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Abstract

This review addresses a frequently encountered problem of designing an effective cryopreservation
procedure for new (not previously cryopreserved) or difficult plant materials. This problem hinders
worldwide efforts of applying cryopreservation across a wide genetic base of wild and a number of
cultivated plants. We review recent advances in modifications of routinely applied cryoprotective
solutions (CPAs) and suggest a practical approach to protocol development which embraces the
physiological complexity of plant tissues as well as a wide spectrum of behaviours under CPA treatment.
We suggest that vegetative plant materials are classified into four categories based on their size,
structure, and the response to osmotic and chemical stresses provoked by CPA mixtures of varied
composition and concentration, including alternative osmoprotection and vitrification solutions. A
number of up to 15 preset protocols designed specifically for each category is then applied to the
material. The protocols resulting in the best regrowth are then combined into the optimized procedure.
The main advantage of this system over a conventional “trial-and-error” search for working
cryopreservation protocol is a minimal amount of starting materials required for the tests and a relatively
accurate prediction of material behaviour under cryopreservation stress provided by the relatively few
CPA:s treatments. The unifying principles revealed by this approach could broaden a spectrum of wild
species and materials which can be safely conserved by cryopreservation. Also anticipated is application
of this approach to plant materials of biotechnological value as well as cultivars of agricultural and
horticultural crops which do not respond well to standard protocols developed for their kind.

Keywords: alternative vitrification solutions; droplet-vitrification; endangered species; osmoprotection;
systematic approach.

INTRODUCTION of agricultural, horticultural and medicinal

importance (4, 5, 6, 7, 8). At the time of this

Back in 1970-80s, cryopreservation was
envisioned as the most reliable method for the
long-term conservation of plant genetic resources
(PGR) (1, 2, 3). Since then, it was tested, with
greater or lesser success, on hundreds of species

review, over 20 world PGR genebanks have
routinely operating cryobanking facilities with
priorities given to staple crops that are
vegetatively propagated or have recalcitrant seeds
(9). By 2017, over 15,000 crop varieties were
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permanently frozen in cryobanks worldwide (10),
most as in vitro propagules cryopreserved
through a droplet-vitrification (DV) or other
vitrification-based methods (11, 12, 13, 14, 15,
16, 17), others as dormant buds (11, 18, 19, 20,
21), pollen, or embryonic tissues (22, 23, 24, 25,
26). However, these cryopreserved materials
represent less than 16% of the global genebank
collections. In addition, it was estimated that over
100,000 unique accessions remain potentially
vulnerable in the field, in need for a safety cryo
back-up (10). Transferability and a wider use of
cryopreservation is largely hampered by the
absence of a universal protocol applicable across
the wide genetic base (27). Even within one crop,
individual accessions or accession groups may
return zero or unacceptably low regrowth when
cryopreserved via a seemingly well-developed
procedure (12, 28).

The use of cryopreservation to securely
conserve wild flora is even of greater concern. In
2020, the Global Strategy for Plant Conservation
reported that Target 8, which aimed to have 75%
of threatened plants in ex situ collections, was not
feasible, partially due to limited information on
threatened species and species that produce non-
bankable seeds (29). This is particularly true for
species with recalcitrant, short-lived or strongly
dormant seeds as well as for species at point of
extinction with few individuals left. A number of
studies demonstrated that cryopreservation
combined with in vitro seed germination and
plant multiplication might give exceptional
species a new hope (30, 31, 32, 33). Yet, both
national and international efforts in this direction
are hindered by often unknown chilling and
dehydration tolerance of wild species and
genotype-specific responses to cryoprotective
treatments. In addition, slow growth and low
multiplication rate, frequently observed for wild
species in vitro (25, 34, 35), limit the quantity of
material available for multi-factorial cryo-
experiments. When considered together with
restricted funds often granted to a time-limited
program (e.g. MSc or PhD student project), the
results may not satisfy the effort and the
researchers, after several unsuccessful attempts to
develop a working cryopreservation protocol for
a new species, would be forced to switch to a
more “fruitful” topic.

There is, therefore, a great emerging need
for a strategic approach to design a working
cryopreservation protocol: (i) in the shortest
possible time period; (ii) for any of the most
commonly used types of plant material; and (iii)

with limited number of experiments and
minimum sufficient number of explants.

This approach, while based on fundamental
principles of cryobiology, should step beyond the
limitations of currently available methodology,
and particularly two common -cryoprotectant
mixtures, PVS2 and PVS3, which have now been
applied for over 30 years (36).

This review highlights recent research
towards the development of such an approach
with the emphasis on in vitro grown material —
shoot apices, axillary shoot tips, hairy and
adventitious roots, and embryogenic tissues.

CRYOPROTECTIVE AGENTS

CPAs development to cope with freezing injuries

The advances in PGR cryopreservation,
including discovery and implementation of
cryoprotective agents (CPAs), is a result of cross-
disciplinary empirical and fundamental research
(37). Consequently, basic principles of
cryoprotection and the most effective CPAs are
shared between medical, animal, and plant cryo-
worlds. Following Maximov’s pioneer works on
cryoprotective properties of sugars and glycerol
during plant freezing (38) and classical works of
Polge (39) and Lovelock (40, 41) demonstrating
cryoprotective  actions of  glycerol and
dimethylsulfoxide (DMSO) on animal and plant
tissues, multiple CPAs have been identified and
employed as individual compounds or, more
frequently, in mixtures (42). Glycerol, sucrose,
DMSO and ethylene glycol (EG) remain the most
common components of CPA formulations (43,
44).

However, plants are much more
“demanding” for the sufficient dehydration and
cryoprotection compared to animal or
microorganism specimens. The main problem is
high (80-99%) initial water content (WC) in
vegetative plant materials and the concomitant
danger of ice crystallization during cooling and
rewarming (45, 46). Sufficient dehydration of
plant samples is required to achieve vitrification
of the protoplast upon liquid nitrogen (LN)
exposure, i.e. transition of water from the liquid
phase directly into an amorphous or glassy state,
thereby avoiding the lethal formation of
intracellular ice (47, 48, 49). Nonetheless, while
escaping from a wide range of ice-induced
injuries, plant cells may be pushed too close
towards extensive, and harmful, dehydration (46,
50). The most harmful effects of the latter
include, among others, irreversible phase



transition in the plasmalemma and organelle
membranes causing the loss of semi-permeability
and other vital functionalities, destabilization of
macromolecule structures, increasing cytoplasm
viscosity and concentration of potentially toxic
electrolytes in dehydrated protoplasts (51, 52, 53,
54). Hence, the effecive cryoprotection treatment
is built on achieving a fine balance between
avoiding the lethal freezing of intracellular water
and minimizing the detrimental effects of its
removal (55, 56).

CPAs and water content in plant tissues

Thermal analysis suggested that the safe
upper WC level for cryopreserving vegetative
plant propagules (shoot tips, axillary or dormant
buds) can be vaguely defined as 25-33% on a
fresh weight (FW) basis, or ca. 0.33to 0.4 gH,0/g
DW (57, 58, 59), although it varies depending on
the material type and species. A small portion of
this moisture (up to 0.25 gH.O/gDW, or 20%
FW) is usually represented by “non-freezable”
water which is bound by membranes and
macromolecules and is crucial to maintain their
conformation and functionality (60, 61).

In  modern cryopreservation methods,
dehydration is achieved osmotically when
bathing plant material in concentrated CPA
mixtures, or vitrification solutions (VS), followed
by direct quick immersion in LN (36, 47). The
most commonly used CPAs are four-component
PVS2 which consists of, w/v, 30 % glycerol, 15
% ethylene glycol (EG), 15 % DMSO and 0.4 M
sucrose (62), and a two-component PVS3
comprising, w/v, 50 % glycerol and 50 % sucrose
(63). Various modifications of these two basic
solutions have also been tested on plant materials
with promising results (44, 64, 65).

The time required to reach a safe
dehydration level depends upon a number of
factors, e.g. osmotic pressure of the CPA mixture,
sample size and structure, and its permeability for
individual CPAs. The dehydration process seems
to be nonlineal. For example, WC reduction of
garlic shoot tips during exposure to PVS3 was bi-
phasic: the WC fell from the initial 80% to 47%
during the first 30 min of treatment then declined
slowly during the next 90 min until reaching
33%, compared to the maximum (80%) regrowth
after cryopreservation (64).

There are evidences, however, that in some
cases, plant explants are cable of surviving
cryopreservation at WC above the ‘average’ safe
level and tolerate crystallization of some of their
water. Bilavcik et al. reported that apple dormant

bud segments could withstand crystallization of
8.9-12.4% of water in their bud tissues (57).
Moreover, bud regrowth after cryopreservation
showed no obvious correlation with their
remaining WC. Apices excised from cloves of
Allium sativum showed 87-99% regrowth after
being dehydrated with PVS3 to 37-45% WC (64).
Even after dehydration to 25-33% WC,
crystallization was still detected in apex tissues
during rewarming, but the explants were able to
recover (66).

These data suggest that plant tissue survival
during cryopreservation involves a complex
cellular adjustment, and CPA mixtures act
beyond simple osmotic dehydration.

“Standard” CPAs mode of action and the quest
for alternatives

The effective CPAs are thought to act
through reducing the temperatures of freezing and
glass transition (Tg) in cell solutes, inhibit ice
nucleation and growth and affect the shape of the
ice crystals (46, 67). They are known to mitigate
toxic effects of concentrating electrolytes and to
stabilize cell membranes and macromolecules
during dehydration and cooling-rewarming
events (42). Sugars and alcohols, e.g. glycerol,
are thought to replace water in the hydration
“shells” of macromolecules during dehydration
(61). At severe dehydration, they may interact
with proteins and polar head groups of membrane
phospholipids through direct hydrogen bonding,
thereby stabilizing their conformation and
preventing liquid crystalline-to-gel  phase
transition in membranes (42, 60, 68, 69, 70). Volk
& Walters (56) suggested multifaceted action of
PVS2 on garlic and mint shoot tips which
included osmotic dehydration, replacing the
water by CPA components and changing water
behavior during cooling-rewarming. In Magnolia
officinalis embryogenic culture, PVS2 treatment
induces membrane lipid remodeling and
increases in total lipid concentration (70). Free
radical scavenging and potent antioxidant
activities are also reported for some CPAs (37,
42).

It is logical to assume that regrowth of
organized plant tissues, such as shoot tips, after
cryopreservation is higher when more cell
clusters survive in the explant. Hence, the
protective action of CPAs is likely to be enhanced
through their penetration inside the samples.
However, data on CPA accumulation in plant
tissues is scarce. In garlic shoot tips, sucrose
concentration raised from 1.1 to 117.4 mg/g FW



during the initial 30 min of PVS3 exposure
followed by a slower increase to 128.0 mg/g
during the next 150 min (71). In a similar way,
glycerol concentration in shoot tips increased
rapidly (from 14.0 to 100.2 mg/gFW) within the
first 30 min of PVS3 treatment, and to 128.0
mg/gFW during the next 30 min. Concentration
of both compounds reached a plateau after 2 h of
exposure, coinciding with maximum regrowth.
There was a negative correlation between the
accumulation of both compounds and WC of
shoot tips. The kinetics of DMSO penetration into
shoot tips also displayed a bi-phasic curve, but
with much faster rates compared to sucrose or
glycerol: more than half of the total DMSO (75
mg/gFW) entered shoot tips within 5 min of
exposure to PVS2 while the maximum
concentration of 85 mg/gFW was reached after 30
min (72).

Similar to WC loss, penetration of CPAs is
affected by explant size and cryoprotectant
chemical structure. Very similar DMSO
concentrations (38-41 mg/g FW) were found in
shoot tips of different sizes (1.5 to 3.5 mm) after
20 min treatment with PVS2 (72). By contrast,
much longer (150 min) treatment with a more
concentrated PVS3 resulted in very variable
content of glycerol and sucrose in shoot tips: in
1.5 mm explants, glycerol and sucrose reached
171 and 130 mg/gFW, respectively, compared to

121 and 96 mg/g in 3.5 mm shoot tips (71). Both
pace and the amount of PVS2 components
accumulation was different between garlic and
mint shoot tips. This was likely due to their
different size and structure, with highest
accumulation  of  “volatile = compounds”
(determined as the difference between total
volatile mass and water fraction after heating the
shoot tips) achieved within 60 min (56).

These and other literature data suggest that
30-60 min exposure to PVS2/3 may be an
optimum timeframe required to achieve an
acceptable dehydration level in medium-sized
plant explants and allow glycerol and sucrose
time enough to penetrate into the samples. This
time window is also close to the empirical
findings reported for many crops and wild species
(15, 73, 74, 75, 76, 77, 78). However, this time
may be too short for sufficient dehydration and
cryoprotection of large and hard-structured
explants (12, 79) and too long for materials that
are small and dehydration-sensitive (80, 81, 82).
These differences in optimum CPA exposure
windows for different materials are illustrated in
Figure 1 using representative data for the
materials of different types.

As displayed in Figure 1, plant materials can
be classified into four groups depending on their
optimum CPA treatment window:
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Figure 1. Representative regrowth curves of different plant materials cryopreserved after various

duration of exposure to concentrated CPAs (plant vitrification solutions): lines 1, 4 — PVS2 (0°C); 2,
6 — PVS3; 3 - PVS3 (0°C); 5 — A3-80% (0°C); and 7, 8, 9 — B5.

Explants: 1 — Lilium hybrid, shoot tips from adventitious shoots (93); 2 — Allium sativum, clove shoot
tips (66, 71); 3 — Chrysanthemum morifolium, shoot tips (86); 4 - Lilium x siberia, shoot tips (79); 5 —
Kalopanax septemlobus, embryogenic culture (77); 6 — Castilleja levisecta, shoot tips (76); 7 —
Hypericum perforatum, root segments (92); 8 — Rubia akane, hairy root tips (80); 9 - Panax ginseng,
adventitious root tips (81).



Group 1 (lines 1 and 2 in Fig. 1) is represented by
physically hard and large samples that are very
tolerant to both osmotic and chemical action of
CPAs, e.g. garlic clove apices or lily shoot tips or
bulbils, with slow dehydration and optimum time
of exposure above 120 min.

Group 2 (lines 3 and 4 in Fig. 1). Moderately-
tolerant explants with a relatively large safe
window of exposure to concentrated CPAs and
optimum exposure times around 90 min.

Group 3 (lines 5, 6 and 7 in Fig. 1). Moderately
sensitive explants with rather narrow CPA
treatment window and optimum exposure times
around 30-40 min. Sometimes these explants
have the ability to tolerate longer exposure while
retaining acceptable (40-60%) regrowth level.
Group 4 (lines 8 and 9 in Fig. 1). Explants that are
very sensitive to both chemical and osmotic
stresses with a sharp peak of optimum CPA
exposure duration below 20-25 min.

In all groups, shorter than optimum
exposure duration results in insufficient
cryoprotection and dehydration while with longer
exposure cytotoxic effects of CPAs prevail and
reduce the regrowth.

Not surprisingly, the vast majority of
cryopreservation studies are focused on
experimenting with CPA treatment duration,
sometimes combined with low temperature to
reduce toxicity and prolong the exposure (78).
Standard CPA mixtures PVS2 and PVS3 have
been successfully tested across a wide range of
genotypes (36, 43, 73). However, it became
evident that they do not always provide optimum
dehydration-cryoprotection balance. PVS3 has a
very strong osmotic action while high
concentrations of DMSO and EG in PVS2 are
toxic to living tissues (83). Experiments with

alternative two- and four-component CPA
mixtures with altered concentrations of individual
components demonstrated that some materials are
more sensitive to the chemical rather than the
osmotic toxicity of CPAs (25, 64, 84). For
example, in chrysanthemum shoot tips, elevating
DMSO+EG concentrations by only 10% caused a
50% dropdown in regrowth after CPA treatment
(64).

Multiple experiments including regrowth
tests and thermal analysis of enthalpies and onset
temperatures of cryoprotected explants led to a
selection of the most promising alternative CPA
formulations (Table 1). This formulations provide
balance between dehydration and cryoprotective
properties of permeating and non-permeating
CPAs. These solutions and their combinations
have been shown to be more effective than
standard PVS2 and PVS3 with a number of plant
species, including Allium sativum,
Chrysanthemum morifolium, Aster altaicus,
Prunus and Malus x domestica cultivars, Rubia
akane, Kalopanax septemlobus, Pogostemon
yatabeanus and some others, providing on
average a 20-65% increase in  post-
cryopreservation regrowth compared to standard
PVS2 and PVS3 treatments (64, 74, 77, 85, 86,
87, 88).

SYSTEMATIC APPROACH TO CPA
DESIGN AND PROTOCOL
DEVELOPMENT

Understanding the multi-step cryopreservation
protocol

The frequently encountered problem in plant
cryopreservation is that samples are not

Table 1. Composition of osmoprotectant and vitrification solutions and their promising alternatives.

Solution Composition (%, w/v)* Total Endothermic Ref.

concentration enthalpies,

(%, wiv) (J gt FW)**
Osmoprotectant solutions
LS G 18.4+S13.7 32.1 -139.9+7.0 63
C4 G19+S05 35.0 -1342+59 25,64
Vitrification solutions

PVS2 G 30.0+ DMSO 15+ EG 15+ S 13.7 73.7 -359+1.8 62
VS A3 G37.5+DMSO 15 +EG 15+S22.5 90.0 -0.3+0.1 64
PVS3 G50+ S50 100.0 -6.9+15 63
VS B5 G40+ S 40 80.0 -48.3+8.9 64

*DMSO, dimethyl sulfoxide; EG, ethylene glycol; G, glycerol; S, sucrose
** Endothermic enthalpies of osmoprotectant and vitrification solutions diluted to 50% and 80%,

respectively; FW — fresh weight.



sufficiently dehydrated and cryoprotected, even
following the optimum VS exposure. This
problem is partially solved by use of the droplet-
vitrification (DV) method, which applies two
complementary strategies. First, samples are
cryopreserved on aluminum foil strips in
microliter drops of concentrated CPAs which
increases cooling and rewarming rates and hence
leaves less chances/time for ice (re)crystallization
in insufficiently dehydrated samples compared to
freezing/rewarming in vials (78). Second, the use
of a series of sequential CPA treatments to slowly
prepare material for dehydration reduces the
damaging action of CPAs in the pre-LN steps, and
‘buffers’ the  extensive rehydration during
rewarming and CPA removal (post-LN steps)
(36).

The standard DV protocol consists of
material excision, its preculture on high-sucrose
containing medium, osmoprotection (otherwise
known as “loading”) in CPA mixtures of
moderate concentrations (35-45%),
cryoprotection/dehydration with highly
concentrated CPAs (VS, up to 100%), cooling,
rewarming, washing off cryoprotectants
(unloading) and recovery (Fig. 2). The total CPA
concentration increases steadily in the course of
the pre-LN treatments, reaches a maximum at the
cryoprotection step and then decreases again
during unloading and reculture on standard
medium (Figs. 2, 3).

The impact of each protocol stage to the
success of cryopreservation has been previously
reviewed (14, 36, 78). Thermal analysis of
cryoprotected apices during cooling and
rewarming (Fig. 3) suggested that preculture had
little effect on thermal behavior of explant water
and, in general, serves to induce metabolic and
structural changes in plant material that enables
greater tolerance of exposure to highly
concentrated CPAs (70, 89, 90). During pre-LN
steps, CPAs penetrate into samples while causing
their WC to decrease (Fig. 3). A notable shift in
sample enthalpies and onset temperatures is
usually recorded at the
dehydration/cryoprotection steps.

The concentration and composition of CPAS
and duration of each step play a vital role in plant
material regrowth. Standard conditions include
preculture with 0.3-0.5 M sucrose for 1-3 days, 20
min osmoprotection with 2 M glycerol + 0.4 M
sucrose, treatment with PVS2 (or PVS3) for
varied durations, and unloading with 1.2 M
sucrose for up to 40 min. This scheme with

several modifications is usually applied to newly
researched plant material.

However, the success or failure of this
approach may be a matter of pure luck. In the case
of misfortune, the researcher is forced to test
multiple combinations of these treatments via
one-factor or orthogonal design with a hope to
find a combination that shows enhanced (or at
least some) regrowth. Also referred to as the
experimental or trial-and-error approach, this
blind screening of multiple conditions is time-
and labour-consuming and may not be feasible
for wild species due to limited number of
samples.

Benson (47) suggested that the potential way
to cope with unknown sensitivity of plant
material in multi-factor procedures is to have an
arsenal of different methods (DV, encapsulation-
dehydration, encapsulation-vitrification, cryo-
plate, preculture-desiccation) ready to be applied.
However, this requires staff to be experienced in
professionally implementing more than one
cryopreservation methodology, which is not the
case in many emerging genebanks or botanic
gardens. An alternative to consider is having a
series of treatments based on one standard DV
procedure which could be shifted in a predictable
way to test new material to reveal its sensitivity
barriers. This is where alternative CPAs comes
into view.

Having new CPA mixtures introduced into
the already complicated procedure may seem
illogical. However, when combined with the
existing treatment sequence and traditional PVS2
or PVS3, these alternative solutions equip the DV
protocol with the previously lacking adaptation
flexibility achieved by manipulation with a wider
range of osmotic and chemical action of CPAs at
both pre-LN and post-LN stages (Fig. 2).

The systematic approach is based on the
assumption that plant materials of different
sensitivity groups (as shown in Fig. 1) require
different strategies in both pre- and post-LN
treatment. In general, the more sensitive the
explant is, the more gradual should be the change
in CPA concentrations at both preculture and
osmoprotection steps. Except for Group 1, the
application of CPAs containing DMSO and EG is
recommended at 0°C to reduce their toxic effects.

Table 2 summarizes the series of standard
treatments and their variations proposed for each
material group.

Group 1 samples require long exposure to
concentrated CPAs (e.g. PVS3) to be properly
dehydrated. Preculture with 0.3-0.5 M sucrose for



1-2 days as well as osmoprotection for 20 min
may improve the regrowth but these steps are not
always necessary.

For Groups 2 and 3, the strategy is focused
on material adaptation to the upcoming

Most important for
sensitive materials

dehydration and toxic actions of CPAs.
Therefore, both preculture and osmoprotection
treatments are necessary and need to be carefully
designed. In most cases, preculture with
progressively increasing sucrose concentrations

Most important for
tolerant materials
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regrowth on standard medium (3%



(up to 0.7 M in Group 2 and 0.5 M in Group 3)
and one-step osmoprotection with classic or
alternative CPA solutions for 30-40 min are
beneficial. Explants of these groups may be too
sensitive to PVS2 hence, its four-component
alternative VS A3 with increased sucrose and
glycerol concentrations (full-strength or diluted
to 80%) is recommended. The treatment time may
vary from 30 to 90 min. To cope with the potential
sensitivity of explants to DMSO and EG in VS
A3, PVS3 and its less concentrated alternative VS
B5 are worth testing for 30-60 min at room
temperature.

The most sensitive explants of Group 4
require longer (up to several days) preculture with
mild (0.3 M) sucrose concentrations followed by
very gentle (sometimes two-step) osmoprotection

with alternative CPAs. Both VS B5 and diluted
A3 are worth testing for a short time (up to 20
min).

The whole scheme takes into account several
critical factors affecting the response of plant
materials:

1) Total concentration of CPAs (higher
glycerol and sucrose for better dehydration
of tolerant materials, low to moderate
concentrations for sensitive materials).

2) Concentrations of individual components in
CPA mixtures (most toxic and easy-to-
penetrate DMSO and EG are balanced by
highly osmotically active glycerol and
sucrose).

3) Toxic CPAs (DMSO, EG) effect is
minimized for most sensitive materials by

Table 2. Four categories of plant materials with tentative standard conditions (bold) and their variations
at different steps of the droplet-vitrification method which may be applied for initial testing of the

tolerance/sensitivity of new plant materials (25).

Material Group 1 Groups 2-3 Group 4
group

Examples Bulbil primordia, Shoot tips, axillary buds Root apices,
of material 1.5-3.0mm 1.0-2.5mm 7-10 mm
type

Osmotic Very tolerant Tolerant Moderately tolerant Very sensitive
Chemical Very tolerant Moderately tolerant Sensitive Very sensitive
stress

Proposed standard conditions at each step (bold) and their variations*

Preculture No 0.3 M suc (24 h) 0.3 M suc (24 h)
0.3M (17 h) 0.3 M suc (48 h) 0.3Msuc (48 h)—
0.5M (17 h) 0.3 M suc (24 h)— 0.5 M suc (5 h) 0.5M (5 h)
0.7 M (17 h) 0.3 M suc (24 h)— 0.5 M suc (17 h) 0.3 M suc (54 h) —
0.3 M suc (24 h) — 0.5M (17 h)
0.5Msuc (17 h) —» 0.7 M suc (5 h)
Osmo- No No C4-35% (30 min) C4-35% (20min)
protection C4-35% (20 min) C4-35% (20 min) C4-35% (15 min) — C4-35% (40min)
C4-35% (40 min) PVS3-60% (15 min)
Cryo- PVS3-100%(120 min) PVS3-100% (40 min)  B5-80% (30-40 min)  B5-80% (15 min)
protection  PVS3-100%(150 min) PVS3-100% (60 min)  B5-80% (60 min)
PVS3-100% PVS3-100% (90 min)  PVS3-100%
(180 min) (30 min)
A3-90%(150min) 0°C  A3-90% (40min) 0°C  A3-80% (40min) 0°C  A3-70% (20min) 0°C
A3-90% (60min) 0°C A3-80% (60min) 0°C A3-90% (10min) 0°C
A3-90% (90min) 0°C A3-90% (40min) 0°C A3-90% (20min) 0°C
Unloading 0.8 M suc (40 min) 0.8 suc (20 min) 0.8 M suc (30 min) 0.8 M suc (15 min)

1.2 M suc (40 min)

0.8 M suc (40 min)

0.8 M suc (30 min)

* PVS3-100%, C4-35%, etc., CPA solutions are presented as abbreviations with total % concentrations
of cryoprotectants (see also Table 1). Abbreviations A3-70% and A3-80% mean then the original solution
A3-90% (Table 1) is diluted to achieve 70% or 80% total concentration of cryoprotectants.



applying alternative VSs, reducing the
temperature and time of exposure.

How to classify new material for CPA
optimisation

The obvious challenge in the proposed
scheme (Table 2) is how to classify the new
material to the Group that matches its sensitivity
to CPA action.

At the first stage, material might be
categorizing by its type, size and structure and by
comparing with published data on relative
species, if available. In general, thin and fragile
materials prone to desiccation such as hairy and
adventitious roots usually fit into Group 4, apices
and axillary shoot tips usually comprise Groups 2
and 3, bulbils, cloves and other structurally solid
and hard-surfaced samples may be considered for
Group 1. Once the tentative group is selected, the
standard protocol recommended for the group
(Table 2) is applied in parallel with its one-factor
variations.

The regrowth of both cryoprotected (CPA
only, no cryopreservation) and cryopreserved
(CPA+LN) materials should be recorded to
understand the effectiveness of cryoprotection
and material response to CPA toxicity. Notable
difference between CPA and CPA+LN will imply
insufficient cryoprotection and the need to
increase CPA concentration or exposure time;
low regrowth after both CPA and CPA+LN
treatments will indicate high CPA toxicity and the
need to reduce exposure duration or switching to
a more sensitive material group.

Protocol sets proposed in Table 2 are
comprised of 10 to 13 treatments that can be
performed by one technician in 1-2 days with the
minimum required number of explants. The
treatments resulting in best regrowth can be
incorporated into one protocol which can be
further adapted for specific genotypes.

Systematic approach application for endangered
species and different material types

While the systematic approach was
developed and initially tested with plants of
agricultural and horticultural importance, we
found it to be particularly useful for designing
cryopreservation protocols for wild species with
unknown chilling and desiccation tolerance.
During the past decade, this scheme has been
applied to cryopreserve Korean and Canadian
endangered species of Asteraceae, Betulaceae,
Leguminosae  / Fabaceae, Lamiaceae,
Orchidaceae, and Orobanchaceae. None of the

researched species were previously
cryopreserved, their sensitivity barriers were
unknown, and tissue culture protocols needed to
be developed de novo.

One of the most appealing examples is the
conservation, propagation and restoration
of Castilleja levisecta  (Orobanchaceae), a
globally critically imperiled species with two
populations left in Canada totalling only 3361
flowering plants in 2006 (76). The plant
responded well to in vitro conditions and showed
moderate dehydration tolerance with steadily
high (60-70%) regrowth within a wide window of
CPA  exposure  (40-100 min).  After
cryopreservation, plants were acclimatized and
reintroduced in their region of habitat where they
survived for several years and produced flowers.

By contrast, Betula lenta (Betulaceae), an
endangered Canadian tree species, was very
sensitive to the toxic effects of all tested CPAs
with regrowth below 10% irrespective of CPA
composition and time of exposure. The critical
factor for its successful cryopreservation was
modification of unloading step with best regrowth
(52%) achieved with unloading in 0.8 M sucrose
for 30 min (75).

Cryopreserving Lupinus rivularis
(Fabaceae), an endangered species in Canada,
first seemed undoable due to its very slow growth
and low multiplication index (2.8) in vitro (63).
After a 1.5-month-long subculture cycle, only 60-
90 apical shoot tips could be selected for the
experiments. In this particular case, having a
single standard protocol pre-selected for species
was critically important and resulted in 62%
regrowth during the very first run with only 30
shoot tips (35).

Cryopreservation of endangered wild
Korean species Aster altaicus var. uchiyamae
(Asteraceae) and Pogostemon yatabeanus
(Lamiaceae) using shoot tips required 60 min
osmoprotection and moderately concentrated VSs
A3-80% or B5-80% applied for 60 min for
effective cryoprotection (74). Application of the
systematic approach to hydrated seeds of
Dendrobium  moniliforme  (Orchidaceae), a
critically endangered Korean orchid, revealed
that 41 h preculture with 10% sucrose followed
by 40 min osmoprotection and A3-90% (30 min)
on ice produced highest germination (80%) after
cryopreservation (91). A similar approach was
used to successfully cryopreserve adventitious
root segments of Panax ginseng (Araliaceae) and
hairy roots of five medicinal plant species, the



materials most sensitive to both osmotic and
chemical toxicity of CPAs (80, 81).

In all the abovementioned studies, the
acceptable regrowth (>50%) of new materials
was achieved by comparing the CPA and
CPA+LN data for a total of 12-18 treatments. In
all cases, regrowth was counted as formation of
whole plants which could be further acclimated
and rooted ex vitro.

CONCLUSION

Organized plant tissues are unique living
systems with limited natural ability to tolerate
thermal, osmotic and chemical stresses. CPAs
play a critical role in material adaptation and
protection during the whole cryopreservation
process. Hence, to develop successful
cryopreservation protocols, it is critically
important to understand the barriers of material
tolerance and susceptibility to chemical and
osmotic toxicity provoked by CPA mixtures.
Alternative vitrification solutions equip the
standard droplet-vitrification method with higher
flexibility and multiple combinations of osmotic
and cryoprotection conditions, thus boosting its
adaptability to a larger spectrum of genotypes and
to very different plant materials including bulbils,
shoot tips, axillary buds, embryogenic tissues,
hairy and adventitious roots.

Consequently, a rationalized systematic
approach to protocol development is built on
sample differentiation according to their size,
type and regrowth responses in a limited number
of standardized treatments with progressively
increasing concentration of CPAs. Using this
approach as an alternative to blind condition
screening showed great effectiveness when
developing cryopreservation protocols for wild
species with tissues of unknown chilling and
desiccation tolerance. Limited number of
explants required for the trial runs makes the
system suitable for cryopreserving problem
genotypes, plants that are not well adapted to
propagation in vitro and species at high risk of
extinction. The concept is continuously evolving
with more species from different families been
tested and classified.
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