugar levels
enhances the physiological tolerance of tissues to stresses associated with cryopreserva-
tion [52,53]. In potato, cold hardening of the donor plants prior to shoot tip excision has
been routinely applied such as 4–5 ◦C for 3 weeks preceding the application of Vi, En-vi
and Dr-vi methods [107,124,129] and 6–8 ◦C for 3 weeks in Dr-vi method [132]. Tropical
species generally do not tolerate cold acclimation; therefore, osmotic agents were applied
to induce the optimal physiological state of shoot tip donor cultures [94]. Similarly, cold
preculture also proved undesirable for S. tuberosum whereas 0.3 M sucrose preculture
enhanced plant regeneration of this species after cryopreservation [159]. Using an En-de
method for cryopreservation of potato shoot tips, Grospietsch et al. [94] showed that incu-
bation of donor plants on a medium supplemented with 2 M sucrose for 5 days followed
by shoot tip preculture on 0.7 M sucrose for 1 day increased the shoot regrowth levels after
cryopreservation. Noticeably, successful cryopreservation was also obtained using potato
shoot tips excised from non-hardened cultures following En-de [93], Dr-vi [108], gelled
Dr-vi [134] and V/D cryo-plate [56] methods.

In a Dr-vi method for cryopreserving of yam shoot tips, preconditioning treatment
using an alternating temperature regime of 5 ◦C during the night and 28 ◦C during the day
for 3 weeks resulted in 30 to 50% shoot recovery [147]. For red bud taro, preconditioning
of donor plants with 0.29 M sucrose for 8 weeks prior to the shoot tip excision resulted in
a recovery rate of about 60%, which was significantly higher than the recovery obtained
from shoots cultured at normal sucrose level (0.09 M) (40%) [102]. In sweet potato, pre-
conditioning the donor plants with 0.4 M sucrose for three days improved the regrowth of
cryopreserved shoot tips using Vi method, resulting in 50–86% shoot regrowth for three
accessions [160].

In addition to cold acclimation and the use of osmotic agents, Yoon et al. [144] found
that culture conditions such as high light intensity (130 µmol m−2 s−1), ventilation of
culture vessels, and low planting density led an increase in post-thaw survival in potato.
Edesi et al. [161] investigated the effect of light spectral conditions and found that potato
shoot tip donor plants maintained under blue LEDs were short and tiny but achieved in-
creased survival from 26 to 66%, 4 to 31%, and 16 to 48% for cultivars Agrie Dzeltenie, Anti,
and Désirée, respectively, compared to illumination by red LEDs [161]. In cassava, incu-
bating donor cultures at a temperature of 21–23 ◦C and light intensity of 75 µmol m−2 s−1

increased the shoot recovery rate after freezing [97].
Although apical meristems were mostly applied in shoot tip cryopreservation of

RTCs [108,146,147], the use of axillary shoot tips resulted in higher shoot regrowth in sweet
potato as compared with the apical counterpart [73]. While, for potato, Halmagyi et al. [143]
found higher shoot regrowth levels in three cultivars when apical shoot tips instead of
axillary shoot tips were used. In contrast, for potato shoot tips cryopreserved with En-vi,
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Hirai and Sakai [107] found minimal or no effects in post-thaw difference between axillary
and apical shoot tips. The size of excised shoot tips also affects the optimal pretreatment and
cryopreservation conditions [152]. Shoot tip measuring 1–2 mm in length, depending upon
the species, are often the preferred explant for cryopreservation procedures [132,133,162],
but larger shoot tips (2.0–2.5 mm) proved suitable for cryopreservation of potato shoot
tips by the D cryo-plate method [56]. The excision of bigger shoot tips requires less
manipulations, and similarly to the excision of axillary meristem, only the removal of
one leaf with its petiole is required prior to the final cut. Few operations may result in
less mechanical damage that would support the viable post-thaw regrowth. Apart from
shoot tips, potato microtubers (≤2.0 mm in diameter) induced from in vitro segments were
successfully cryopreserved following air drying and rapid freezing technique [163]. This
method is free from shoot tip excision and may also benefited from the least mechanical
damage to the donor tissues.

While both the apical and the axillary shoot tips can be used as explants, the uniformity
of shoot tips is another factor that may influence recovery after cryopreservation [59].
Charoensub et al. [162] combined a simple and effective micropropagation protocol to
obtain uniform cassava shoot tips for cryopreservation. In their study, young apices were
excised from 12-day-old plantlets derived from mononodal microcuttings, which were
obtained from 2-month-old in vitro cultures [162]. Likewise, high post-thaw recovery
levels following Dr-vi protocol (79%) [133] and V/D cryo-plate protocols (>80%) [56] were
obtained in potato shoot tips were excised from micro-cuttings cultured for 1 or 2 weeks
before shoot tip isolation, respectively. The use of micro-cuttings ensures the production of
a large number of relatively homogeneous apical shoot tips, and increases the chances of a
positive and uniform response to subsequent cryogenic treatments [59,164].

3.2. Pathogen-Free Status

Many RTCs are vegetatively propagated and are particularly susceptible to various
intracellular pathogens such as virus, viroid, and phytoplasma [165–168]. Vegetative
propagation of RTCs can result in virus transmission from generation to generation, with
virus titers accumulating as a result of repeated propagation and infection events [169,170].
Moreover, the presence of plant pathogens limits the safe movement of plant materials
across borders [171]. Besides eradication, there are no effective measures for controlling
theses pathogens once plants are infected. Viral diseases have long been known to affect
the physiological status and the vegetative growth of in vitro cultures [133,172–174]. For
example, in potato, the co-infection of potato leafroll virus (PLRV) and potato virus Y (PVY)
results in altered physiological metabolism, and significantly reduced vegetative growth
and microtuber production [173]. Li et al. [175] further found that co-stress imposed by
virus infection and salt significantly reduced growth and microtube production and caused
severely oxidative damage to the in vitro potato plantlets. Therefore, application of osmotic
dehydration in cryoprocedures may result in excessive damage to the plants stressed with
virus infection, thus resulting in lowered post-thaw shoot recovery. While the influence
of intracellular pathogen on the recovery of RTCs after shoot tip cryopreservation has not
yet been investigated thoroughly, several studies have already indicated that shoot tip
donor plants should preferably be free from viral pathogens [93,176]. Therefore, a regime
implementing pathogen eradication prior to shoot tip cryopreservation would improve
post-thaw shoot recovery of plant species that showed recalcitrant to cryopreservation.
These virus-infected cultures can be candidates for, among other eradication techniques,
cryotherapy, in which the virus is eradicated due to exposure of meristems to LN [177,178].

In addition, the growth of previously undetected endogenous bacteria may arise
in cryopreserved shoot tips during post-thaw recovery, therefore screening of in vitro
materials for the absence of endophytic bacteria on bacterial growth medium prior to
cryopreservation is recommended [179].
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3.3. Preculture and Osmoprotection Conditions

Optimizing sucrose concentrations and the duration of preculture are important factors
for enhancing tolerance to dehydration and subsequent freezing process [47,52,59,180].
Preculture plays an indispensable role in all cryopreservation procedures applying air-
desiccation, as it reduces freezable water from cells through osmosis and improves the
tolerance of plant tissues to the subsequent dehydration [64,97]. Sucrose is the most
frequently used osmotic agent and has been tested for a wide range of RTCs (Table 2).
Commonly, the one-step (direct) preculture with 0.3–1.0 M sucrose was applied in shoot
tip cryopreservation of RTCs [56,100,101,163,181]. Using En-de for cryopreservation of
potato shoot tips, Bouafia et al. [93] tested either stepwise increase (0.3 to 1.0 M sucrose,
12 h each concentration) or direct preculture (0.75 M sucrose for 2 days). They found that
the highest shoot regrowth was achieved when encapsulated shoot tips were precultured
with 0.75 M sucrose for 2 days, with an average shoot regrowth level of 65% across the five
cultivars [93]. In general, for the cryopreservation of potato shoot tips by D cryo-plate, the
precultured shoot tips were often osmoprotected as for Vi-based protocols [56]. Although
En-de has proven to be a less effective method for cryopreservation of RTCs as compared
to the Dr-vi [72,107,134], it may overcome problems associated with the sensitivity to the
toxic vitrification solutions, because sucrose is the only osmotic agent for the En-de and D
cryo-plate method.

In vitrification solution-based methods, RTCs shoot tips were often precultured in
medium supplemented with 0.3 M sucrose prior to osmoprotection, which usually applies
2 M glycerol with 0.4 M sucrose to induce tolerance to the subsequent PVS treatment
(Figure 1, Table 2). However, in some species, such as sweet potato and potato, shoot
tips were successfully cryopreserved without preculture [73,182] or without the need
of osmoprotection [133]. For example, using the Dr-vi method for potato “Dunluce”,
Bettoni et al. [133] found that shoot tips stepwise precultured with sucrose at 0.3 M for 24 h
and 0.7 M for 16 h prior to PVS2 treatment (15 min at 22 ◦C) resulted in high shoot regrowth
level (79%) after LN exposure, even without osmoprotection step. Similarly, in white yam,
LS treatment did not influence the post-thaw survival of shoot tips using Vi method [183].

In another example of using the V cryo-plate for cryopreserving potato, Yamamoto
et al. [56] found that shoot tips precultured at 0.3 M sucrose overnight and then osmopro-
tected in LS with sucrose ranging from 0.8 to 1.6 M produced similar shoot regrowth levels
(97–100%). Likewise, LS containing 2 M glycerol and varying sucrose levels (0.2–1.0 M)
were applied potato shoot tips using a Dr-vi protocol [124]. Interestingly, when the op-
timized Gelled Dr-vi protocol was applied for cryopreserving 25 potato cultivars, 10
of them showed unsatisfactorily levels of regrowth after cryoexposure. However, the
addition of different sucrose concentration (1.0–1.8 M) to the LS and variation of treat-
ment duration (45–105 min) produced significantly higher regrowth levels [134], which
indicates that the recalcitrance to cryopreservation can be minimized by adjusting the
osmoprotection conditions.

3.4. Dehydration Methods

A suitable dehydration by either air drying or using exposure to PVSs is one of the
main factors to ensure success in shoot tip cryopreservation procedures [53]. For successful
cryopreservation, most if not all freezable water must be removed from shoot tip cells, prior
to the LN exposure [131,184,185]. The accurate control of dehydration and the prevention
of chemical toxicity injury or excessive osmotic stress during dehydration are indispensable
for successful cryopreservation [110,186].

The success of the En-de protocol depends upon the extent of dehydration and the
residual moisture content of the encapsulated beads before freezing [59,64,112,150]. Beads
are usually dehydrated to a moisture content of approx. 20% fresh weight basis before
LN storage (Table 1). Although the two dehydration methods can produce similar shoot
recovery results [187], the air-drying method may be more difficult to control, due to
the variations in the physical environment (humidity, temperature, and air flow velocity);
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therefore, desiccation using silica gel may be more reproducible than air drying dehydration
and is thus highly recommended [64,180,188].

Vitrification procedures often make use of PVS2 or PVS3 (50% w/v sucrose and
50% w/v glycerol) [189]. PVS2 is the most frequently used vitrification solution and has
been tested for a wide range of plant genera, including RTCs (Figure 1 and Table 1). In Dr-vi
protocols, shoot tips were generally exposed to PVS2 on ice for 30 to 60 min [73,75,142,146]
or sometimes treated at room temperature with shorter incubation times [133,141,147]. To
reduce the harmful effects of DMSO in PVS2, 0 ◦C exposures is often recommended [52,190].
However, not all RTCs are amenable to full-strength PVS2, even at 0 ◦C. An adjustment
can therefore be performed by either optimizing the concentrations of the different PVS2
components [191], or by testing other PVSs [108,117,128]. For example, the shoot regrowth
of some South African sweet potato accessions was significantly improved after cryopreser-
vation by reducing the DMSO content in PVS2 from 15 to 5% [191]. In other studies, various
PVSs were compared for cryopreserving RTCs shoot tips. In an early study applying Vi
and Dr-vi protocols in yam, Leunufna & Keller [117] compared the efficacy of PVS2, PVS3,
and PVS4 [192]. They found that PVS2 or PVS4 incubations at 23 ◦C for 15–30 min achieved
satisfactory shoot regrowth, while PVS3 was impractical for Dr-vi due to its weak adhesion
to the aluminum foil [117]. In contrast, the PVS3 dehydration was later optimized and
applied successfully in Dr-vi for shoot tip cryopreservation of potato [131], yacon [149], and
ulluco [155]. Additionally, PVS3 has been routinely applied for cryopreserving potato shoot
tips at the gene bank of Gatersleben, Germany [131]. These results provide alternative
options for species that showed recalcitrance to PVS2 dehydration.

3.5. Alleviation of Oxidative Stress and Freezing Injury

The cryopreservation protocols can impose dramatic stresses to the plant tissues,
resulting in burst of reactive oxygen species (ROS) [193,194]. These stresses arise from
shoot tip excision, osmotic injury, physical and chemical desiccations, and changes in
temperature [193,195–198]. The excessive accumulation of ROS is toxic to cell systems and
cause damage to DNA, proteins, and lipids, resulting in a low shoot tip regrowth after
cryopreservation [194,199,200] and genetic instability of cryo-derived regenerants [201].
Several pretreatments such as cold acclimation as well as the preculture of shoot tip donor
plants or shoot tips with high level of sucrose have improved the antioxidant activity in
cell systems, leading to alleviated osmotic stress and improved shoot tip recovery after
cryopreservation [202,203]. In addition to strengthen the plasticity of intrinsic antioxidant
system, the exogenous addition of various enzymatic and non-enzymatic antioxidants
in shoot tip pretreatment and preculture media have improved regrowth and quality of
plantlets in cryopreserved shoot tips [65,152,164,194,204].

The adverse effects of oxidation during cryopreservation of RTCs have been min-
imized by incorporating plant hormones that also act as antioxidants, and elicitors of
defense proteins in cryoprotection solutions or in shoot tip pretreatment. The addition
of melatonin at 0.05–0.1 µM in the osmoprotection step enhanced the tolerance of yam
shoot tip to physical desiccation over dry silica gel and led to increased shoot regeneration
from 15 to 35% after the En-de cryopreservation [205]. Following a D cryo-plate procedure
for eradication of the potato virus S from potato, Ruiz-Sáenz et al. [158] found that the
pretreatment of donor plants with salicylic acid (SA) at 10−6 M for 28 days before shoot tip
isolation resulted in survival percentages of 28–70% across the two potato cultivars that
showed strong recalcitrance to shoot tip cryopreservation (0% shoot regrowth). In addition,
other non-enzymatic antioxidants such as ascorbic acid, proline, gold nanoparticles, and
vitamin E, and enzymatic antioxidants such as catalase have been applied to improve the
shoot tip cryopreservation in other crops [194]. Noticeably, protocols that include antiox-
idants during the cryopreservation process resulted in reduced oxidation and increased
shoot tip regrowth after freezing [65,152,164,193,203,204,206–210].

To alleviate freezing injuries in shoot tip cryopreservation of potato, Seo et al. [211]
tested the influence of anti-freezing-protein type III (AFP III) on shoot regrowth after Vi
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cryopreservation. In this study, AFP III at 0–2000 ng mL−1 was added either to the LS
or to the PVS2. They found that the supplementing 500 ng mL−1 AFP III to PVS2 or
1500 ng mL−1 AFP III to LS produced the highest shoot tip recovery, supporting the use of
AFP III as a potent cryoprotectant component for the improvement of shoot tip regrowth in
some difficult-to-cryopreserve RTCs [211].

3.6. Improved Thawing and Post-Thaw Culture
3.6.1. The Level of Sucrose in the Thawing Process

Thawing is a critical factor that affects shoot regrowth after LN exposure. Shoot tip
thawing procedures that achieve fast warming rates are suggested to ensure the speedy
transition from glass to liquid without ice recrystallization within plant cells [79,132,212].
In ultra-rapid freezing methods such as Dr-vi and V/D cryo-plate, cryopreserved shoot tips
were rapidly warmed in ULS with high level of sucrose (0.8–1.2 M) [73,108,124,148,149]
at room temperature [104,109] or pre-warmed to 35–40 ◦C for 30 s, then transferred to
room temperature and held for 15–20 min prior to plating onto appropriate recovery
media [133,144]. The use of 1.2 M sucrose in ULS is used as a standard concentration
for many species, including RCTs. However, the ULS containing reduced sucrose con-
centration were also effective for shoot tip cryopreservation of some RTCs. For potato
shoot tips cryopreserved using Dr-vi method, Kim et al. [108] found the highest survival
(64–94%) when warming was performed using 0.8 M sucrose for 30 min, as compared
to 0.3 and 1.2 M sucrose. Recently, Vollmer et al. [132] presented a detailed study ac-
cessing five different sucrose concentrations ranging between 0.0–1.2 M on the recovery
rate of 16 potato landraces and 85 potato cultivars cryopreserved with the PVS2-Dr-vi
method [132]. They found that sucrose concentrations of 0.3–0.9 M resulted in significantly
higher recovery rates compared to the routinely used 1.2 M sucrose concentration, and
highest recovery was observed with a sucrose concentration of 0.6 M across the 101 potato
accessions (nine taxa) [132]. Interestingly, the potato accessions with high shoot regrowth
levels (81–87%) responded equally to ULS sucrose concentration from 0.3 to 1.2 M [132].
These results suggest that the sucrose concentration in ULS also requires optimization,
particularly for recalcitrant species.

3.6.2. The Level of Sucrose and Ammonium in Post-Thaw Culture

In Vi-based methods applying ultra-rapid thawing, rehydration occurs once cryopre-
served shoot tips are transferred to the medium containing lower levels of sucrose after
the unloading process. In potato, post-thawed shoot tips were normally transferred from
0.8–1.2 M sucrose of the thawing process to the basal levels (≤0.09 M) of the post-thaw
recovery medium [56,108,129]. In case of sensitive and recalcitrant species, a post-thaw
culture with progressively decreased sucrose levels might help the recovery process. For
example, rewarmed shoot tips in ULS at 1.2 M sucrose were post-thaw cultured on re-
covery medium with progressively decreased sucrose levels from 0.3, to 0.2, to 0.1 M
(daily transfers) and maintained on 0.07 M [130]. In Dr-Vi method, following rewarming
with ULS at 1.2 M sucrose, potato shoot tips were transferred to an intermediate recovery
medium containing 0.6 M sucrose overnight, before being transferred to the normal sucrose
medium [133]. When applying the Dr-vi for cryopreserving cassava shoot tips, following
ULS treatment with 1.2 M sucrose, shoot tips were cultured on recovery medium with 0.3 M
sucrose overnight and then transferred to standard sucrose level [146]. The use of 0.3 M
sucrose has been routinely applied in the first step of post-thaw recovery of cassava [72],
yam [70], sweet potato [73,142], taro [148], and yacon [149].

In a recent study published by Vollmer et al. [68], the effect of sucrose concentration
of the recovery medium was assessed in a large-scale experiment with 73 diverse potato
genotypes. Placing cryopreserved shoot tips directly on MS culture medium with a normal
sucrose concentration of 0.07 M (9 days in darkness, 4 days diffuse light, then normal light
conditions) resulted in increased recovery rate (71.5%) compared to a stepwise decrease of
the sucrose concentration in the recovery medium from 0.3 M to 0.07 M (routine protocol;
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59.5% of shoot tip regrowth). This protocol was further implemented during routine
cryopreservation of a wide range of potato accessions and resulted in increased regrowth
levels from 57.9% (3067 accessions; old routine protocol) to 73.2% (1019 accessions; stable
sucrose concentration of 0.07 M). Based on these results, the long-held dogma that a high
concentration of sucrose in the recovery medium was necessary to reduce the osmotic
shock (PVS2) is not true in the case of potato and may not be necessary in other species as
well. It is important to highlight that these results were obtained with a very high sample
size and diversified genotypes (potato landraces belonging to nine taxa and coming from
38 countries) [68].

Ammonium (NH4
+) and nitrate (NO3

−) are the major sources of inorganic nitrogen
for plants, which promote the plant growth at low external supplies, but cause toxicity at
high levels [213,214]. Nitrogen can regulate genes involved in metabolic processes, as well
as in the production and scavenging of ROS, thus mediating plant responses to external
stress [215]. In vitro cultures of RTCs have been mostly maintained in MS-based medium
with a total nitrogen concentration of 60 mM and a ratio of nitrate to ammonium 2:1,
which might be far above the amount required for some species [216]. Media requirements
during the micropropagation process may be different from those required for shoot tip
regrowth and therefore it is important that post-thaw conditions be favorable for direct
shoot tip regrowth [186]. Following the freeze-thaw cycle, the cryopreserved shoot tips are
more sensitive to ammonium levels in the recovery medium and improvements in shoot
regrowth have been achieved by reducing or eliminating ammonium from the recovery
medium during the first few days of post-thaw incubation [99,164].

The use of reduced ammonium in recovery medium has long been applied in shoot
tip cryopreservation of many plant species, including RTCs [99,141,217]. For example,
improved recovery in sweet potato was achieved when in vitro cultures were maintained
and multiplied on MS medium with half-strength ammonium nitrate and potassium nitrate
prior to shoot tip excision [141]. A later study by the same team demonstrated that the
shoot tip regrowth of sweet potato cryopreserved by Dr-vi increased three-fold when
the ammonium-free MS medium was used for the first 5 days of post-thaw culture [99].
The improved recovery of sweet potato shoot tips with reduced ammonium has also
been reported using Dr-vi [128], but satisfactory post-thaw regrowth was achieved in
shoot tips recovered with standard strength of ammonium following En-vi [137] and
Dr-vi [73] protocols. For other RTCs, the ammonium-free recovery medium was not
applied as often as for sweet potato. For potato, following a Vi cryopreservation, shoot
tips were incubated in recovery medium without ammonium for three days before being
transferred to full-strength MS medium [206]. For yam, a Vi procedure resulted in 39–58%
shoot regrowth for two species when shoot tips were post-thaw cultured on MS medium
containing 1/5 ammonium nitrate [126]. Based on these findings, it can be suggested
that the reduced ammonium in recovery media can be tested for those RTCs relatively
recalcitrant to cryopreservation.

3.6.3. The Influence of Plant Growth Regulators on Post-Thaw Recovery

In cryopreserved shoot tips, more vacuolated and differentiated cells are damaged,
allowing only the highly cytoplasmic meristematic cells to regenerate [47,52,59,180]. There-
fore, it is important to have optimized culture medium composition and plant growth
regulators (PGRs) to encourage direct shoot regrowth from the meristem, without an
intermediate callus phase [72,124,126]. This helps avoid the production of somaclonal vari-
ants [186,201,218]. To avoid callus formation in potato shoot tips cryopreserved by En-de,
post-thaw culture was first performed for one week with 0.01 mg L−1 6-Benzylaminopurine
(6-BA), 1 mg L−1 naphthaleneacetic acid (NAA) and 5 mg L−1 gibberellic acid (GA3), before
being transferred to regeneration medium supplemented with GA3 at 0.1 µg L−1 for final
recovery [93]. Similarly, basal medium containing GA3 at 0.5 mg L−1 was used in an En-vi
protocol for potato shoot tip cryopreservation [107]. In a comparison of three vitrification
solution-based methods for cryopreserving potato shoot tips, Wang et al. [124] found the
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use of GA3 at 0.05 mg L−1 led to highest shoot regrowth after Vi and Dr-vi. Furthermore,
for the En-vi method, higher shoot regrowth was achieved in shoot tips post-cultured in
medium supplemented with zeatin riboside (ZR) at 0.8 mg L−1 and GA3 at 2 mg L−1 as
compared with those grown with GA3 at 0.05 mg L−1 [124]. For recalcitrant yam species,
a post-thaw culture of shoot tips without PGRs produced no shoot regrowth following
a Vi protocol, but shoot tip regrowth was achieved when shoot tips were post-thaw cul-
tured with a combination of BA, NAA, and GA3 [126]. In cassava, the shoot regrowth
after cryopreservation was affected by the type of cytokinin used and its concentration.
Kinetin at 0.5 mg L−1 was more efficient than 2-isopentenyladenine (2iP), 6-BA, thidiazuron
(TDZ) and adenine [219]. Interestingly, Yamamoto et al. [56] showed that the shoot tips of
16 potato accessions could be regenerated on basal MS medium without PGRs following
cryopreservation by V and D cryo-plate resulting in high recovery percentages of 96.7
and 93.3%, respectively [56]. Therefore, the response of cryopreserved shoot tips to post-
thaw cultures may be species-dependent or even protocol-dependent, particularly for the
recalcitrant species or with non-optimized cryopreservation protocols.

Noticeably, in post-thaw recovery under high levels of cytokinin, hyperhydricity may
occur in the surviving tissues that negatively affects the shoot regrowth after cryopreserva-
tion [59,164,220,221]. Hyperhydricity was observed in cassava shoot tip post-thaw cultured
with 2.32 µM kinetin after a Dr-vi protocol [72]. It was ameliorated by transferring the
shoot tips to a basic recovery medium containing 20 g L−1 sucrose and 0.2% active char-
coal [72]. Furthermore, increasing the agar concentration in the recovery medium could
reduce hyperhydricity after cryoexposure of cassava shoot tips [219].

3.7. Light Conditions

To reduce oxidation in post-thaw cultures, cryopreserved shoot tips were mostly
maintained in the dark for the first 2–9 days before being transferred to normal light
conditions [124,132] (Table 2). In some cases, a transitional culture under a dim light was
performed before exposure to normal culture conditions [141,142,148]. Additionally, it is
worth mentioning that in the V cryo-plate protocol tested for potato, high regrowth levels
were achieved when cryopreserved shoot tips were directly post-thaw cultured under
normal light conditions [56]. Therefore, a variation in the light regimes can be considered
depending on the genotype response to cryogenic procedures. Edesi et al. [222] investigated
the effect of light spectral qualities on survival and regeneration of potato shoot tips
cryopreserved by the DMSO-droplet method. Following a direct exposure to the various
light conditions, significantly higher regrowth was achieved when cryopreserved shoot tips
were incubated in a combination of red light with 10% of blue, which doubled the regrowth
levels in all four cultivars tested [222]. Based on these findings, a gradual transition of
light intensity with altered light spectrum may be an important requirement for successful
cryopreservation, particularly in plant species recalcitrant to cryopreservation. Additionally,
adjustment of growth conditions of shoot tip donor plants can also influence shoot recovery
after cryoexposure. In cassava, higher illumination (75 µE m−2 s−1) for pretreating donor
cultures increased the shoot tip recovery to a level of 50–60% after cryopreservation [219].
A similarly positive impact of different pre- and post-freeze light regimes in shoot regrowth
was observed in cryopreserved shoot tips of potato [87]. Therefore, the optimization of
the light conditions before shoot tip excision can also influence the shoot tip recovery
after cryopreservation.

4. Exploring the Scientific Basis behind Shoot Tip Recovery after Cryopreservation
4.1. Metabolic Responses to the Cold and Osmotic Treatments

In order to achieve satisfactory regrowth levels after cryoexposure, cold-hardening
or (and) osmotic treatments are required to induce the optimal physiological state for
successful dehydration and cryopreservation for some crops [150,181]. Therefore, un-
derstanding the basis behind is of great importance to overcome the challenges in shoot
tip cryopreservation. Kaczmarczyk et al. [223] detected higher concentrations of soluble
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sugars (glucose, fructose, and sucrose) in all potato accessions tested after an alternating
temperature pretreatment (22/8 ◦C day/night temperature) of donor plants for seven
days before shoot tip isolation. Similarly, increased levels of carbohydrates and polyols
were also revealed in potato shoot tips harvested from shoots previously treated with
0.11 M sorbitol for 21 days [224]. In addition, a proteome analysis showed different protein
patterns between the osmotically hardened shoots and non-hardened controls [224]. Based
on these observations, the detailed evaluation of carbohydrates was combined with pro-
teomic studies to generate a new knowledge and insights behind the pretreatment-induced
tolerance to cryopreservation [159,182,225].

Following the cold acclimation (6 ◦C) and osmotic (0.3 M sucrose or 0.21 M sorbitol)
pretreatments for 2 weeks, osmotically active compounds (sugar) accumulated in potato cul-
tivar Désirée (S. tuberosum) and frost-tolerant S. commersonii [225]. These results suggested
an important role of sucrose, fructose, and glucose in acclimation to cold, since there is a
larger carbohydrate accumulation in Désirée compared to S. commersonii when submitted
to osmotic stress [225]. In addition, 94 differentially abundant proteins were found between
the two cultivars depending on the pretreatment, and were classified with functions in
carbohydrate, protein and lipid metabolism, transcription and translation, oxidative home-
ostasis, and in response to stress [225]. Folgado et al. [182] further correlated the changes of
sugar content and proteome with post-thaw recovery in cultivated potato cultivar Désirée
and its frost-resistant relative S. commersonii cryopreserved by Dr-Vi protocol. In their study,
shoot tip donor plants were submitted to osmotic stress (0.3 M sucrose) and chilling (6 ◦C)
treatment for 15 days before shoot tip isolation. Significantly improved regrowth was found
in potato S. commersonii pretreated with both chilling and osmotic treatments, whereas
for the cultivar Désirée only osmotic treatment resulted in improved shoot regrowth after
cryopreservation [182]. The improved shoot regrowth and tolerance to cryopreservation
stress were associated with the accumulation of oxidative homeostasis-related proteins
and sugars, which were shown to be genotype-specific [182]. However, this study cannot
point out a single compound or metabolic pathway highly linked to the ability of shoot tips
to survive cryopreservation [182]. The same sugar analysis and proteomics were further
expanded to four Solanum species after the same sucrose preculture and cold acclimation as
described by Folgado et al. [182], revealing the concentration of sucrose and raffinose family
of oligosaccharides (FOS) as primary indicators of tolerance to cryopreservation [159]. In
addition, it has been confirmed that the carbon metabolism-related proteins, together with
stress-response and oxidative-homeostasis related proteins were the main class of proteins
that changed in abundance after the pretreatments in shoot tip donor plants [159].

While similar strategies and pretreatments were applied, results obtained from these
studies by Folgado et al. [159,182,225] progressively increased the understanding of the
changing carbohydrates and proteome underlying the genotypic responses during osmotic
and cold pretreatments, which have been routinely applied to improve the shoot tip
regrowth of RTCs after cryopreservation [94,102,129,132,160]. The accumulated sugars
and proteins in response to the cold/osmotic pretreatments may also ease the subsequent
vitrification process within shoot tips.

As PVS3 was also suitable for shoot tip cryopreservation of many plant species [226,227],
including potato [131,227], Köpnick et al. [131] presented a detailed study to analyze the
soluble sugars and adenosine triphosphate (ATP) content in potato shoot tips following
the DMSO droplet freezing and PVS3 Dr-vi methods. Sucrose, glucose, and fructose levels
significantly increased following preculture in combination with cryoprocedures and LN
treatment and were reduced during regeneration. In contrast, ATP reached its minimum
level after cryoprotection and cryopreservation, and was followed by a rapid recovery
following the post-thaw culture [131]. The reduced ATP levels are an indicator of inhibited
ATP synthase caused, in particular, by inactivation of mitochondrial functions [228], due
to the plant response to osmotically cryoprotective stresses that also contribute to the
overproduction of ROS concomitantly [197,198]. Therefore, elimination of excess ROS
as well as repair of osmotic damage on cellular components are necessary to achieve
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satisfactory shoot tip regrowth after cryopreservation. All these requirements depend
on the recovered mitochondrial activity, as well as the increased ATP synthesis [228].
Therefore, the high level of ATP measured may be linked to the viability of post-thaw
cultured shoot tips. However, only a low correlation between the ATP content and the
shoot tip regrowth was observed by Köpnick et al. [131]. Therefore, as suggested by the
authors, further analysis on the measurements of different time points during regeneration
is needed before considering ATP level as an indicator of regrowth capacity in shoot tip
cryopreservation [131].

4.2. Anti-Oxidative/Freezing Responses behind Shoot Tip Cryopreservation

Seo et al. [211] observed significantly higher expressions of CRTDRE-binding factor 1
(CBF1) and Dehydrin 1 (DHN1) when potato leaves were exposed to 4 ◦C for three days.
The expression of the genes CBF1 and DHN1 with stress-responsive plasma membrane
H+-ATPase (PMHA) and proline-rich cell wall protein (PRCWP) were therefore measured
in post-thaw cultured shoot tips after addition of various concentrations of AFP III to the
LS and PVS2 treatment [206]. The upregulation of these genes was strongly associated with
the improved shoot regrowth obtained from the AFP III treatment to either LS or PVS2,
supporting the use of AFP III to protect cell membranes from cold-induced stress [206].

It has also been noted that for potato cultivars recalcitrant to cryopreservation, the
addition of SA (10−6 M) to the pretreatment medium was effective to increase shoot
recovery after LN exposure [158]. To understand the mechanism of SA-supported shoot tip
cryopreservation, Ruiz-Sáenz et al. [229] measured the antioxidant activities such as catalase
(CAT) and peroxidase (POX), as well as the accumulation of hydrogen peroxide (H2O2)
and proline in shoot tip donor plants after SA treatment. They found that the SA treatment
reduced CAT enzymatic activity and increased accumulation of H2O2 and proline, as well
as enhanced water potential prior to cryopreservation, while the increased CAT and POX
activities and decreased production of H2O2 were observed after cryopreservation and
were associated with higher survival levels after LN exposure [229].

4.3. Understanding the Responses of Cell and Tissue to Cryogenic Treatment under Microscope

Histological studies were performed to observe cell survival patterns in longitudinal
sections of potato shoot tip following a two-step cooling protocol using DMSO as cryopro-
tectant and rapid cooling and warming techniques [63,230]. The use of scanning electron
microscopy (SEM) confirmed various surviving patterns in cryopreserved potato shoot
tips, and the presence of a number of freeze-damaged cells in a surviving shoot tip did
not prevent its subsequent organized growth into a healthy plant without an interven-
ing callus phase [230]. In addition, transmission electron microscopy (TEM) and light
microscopy (LM) were applied and revealed that most of the surviving cells were located
in the apical dome and leaf primordia, indicating that the cells from these areas are more
likely to survive after cryopreservation [230]. However, a portion of these surviving cells
exhibited numerous small and empty vesicles in the cytoplasm, as well as damages to
the mitochondria, plasmalemma, and nuclear membrane, which were not observed in the
non-frozen control material [229]. These results indicate that, although healthy shoots were
later obtained, significant damages may still occur in survived meristems during the initial
post-thaw recovery.

Following the Vi protocol, Golmirzaie et al. [231] applied TEM for histological obser-
vation in apices of four potato genotypes after LN exposure. Similar symptoms of damages
to the shoot tip tissues were detected as previously noted by Grout & Henshaw [230]. In
another study, TEM and LM were applied to potato shoot tips cryopreserved by a DMSO
droplet method [232]. After an incubation with DMSO for 2 h, cells contained numerous
small vesicles, enlarged mitochondria and chloroplasts, as well as irregularly shaped vac-
uoles. Following cryopreservation, surviving shoots remained green during the first two
days of post-thaw recovery, while the green color disappeared in those that failed to recover.
Moreover, the viable cells were mainly found in the leaf primordia, which support the
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regeneration of cryo-derived shoots started with the regrowth of young leaves followed by
shoot formation from these viable tissues [232].

Driven by the success of Vi-based methods, Wang et al. [233] used LM to compare the
cryo-injuries of potato shoot tip cells following Vi, En-vi and Dr-vi. The Vi protocol resulted
in the most severe injury to cells of apical meristem, which was linked to its low regrowth
levels and long regeneration time as compared to those cryopreserved using En-vi and
Dr-vi methods [129,233]. Following cryopreservation, only apical shoot tips survived after
En-vi, while both apical and axillary shoot tips revived after Dr-vi [129].

To date, studies on the histological observation in shoot tip cryopreservation of other
RTCs are quite limited as compared with potato. Ultrastructural studies for other RTC crops
would lead to a better understanding of their cellular response to cryoprotective procedures.

5. Conclusions and Future Prospects

RTCs serve as an important source of energy and nutrients in human diet. The
conservation of the genetic diversity of cultivated RTCs and their wild relatives forms
the basis of elite crop cultivars to tackle future demanding challenges. Cryopreservation
is considered an efficient strategy that facilitates the safe, cost-effective, and long-term
preservation of plant genetic resources. Over the past four decades, significant progress
has been achieved in shoot tip cryopreservation of a wide range of plant genera. Many
RTCs are vegetatively propagated and shoot tip cryopreservation is particularly of high
value because they can maintain a high level of genetic stability.

Since the first report on potato shoot tip cryopreservation was published in 1977, much
research has been carried out, with methods optimized to satisfy the genebank standards
for the implementation of cryopreserved potato, cassava, and sweet potato collections. The
encapsulation technique combined with sucrose preculture prior to air desiccation achieved
shoot regrowth in all major RTCs. The development of PVS2 vitrification solution-based
methods contributed considerably to the application of cryopreservation in many institutes
around the world. Among the vitrification solution-based methods, Dr-vi and V cryo-plate
facilitate ultra-rapid freezing and thawing and have resulted in the highest shoot regrowth
levels in most RTCs. The D cryo-plate also proved applicable in shoot tip cryopreservation
of potato and ulluco. Cryopreservation is now successfully implemented for conserving
large collections of potato shoot tips. For other RTCs such as cassava, sweet potato, and
yam, pilot cryobanks have been established, but further research is urgently needed to
overcome the recalcitrance of some species/genotypes to cryopreservation.

To further improve the efficiency of shoot tip cryopreservation in recalcitrant species,
the Vi- and En-de-based procedures followed by ultra-rapid freezing (Figure 2a) are rec-
ommended. However, each step within the cryoprocedure must be careful optimized
(Figure 3). Various parameters can be considered for protocol improvement, including
(1) pretreatment of donor plants with cold acclimatization or with high level of sucrose or
other osmotic agents under optimized light conditions prior to the shoot tip excision; (2) im-
provement of the shoot tip quality and uniformity through optimization of in vitro culture
systems; (3) addition of antioxidants and/or elicitors of defense-related proteins in plants to
the preculture and pretreatment media; (4) optimization of the component concentrations,
duration, and culture conditions in preculture and osmoprotection steps; (5) comparison of
various PVSs or their modifications, as well as the extent and conditions during dehydra-
tion, or optimization the water content of the encapsulated shoot tips prior LN exposure;
(6) incorporation of anti-freeze proteins or antioxidants to alleviate osmotic stress and freez-
ing injuries and increase cold tolerance; (7) optimization of sugar concentration and ULS
temperature during the thawing process for Vi-based methods; and (8) post-thawing with
stepwise decreased sucrose, reduced ammonium and optimized concentration and type of
PGRs under adequate light conditions (Figure 3). To date, most of the cryopreservation
studies were focusing solely on the optimization of the pre-LN steps and only a few studies
have explored the effect of post-thaw conditions (light, medium composition, and growth
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regulators). However, at least for some RTCs recalcitrant to cryopreservation, these factors
may have a major impact on the regeneration of healthy plants.
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Figure 2. (a) Comparison of major steps of Droplet-vitrification (Dr-vi), Vitrification cryo-plate (V
cryo-plate) and Dehydration cryo-plate (D cryo-plate) for shoot tip cryopreservation. Blue, green,
and red arrows indicate procedures applied in D cryo-plate, V cryo-plate, and Dr-vi, respectively.
(b) Illustrations of aluminum cryo-plate, aluminum foil, and stainless cryo-mesh that can be applied
in the V/D cryo-plate protocols, while the aluminum foil is used in Dr-vi.
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Figure 3. Factor that can be considered during the development of a shoot tip cryopreservation
protocol. Black arrows point to the major steps following the shoot tip cryopreservation, while
green arrows indicate strategies that could be considered for each step. Abbreviations: DMSO,
dimethyl sulfoxide; Dr-vi, Droplet-vitrification; PVS, plant vitrification solution; V/D cryo-plate,
Vitrification/Dehydration cryo-plate.
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To obtain better understanding of the mechanism underlying the improved tolerance
to cryoprotective procedures, potato was often used as a “model plant”, and evaluations of
carbohydrates, the proteome and ATP have been made following the different cryopreser-
vation steps. A high level of sugar accumulated during the preculture has been reported to
be important in improving the survival of cryopreserved shoot tip cells. The ATP level was
significantly lowered in cryoprotective procedures but improved following the post-thaw
culture. Following cold and osmotic pretreatments, the proteome reveals altered expression
of genes associated with carbon metabolism, stress-response, and oxidative-homeostasis.
The stress-responsive genes were also drastically up-regulated following an exogenous
supply of anti-freeze protein to the LS or PVS treatment. In addition, the pretreatment of
shoot tip donor plants with SA resulted in reduced CAT enzymatic activity and increased
accumulation of H2O2 and proline, which may facilitate the induction of tolerance to cry-
oprotection. In potato, histological observations were also implemented with SEM and
LM to better understand the response of shoot tips to cryopreservation at both cellular
and tissues levels. While much attention has been given to potato, the efforts made in the
cryobiology study of other RTCs such as cassava and sweet potato were not proportional
to the importance of these crops. Therefore, further studies are needed to better understand
the cryotolerance of these RTC species. Nevertheless, the achievements highlighted in
RTCs would also benefit research and application of shoot tip cryopreservation in other
crops as well as the use of cryotherapy methods in the production of pathogen-free plants.
The improved shoot tip regrowth after cryopreservation would also ensure the genetic
integrity of cryo-derived regenerants.
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