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Cryopreservation is known as an applied aspect of cryobiology or the study of life at
low temperatures. Plant cryopreservation, specifically, is a process of cooling and storing
vegetal structure as plant cells, tissues, or organs in liquid nitrogen (LN; −196 ◦C) or
LN vapor (−160 ◦C). This methodology ensures the maintenance of samples’ viability
after thawing, and indefinite storage is possible. The cryopreservation technique is based
on the removal of all freezable water from tissues by physical or osmotic dehydration,
followed by ultrarapid freezing. The ultralow temperature stops metabolic and biochemical
reactions in the cell, after adequate dehydration of plant tissues, to prevent the formation of
intracellular ice crystals, which can cause cell death and destruction of cell organelles during
the freezing process. Cryopreservation is currently the most innovative and affordable
biotechnological approach that allows safe long-term conservation of plant biodiversity
without risk of genetic modifications. Few events and reports are available in the literature
about genetic modifications in cryopreservation and, if they occurred, the exact mechanism
and elucidation of the nature of genetic instability was not clarified, considering the
multiple stages involved in the process (in vitro culture-cryoprotection-regeneration).

A pioneer in the plant cryopreservation was Prof. Akira Sakai, who reported the
survival of mulberry twigs after exposure to liquid nitrogen [1]. However, plant cryopreser-
vation studies took another 20 years to become established as an area of investigation. Since
then, the cryopreservation has been disseminated by the development and application of
cryogenic procedures, based on the slow cooling system first and then on the two-step
cooling system. In particular, the two-step cooling system took over for its easy application,
low cost, and less time-consuming procedure aiming at the direct immersion in liquid
nitrogen of plant specimens from tissue culture, without resorting to expensive apparatus
and with a considerable simplification of procedures. All this has allowed a large-scale
application on plant species, with suitable cryopreservation protocols that can provide
high plant regrowth after thawing, thus facilitating the establishment of organized and
strategic cryobanks of plant genetic resources.

The two-step cooling process is based on the induction of explant “vitrification”
during a very fast decrease in temperature [2].“Vitrification” of cells and tissues is the
physical process, which avoids intracellular ice crystallization, during ultra-freezing, by
the transition of the aqueous solution of the cytosol into an amorphous, glassy state. As a
consequence of this process, plant tissues are protected from damage and remain viable
during their long-term storage at −196 ◦C.

Various vitrification-based techniques have been developed and are available for
different plant species such as vitrification, encapsulation-dehydration, encapsulation-
vitrification, desiccation, [3] and, more recently, droplet vitrification and D or V cryo-
plate [4,5], but the techniques are an ever-changing skill to improve the plant recovery rates,
to expand the number of the cryopreserved species and, above all, working on the species,
which are still hard to process with the cryopreservation. For example, in this Special Issue,
present is an optimized cryopreservation protocol for embryonic axes of chestnut (Castanea
sativa Mill.) developed based on the encapsulation–vitrification procedure; furthermore,
the addition of activated charcoal (AC) as a component of the artificial matrix of synthetic
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seeds promoted growth by shortening the development times and limiting the loss of
cryopreserved explants [6].

Cryogenic protocols are multi-stage, every step requires care to assure the successful
of cryopreservation along with all the investigations connected to them, such as histo-
anatomical, molecular, and physiological studies and in vitro culture procedures necessary
to support recovery of cryopreserved explants.

The continuous research and technological evolution can markedly improve the
cryogenic methodologies, allowing to enhance the recovery percentage of the species,
as has occurred over the years. The new knowledge offers the prospect of bringing the
cryopreservation technique to a superior level for preserving the vitality and integrity of the
samples before and after storage. In Stevia rebaudiana, for example, the effectiveness of shoot
tips cryopreservation increased with the application of V cryo-plate procedure, resulting in
superior regrowth of 93%, [7] compared to the vitrification procedure applied by Shatnawi
et al. [8], which obtained 68% of shoot tips regrowth. Moreover, new information has
been acquired based on investigations in order to improve the explant physiological state,
pre-treatment conditions, time and conditions of the cryoprotectant treatments, enhance the
cooling and warming rates, and the recovery medium to achieve successful viability and
regrowth of cryopreserved species. A contribution to the arduous process of optimizing
cryoprotectant formulations in this Special Issue was given. Faltus at al. [9] has described
in detail the thermal characteristics of two important plant vitrification solutions (PVS2
and PVS3) and their components depending on their concentration and temperature, while
the opportunity of PVS2 modification to provide better application to new species has
been dealt with by Zamecnik et al. [10]; support can also come from the Coherent Anti-
Stokes Raman Scattering (CARS) microscopy by facilitating the visualization of deuterated
cryoprotectants within living cells [11].

Distinct and adapted cryogenic techniques have been applied to a wide range of
explants, including pollen, seeds, somatic and zygotic embryos, suspension or callus cul-
ture, apical buds, shoot tips, and dormant buds. The explant choice is also connected to
the best in vitro recovery method for a specific genotype after cryopreservation. Hence,
it is necessary to have an efficient in vitro regeneration system for a wider application
of plant cryopreservation. For vegetatively propagated species, the most widely used
organs are shoot tips excised from the in vitro plant [12,13]. Using this type of explant, the
somaclonal variation is less probable to occur with respect to direct or indirect organogen-
esis [14]. In some woody species (e.g., apple, pear), using dormant buds as explants has
also been developed and applied to cryopreservation protocols, assessing the recovery by
grafting [15,16]. The dormant bud cryopreservation technique is an efficient alternative
to the labor-intensive in vitro shoot tip cryopreservation process, allowing the preserva-
tion of large quantities of germplasm in a season [17]. Recently, in the 23 cryopreserved
blackcurrant cultivars, using non-desiccated dormant buds collected from a greenhouse,
the estimated recovery ranged between 42 and 90% [18].

Over time, cryopreservation protocols have been established for several hundreds
of plant species [3] and further research is being conducted to enable adoption of this
approach even more broadly. Currently, over 10,000 accessions starting from in vitro
cultures are preserved through cryopreservation methods, and more than 80% of these
belong to five crops: potato, cassava, bananas, mulberry, and garlic. Other important plant
cryopreservation collections representing thousands of accessions are those of dormant
apple buds [19–21]. Cryopreservation techniques are now used for plant germplasm storage
in many institutes around the world [22,23]. The preservation of plant genetic resources
(PGRs) is highly important for food security and agrobiodiversity, in breeding programs
to obtain new or more productive plants, but also to have plants resistant to abiotic and
biotic stresses. The application of advanced biotechnology, such as cryopreservation,
represents an efficient alternative method for ex situ conservation of germplasm, and
helps overcome several limitations of storage by conventional methods (seed banks and
clonal orchards) [24–26]. Cryopreservation can be considered a safe strategy for long-term
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conservation and a backup to field collections to reduce the loss of plant germplasm. In
this Special Issue, a protocol for seed cryopreservation and following in vitro germination
has been reported for the first time in Eastern Turkeybeard (Xerophyllum asphodeloides (L.)
Nutt.), a threatened species that has responded positively to the cryogenic technique [27].

On the other hand, a clear indication that the cryopreservation is a useful and necessary
tool for conservation of plant species has also been underlined in the Plant Conservation
Report 2020 [28]; this report mentioned the cryopreservation among alternative conserva-
tion methods. Several cryopreservation germplasm repositories (cryobanks) have been
established for various plant species in different countries (e.g., cassava, potato, banana,
apple, pear, coffee, mulberry, garlic), applying different cryopreservation techniques, and
this strategy represents a guide for conservation in the future.

However, a few remarks should be made to face this new challenge; specifically, some
critical issues need to be overcome and they will be part of the strategy to be pursued
over the coming years. Detailed and exhaustive reviews [3,12,29–31] and articles described
the various cryogenic methods applied to plants, but although much progress has been
accomplished in the last years, some drawbacks still limit the wide use of cryopreservation,
and the difficulties and challenges with the aim to further expand its frontiers should be
considered.

The cryopreservation practice requires an initial technological investment but the
maintenance costs for the application of the different techniques will later be lower, con-
sidering that the use of cryopreservation facilitates the storage and rapid multiplication
of plant germplasm in a pathogen-free aseptic environment as well as optimization of
physical space and labor. In a perspective of conservation strategy, the introduction of
an accession into cryopreserved storage is more expensive than establishing an accession
in in vitro culture or in the field, but the cryopreservation costs for the long-term vision
(over 20 years) are considerably lower than those of maintenance in the field or in vitro,
particularly when many accessions are preserved.

The difficulty to transfer technology and validating protocols between laboratories
is a key issue [32]. There are some critical factors that involve all the cryopreservation
steps such as type of plant materials, conditions of preculture, cryopreservation technique,
cooling, warming, and regrowth conditions [13]. The lack of reproducibility available
protocols, or the difficulty in adapting them, can be due to numerous causes, ranging from
different sources of laboratory supplies to the different equipment and the different levels
of technical skills found in cryopreservation laboratories.

The development and dissemination of increasingly simple and well-described proto-
cols [33], with adequate facilities and trained personnel, will allow new challenges in each
cryopreservation laboratory or institution as well as the implementation of the cryopreser-
vation procedures in cryobanks and for biological materials and organisms important for
research and in applications, including algae [34].

For this reason, it will therefore be essential to carry out joint strategies and programs
among different countries to overcome some critical issues and, above all, find large-scale,
simple and effective protocols and easily replicable in all laboratories. Accumulating
experience in routine procedures, enhancing the skills of staff can be helpful, in addition to
proceed with basic research, which should be encouraged (or rather financed) to achieve a
better understanding of some topics less investigated.

In conclusion, since there is an increasing importance of plant preservation technology
in the modern world, a clear need exists to have reliable methodologies as well as strong
research and development activity in cryopreservation to ensure the applications are fit
for purpose. The development of simple, reliable and cost-effective methods is essential
and advances will be made faster if the know-how will be wide and shared, all this will
support the cryopreservation, which is potentially the safest method to maintain vegetative
germplasm and recalcitrant seed for a long-time life.

Funding: This research received no external funding.
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Abstract: Currently, there is a varietal diversity decline in pear orchards of the Czech Republic. Thus,
the safe storage of their gene pool collections is becoming increasingly important. Therefore, the
ultra-low temperature survival after two-step cryopreservation treatment of dormant buds was
tested for a safe and rapid way to conserve pear germplasm in a broader range of varieties. The
following varieties crucial for cultivation in the Czech Republic were tested; ‘Amfora’, ‘Beurré
Hardy’, ‘Bosc’, ‘Clapp’s Favourite’, ‘Conference’, ‘Dicolor’, ‘Erika’, ‘Lucas’, ‘Williams’ and ‘Williams
Red’. In 2011 and 2012, dormant pear buds were dehydrated to 40.1% and 36.0% water content,
respectively, before cryopreservation. The average regeneration of the dormant pear buds after
cryopreservation by the two-step cryoprotocol in 2011 and 2012 was 54.3% and 16.1%, respectively.
The mentioned cryopreservation procedure is suitable for the safe storage of dormant buds in most
tested pear varieties.

Keywords: cryopreservation; dormant buds; low-temperature resistance; pear tree

1. Introduction

The number of cultivated varieties of individual fruit trees decreased significantly
with the development of intensive orchard management. Only 11 pear varieties are sig-
nificantly used in the current production of pear trees in the Czech Republic [1]. From a
pomological or agrotechnical point of view, pear orchard collections of individual curators
are considered old and unattractive. Currently, unsuitable pear varieties are kept in situ in
the Czech Republic. These in situ collections are exposed to various adverse effects that
negatively affect the number of accessions stored, such as pests, diseases, climate change
effects, etc. Therefore, a safe backup of in situ collections is one of the primary tasks of
current programs for preserving the genetic diversity of vegetatively propagated crops.
Cryopreservation is currently one of the only practical, safe and long-term conservation
techniques used as an alternative method to safeguard these species. Pear is an important
fruit species not only in the Czech Republic but also in the world. Therefore, there is a need
to test its safe storage by cryopreservation and ensure a reliable and secure alternative for
the long-term backup of the species.

Cryopreservation is a method of storing plants at ultra-low temperatures. It is a
technology enabling long-term storage of biological material at a very low temperature
(usually in liquid nitrogen at −196 ◦C or in liquid nitrogen vapours below −130 ◦C), while
maintaining its viability after transfer to normal conditions [2]. During the cryopreservation
procedure, it is necessary to induce processes and conditions in parts of plants that increase
their natural resistance to the formation of ice crystals in their tissues and related ice induced
dehydration [3,4]. For the cryopreservation of fruit trees, methods based on biological
glass formation of in vitro cultures are used [5–7]. In addition, the recently reintroduced
two-step cryopreservation—mainly in dormant buds of fruit trees are also used [2,8].

The first report of the survival of pear dormant bud in liquid nitrogen was by Sakai
and Nishiyama [9]. Oka et al. [10] were able to regenerate plants from cryopreserved
dormant buds of Pyrus serotina Rehder, ‘Senryo’ by in vitro transfer of meristematic tis-
sues, but achieved a rate of regeneration of less than 8%. Using a similar procedure

Plants 2021, 10, 2502. https://doi.org/10.3390/plants10112502 https://www.mdpi.com/journal/plants
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of in vitro regeneration, Suzuki et al. [11] obtained 88.6% survival of dormant buds of
Pyrus communis L. ‘Beurre d’Amanlis’ after dehydration to 41% water content. The other
12 cryopreserved pear varieties by Suzuki et al. [11] had survival from 55.5% to 92.5%.
However, after they directly micrografted the cryopreserved buds onto rootstocks, the
survival was only 30% because of injury of vascular tissues. Guyader et al. [12] adapted
the protocol developed at NCGRP, Fort Collins, USA [2,13] with uninodal dormant pear
segment pre-freezing at −5 ◦C until they reached 23% water content. They used slow cool-
ing at a rate of 1 ◦C h−1 to −30 ◦C and 24 h annealing before placing in vapour phase over
liquid nitrogen in a liquid nitrogen freezer. After slow rewarming and rehydration, the chip
budding on Kirchensaller pear rootstocks was used. The average regeneration percentage
of the 15 cryopreserved cultivars was 26.9%. Additionally, the pre-treatment of dormant
buds prior to the two-step cryopreservation with different cryoprotectant solutions was
applied. Based on 2,3,5-Triphenyltetrazolium chloride (TTC) staining viability tests, Zhu-
magulova et al. [14] evaluated six cryoprotective solutions and found that PVS3 solution
gave the best survival rates. Recently, forced bud development [15] may also be used as a
recovery system if followed by tissue culture regeneration after two-step cryopreservation.
This post-cryo recovery approach led to a successful in vitro shoot tip establishment by
using an antimicrobial forcing solution (8-hydroxyquinoline citrate and sucrose).

In summary, various methods of cryoconservation of pear according to a type of source
material, in vitro or dormant buds, have been published. Cryopreservation of in vitro
cultures has its advantages in the possibility of a well-defined treatment on relatively
homogeneous plant material, dissected shoot tips. However, these procedures are laborious
and time-consuming. When cryopreserving dormant buds by two-step freezing, it is
difficult to prepare such homogeneous plant material in terms of size, maturation, or
hardening, and this material is only available during a limited winter period. However,
a larger number of varieties can be frozen in a relatively short time. Therefore, this work
aimed to evaluate a two-step cryopreservation protocol for dormant pear buds with direct
regeneration via chip budding onto pear rootstock to contribute to the safe storage of the
pear gene pool.

2. Results

The average water content of dormant buds of the tested pear varieties in 2011 was
40.1 ± 1.46%. In 2012, pear varieties were freeze-dehydrated to an average water content
of 36.0 ± 1.73%. The highest dehydration occurred in 2011 for the variety ‘Lucas’ (37.1%)
and the lowest for the variety ‘Erika’ (46.2%). In 2012, the variety ‘Erika’ was the most
dehydrated (32.3%) and the variety ‘Conference’ the least dehydrated (37.9%). Thus, the
dehydration of pear varieties in 2012 was 4.1 ± 2.59% higher than in 2011. The highest
difference in dehydration was in the variety ‘Erika’ (9.2%) and the lowest in ‘Amfora’
(1.0%), see Table 1.

The average regeneration of pear dormant buds after cryopreservation by a two-
step cryoprotocol in 2011 was 54.3 ± 23.71%. The highest regeneration showed ‘Clapp’s
Favourite’ (83.3%) and the lowest ‘Williams Red’ (8.3%). In 2012, the average regeneration
of pear varieties was 16.1 ± 12.33%. The highest regeneration showed ‘Clapp’s Favourite’
(37.5%) and the lowest ‘Erika’ (0%). There was a high degree of variability in regeneration
percentage between the two years: the varieties ‘Lucas’ and ‘Conference’ showed the
most significant difference between the two years. Although ‘Williams Red’ and ‘Dicolor’
showed the least difference between the two years, they also showed the worst regeneration
in 2011. ‘Bosc’ and ‘Erika’ showed a smaller decrease in regeneration percentage, but they
both fell to zero in 2012. On average, regeneration of 37.8 ± 17.87% was achieved in
dormant pear buds after cryopreservation in both years, see Table 2.
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Table 1. The water content of dormant pear buds after freeze-drying before a two-step cryopreserva-
tion cryoprotocol. The water content of varieties in 2011, 2012, the average water content and the
difference between 2011 and 2012 is shown.

Variety Water Content (%)

2011 2012 Average Δ 2011–2012

‘Amfora’ 38.7 37.7 38.2 1.0
‘Beurré Hardy’ 40.5 34.5 37.5 6.0

‘Bosc’ 38.3 37.2 37.7 1.1
‘Clapp’s Favourite’ 40.8 37.9 39.4 2.9

‘Conference’ 40.8 37.9 39.3 3.0
‘Dicolor’ 41.5 35.0 38.2 6.6

‘Erika’ 41.5 32.3 36.9 9.2
‘Lucas’ 37.1 35.6 36.3 1.5

‘Williams’ 40.8 37.1 38.9 3.8
‘Williams Red’ 41.2 35.3 38.3 5.8

Average 40.1 36.0 38.1 4.1

SD 1.46 1.73 0.95 2.59

Table 2. Regeneration of dormant pear buds after a two-step dehydration cryoprotocol.

Variety Regeneration (%)

2011 SD 2012 SD Δ 2011–2012

‘Amfora’ 65.8 cde 15.9 29.2 cd 11.79 36.2
‘Beurré Hardy’ 79.2 de 5.9 29.2 cd 5.89 48.7

‘Bosc’ 33.3 ab 21.2 0.0 a 0.00 33.3
‘Clapp’s

Favourite’ 83.3 de 11.8 37.5 d 10.21 45.8

‘Conference’ 71.7 cde 24.6 12.5 abc 10.21 56.7
‘Dicolor’ 29.2 ab 15.6 16.2 abc 15.73 13.2

‘Erika’ 46.7 bc 11.2 0.0 a 0.00 46.2
‘Lucas’ 75.8 cde 18.3 11.1 abc 15.71 64.9

‘Williams’ 50.0 bcd 10.2 20.8 bcd 5.89 29.2
‘Williams Red’ 8.3 a 5.9 4.2 ab 5.89 4.0

Average 54.3 16.1 37.8

SD 23.71 12.33 17.87
a–e averages with the same index do not differ significantly (α = 0.05, analysis of variance—LSD test).

Survival and regeneration of dormant pear buds after two-step dehydration cryop-
reservation is presented in Figure 1.
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Figure 1. Regeneration of dormant buds of pear variety ‘Clapp’s Favourite’ after two-step dehydra-
tion cryopreservation. The grafting was done by chip budding in the spring period: (a) Arrows show
the dormant buds sprouted in new shoots from meristematic parts of the chip; (b) the upper bud
(a) survived but did not sprout into a new shoot. The bud sprouted into a new shoot at the second
sap during the summer period. The lower bud (b) did not survive and was released. The buds were
chip budded on pear seedlings in an orchard during the spring sap.

3. Discussion

A two-step cryopreservation protocol that includes an initial dehydration step is
important to reduce ice crystal formation in tissues and increase survivability and regenera-
tion. Within both years of the study, the difference in the dehydration degree of the varieties
used was kept to a minimum (SD up to 1.7%). In the first experiments carried out in 2011,
the dehydration level of dormant buds was set to the 40% level [11]. The aim of higher
dehydration in 2012 compared to 2011 was to approach the values used for apple trees [16]
and comparable levels of pears [12], to reduce the lethal effect of ice crystal formation in
tissues and thus to increase regeneration [17]. Both of the above-mentioned authors [12,16]
used the dehydration level of 30%. According to our preliminary studies, the level of 30%
dehydration was too low, so in 2012 we decided to choose dehydration at approximately
half the level, close to 36%. We maximally standardized the sampling and preparation
of the dormant buds and their cold hardening conditions so that they were as similar as
possible in both years. The regeneration of dormant buds differed significantly from year to
year. In 2011, the regeneration of all varieties except ‘Williams Red’ was over the acceptable
rate (29%). In the following year (2012), when the dormant buds were intentionally more
dehydrated, the regeneration decreased significantly in all varieties. In 2012, regeneration
decreased the most for the varieties that showed the highest regeneration in 2011, ‘Lucas’,
‘Conference’, and the least for the low-regeneration varieties, ‘Williams Red’ and ‘Dicolor’.
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For ‘Erika’, which was the most dehydrated of all varieties (32.3%), regeneration fell to
zero in 2012.

A similarly significant decrease in the regeneration of dehydrated dormant pear buds
below 34% was found by Suzuki et al. [11]. Regeneration of dormant pear buds frozen
in 2011 reached (except for two varieties (‘Williams Red’ and ‘Dicolor’)) similar values to
Suzuki et al. [11]. These authors achieved regeneration in 12 pear varieties in the range
of 55–92%. The dormant bud regeneration procedure may have caused their slightly
higher values of regeneration. They dissected shoot tips from cryopreserved dormant
buds and regenerated them in vitro. In vitro conditions can be better standardized for
regeneration, and it is possible to eliminate adverse conditions compared to regeneration
by chip budding in an orchard. Differences in the regeneration of the same varieties in
different years were also found in fruit trees by other authors, such as Höfer [18]. These
differences can be justified by the differences in seasons and the response of varieties to
them [2], if there is not precise pre-treatment of plant material by cold hardening at below
zero temperatures [13]. Jenderek et al. [19] tested if the physical geographic location of
the apple dormant buds, and by interference the preharvest temperature, compromised
cryotolerance. Their data showed that for three locations tested, the geographic location of
the apple dormant bud harvest did not adversely affect the bud cryopreservability. They
also did not find a significant difference in cryopreservability of tested apple varieties in
two from three seasons and the only different season was probably caused by an equipment
malfunction. When using the same protocol in different series of tests at different dates in
one season, Guyader et al. [12] found regeneration after cryopreservation fluctuating from
11.1% to 91.7% for pear variety ‘Williams‘ and they identified several factors, which seemed
to significantly influence the results: bud morphotypes, rehydration phase (technique
used and duration), rootstock calibre, grafting technique, etc. On the other hand, an
internal physiological state, such as endodormancy, does not affect the cryopreservability of
dormant buds themselves [20]. The above publications led us to believe that by maintaining
the same conditions for sampling, pre-treatment, hardening, and post-cryopreservation
regeneration we could separate the extent of dehydration in different years. A comparison
of published cryopreservation results of selected pear varieties (Pyrus communis L.) with
the results obtained in this work is in Table 3. The first report on cryopreservation of pear
varieties ‘Amfora’, ‘Dicolor’, ‘Erika’, and ‘Williams Red’ is presented. With the exception
of the varieties ‘Bosc’ and ‘Williams’, we achieved higher regeneration in all comparable
varieties. On average, the varieties frozen by encapsulation-dehydration of in vitro cultures
achieved a 40% reduction in regeneration compared to our results [21–23]. The only higher
regeneration of cryopreserved in vitro variety, ‘Bosc’, was obtained by controlled two-
step freezing of shoot tips pre-treated with a cryoprotectant mixture (polyethylene glycol,
glucose, and DMSO) [24]. The DMSO as a cryoprotectant was used by Dereuddre et al. [25]
for ‘Beurré Hardy’ with 60% regeneration compared to our 79%. Due to the potential
mutagenic effects of the cryoprotectant DMSO [26], there have been attempts to omit the
DMSO during the cryopreservation process. A slightly lower average regeneration, by
10% compared to our results was achieved by Guyaeder et al. [12] with a similar method,
see Table 3. On the other hand, the two-step freezing cryopreservation of dormant buds
modified by introducing sprouting shoots from dormant buds into in vitro had 20% less
regrowth in one comparable variety [27], see Table 3. Although the above method was less
reliable, it could have potential in a regeneration system eliminating the environmental
risk of grafting cryopreserved buds under orchard conditions.
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Table 3. Reports on cryopreservation of selected pear varieties (Pyrus communis L.) and comparison
with the obtained results presented in this work (dormant bud, two step-freezing, slow-cooling prior
to storage in LN).

Variety Max. Regrowth a (%) Published Results

Max. Regrowth [%] Source b Method c Ref.

‘Amfora’ 66
‘Beurré
Hardy’ 79 40 iv En-Dehy [21]

‘Beurré
Hardy’ 79 60 iv DMSO/TSF [25]

‘Bosc’ 33 90 iv PGD/TSF [24]
‘Clapp’s

Favourite’ 83 14 iv En-Dehy [22]

‘Clapp’s
Favourite’ 83 ~33 db Dehy-TSF-

Graft [12]

‘Conference’ 72 50 db Dehy-TSF-
Graft [12]

‘Dicolor’ 29
‘Erika’ 47
‘Lucas’ 76 44 iv En-Dehy [22]

‘Williams’ 50 26 iv En-Dehy [23]
‘Williams’

d 50 ~30 db Dehy-TSF-iv [27]

‘Williams’ 50 92 db Dehy-TSF-
Graft [12]

‘Williams
Red’ 8

a The obtained results presented by this work. Freeze dehydration followed by two-step freezing, slow cooling
prior to storage in LN, regeneration by grafting (Dehy-TSF-Graft). b Type of the cryopreserved plant tissue,
iv = shoot tips from in vitro culture, db = nodal segments with dormant buds. c En-Dehy = encapsulation–
dehydration; DMSO/TSF = DMSO pre-treatment followed by two-step freezing, slow cooling prior to storage in
LN; PGD/TSF = PGD cryoprotectant mixture pre-treatment followed by two-step freezing, slow cooling prior to
storage in LN, Dehy-TSF-Graft = freeze dehydration followed by two-step freezing, slow cooling prior to storage
in LN, regeneration by grafting; Dehy-TSF-iv = freeze dehydration followed by two-step freezing, slow cooling
prior to storage in LN, regeneration by in vitro. d The ‘Bartlett’ pear in the United States and Canada.

According to our results, the optimal dehydration of dormant bud cryopreservation
of selected pear varieties by the two-step freezing was 40%. It can be concluded that the
tested procedure of cryopreservation of dormant pear buds can already be used and, after
optimizing the dehydration conditions to extend it to hitherto less cryopreservable varieties.

4. Materials and Methods

One-year-old dormant shoots of the pear varieties ‘Amfora’, ‘Beurré Hardy’, ‘Bosc’,
‘Clapp’s Favourite’, ‘Conference’, ‘Dicolor’, ‘Erika’, ‘Lucas’, ‘Williams’ and ‘Williams Red’
were used in the experiments. Shoots were taken from outdoor conditions during January
2010 and 2011 from the orchards of SEMPRA Litomerice Ltd., Litomerice, Czech Repub-
lic (USDA Plant Hardiness Zone 7a). The shoots were cut into uninodal segments with
one bud in the middle and placed in a freezer at −4 ◦C. At this temperature, they were
freeze-dehydrated for 4–7 weeks. The water content was determined gravimetrically on
a fresh weight basis after drying a random sample of 5 segments at 85 ◦C for constant
weight. In the first year, the dehydration level was set at 40% and values below 38% of
the water content in the second year. After drying, a sufficient number of nodal segments
(from 20 to 25 segments) were frozen in 50 mL tubes covered with aluminium foil, Kartell
Conical Grad Test Tube, Kartell S.p.A., Italy, with a two-step cryoprotocol. In the first step
of the cryoprotocol, the temperature was lowered from −4 ◦C to −25 ◦C (cooling rate
2 ◦C h−1) in a computer-controlled freezer, Arctiko LTF 325, Denmark, and after equilibra-
tion for 12 h; the second step of the cryoprotocol was done; the tubes were immersed in
liquid nitrogen. At least 120 buds from each variety were frozen for the cryobank storage,
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LS4800 Taylor Wharton, USA, and 24 buds for evaluation of control sample regeneration.
Buds for survival evaluation of the cryoprotocol were placed at +4 ◦C and allowed to
slowly thaw spontaneously. After 2 weeks of rehydration of the buds in moist white
peat, Baltic white peat, Hawita, Germany, at +4 ◦C, the buds were chip budded on pear
seedlings, Pyrus communis L., in an orchard during the spring sap. After approximately
two months, the survival of the buds was assessed. The sprouted buds were evaluated as
regenerated and successfully cryopreserved, and the non-sprouted buds were evaluated as
unregenerated and damaged by cryopreservation.

5. Conclusions

The paper presents the cryopreservation procedure of dormant pear buds tested in a
broader range of varieties. It is evident that the successful cryopreservation of dormant
pear bud depends both on the variety and, especially, on the acclimation of the buds. The
acclimation not only depends on the specific course of the winter season, and thus, on
the naturally induced frost resistance of dormant buds, but also on the cryopreservation
procedure with artificial frost dehydration. According to the results, the frost dehydration
to 40% of water content enabled successful cryopreservation for most pear varieties. The
obtained results show the potential of introducing the tested cryopreservation procedure
in the cryobanking of pear species, thus ensuring the safe backup of endangered in situ
pear collections.
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Abstract: Cryoprotective agents (CPA) are an important part of many current vitrification methods.
The vitrification ability of CPAs influences the probability of the glass transition and water crystalliza-
tion occurrence. Thermal characteristics and the vitrification ability of two combined CPAs (PVS2 and
PVS3), common plant vitrification solutions, and four single CPAs (ethylene glycol, DMSO, glycerol,
and sucrose), the components of the mentioned PVSs, were evaluated utilizing a differential scanning
calorimetry (DSC) during standard cooling/warming rates of 10 ◦C min−1. The effect of solute
concentration on their vitrification ability was shown in the CPAs tested. Four typical concentration
regions at which the glassy state and/or crystallization occurred were defined. We suggest the
solute concentration of 0.7 g g−1 as the universal vitrification concentration, characterized by an
actual Tg of CPA solution and limited water crystallization. Knowledge of the thermal properties of
CPAs allows the design of new combined CPAs with the required vitrification ability respecting the
cryopreservation method used and the characteristics of the cryopreserved sample.

Keywords: cryopreservation; cryoprotectant; differential scanning calorimetry; glass transition;
vitrification; water crystallization

1. Introduction

Cryopreserved organisms or their parts can be kept unchanged for many years. The
reason for their stability is not only the low temperature itself, which slows down all
processes or biochemical reactions but the specific state of matter [1]. During the cryop-
reservation process, the liquid state of the matter changes to a solid, so-called glassy state,
and these conditions are maintained throughout the cryopreservation [2]. The solid-state
of the matter is a source of stability in the cryopreserved material, due to its extreme
viscosity [3]. There are no significant changes in the solid-state of the matter. The glassy
state preserves the original structure of matter, in contrast to the growth of ice crystals [4].
Changes associated with the crystal arrangement of matter result in damage to the original
structure and function and caused serious damage to living organisms [5]. The phase
transition from the liquid to the glassy state of matter is called the glass transition and this
process is called vitrification [6].

Dehydration and/or vitrification of a cryopreserved living organism is a prerequisite
for successful cryopreservation and stability of cryopreserved organisms [7]. All cryoproto-
cols (Table 1), which lead to the dehydration or vitrification of living organisms, reduce the
water content to prevent the occurrence of harmful ice crystals during cooling to ultra-low
temperatures [8]. These procedures may utilize natural acclimatization processes leading
to a moderate reduction in water content and/or increase in tolerance to dehydration [9],
but a procedure leading to a dramatic reduction in water content (Table 1) is always in-
cluded [10]. This dehydration takes place by treatment with dry air over the silica gel or in
a laminar flow-bench, the freeze dehydration during controlled slow cooling in a two-step
cryopreservation method or by the action of osmotically active solutions, CryoProtective
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Agents (CPAs), which dehydrate living cells and help vitrify them during cooling [11]. The
latter methods are usually called vitrification methods (Table 1) [12].

The CPAs can contain a mixture of non-penetrating and penetrating components [13].
The first acts outside the cells and osmotically dehydrates the protoplasts. The effect of
penetrating cryoprotectants is combined. They act osmotically outside the cell and prevent
the water crystallization after penetrating the cells, but usually show higher cytotoxicity
compared to non-penetrating cryoprotectants [14].

CPA-based cryoprotocols are currently very popular [15–17], but most of them are
developed more or less empirically by testing the effect of various CPA mixtures on
cryopreserved organisms/organs/cells. In addition, cryoprotocols are unfortunately still
not easily transferable to other laboratories [18] and this fact significantly limits their
wider use.

Table 1. Characteristics of cryopreservation methods with respect to acclimation and dehydration.

Acclimation 1 Pre-Treatment 2 Extensive Dehydration 3 Cooling Rate 4 Cryopreservation Method 5

Cold
None Freezing Slow Two-step/slow-cooling/controlled-freezing

Diluted CPAs Freezing Rapid Droplet-freezing
Loading solution CPAs Rapid Vitrification

Osmotic

Osmotic solution Air-dehydration Slow Encapsulation–dehydration
Osmotic solution Air-dehydration Rapid Encapsulation–dehydration
Osmotic solution CPAs Rapid Encapsulation–vitrification
Loading solution CPAs Rapid Vitrification

None
Loading solution CPAs Rapid Vitrification

Diluted CPAs Freezing Slow Two-step/slow-cooling/controlled-freezing
Diluted CPAs Freezing Rapid Droplet-freezing

1 Acclimation means the long-term action of low temperature and/or moderate osmotic stress. 2 Pre-treatment is the exposition of isolated
shoot tips/meristems/cells to a diluted solution of osmotically active components: the osmotic solution is a common designation of
diluted osmotic solutions, usually saccharides, the loading solution is a specific type of the osmotic solution, which usually consists
of glycerol and sucrose. 3 Extensive dehydration is performed by either: extracellular freezing, air-dehydration above silicagel or in a
laminar flow-bench, or CPAs (Cryoprotective Agents) representing a mixture of highly concentrated penetrating and nonpenetrating
cryoprotectants. 4 Cooling rate influences the final state of matter: a slow cooling rate (degrees per hour) provides controlled (equilibrium)
freezing conditions resulting in ice crystals production, a rapid cooling rate (usually thousands or hundreds of degrees per minutes)
represents (nonequilibrium) vitrification conditions avoiding water crystallization. 5 Cryopreservation methods list general designations of
cryopreservation protocols [3,7,10].

The routine use of cryopreservation methods can be supported by the development of
new cryoprotocols or modification of currently used ones based on exact knowledge of
the characteristics of CPAs used. When developing a new CPA, several key points need
to be addressed: (1) selection of a suitable method of dehydration (air, freeze, osmotic),
(2) the type of liquid phase transition (freezing and/or vitrification), and (3) the CPA
treatment (none/single/combined) [19,20]. The choice of these options (Table 1) depends
on the properties of the cryopreserved material, in particular its ability to withstand at
least mild dehydration naturally by air dehydration or freezing without CPA treatment,
typical of some plant species [21]. If a cryopreserved object does not tolerate dehydration,
usually animal or sensitive plant cells or tissues, the use of CPAs is necessary for the
successful application of the cryopreservation method. CPAs can be used either to modify
or to prevent water freezing [12]. In the first case, the CPA concentration is low and the
(equilibrium) freezing of water is controlled at a slow cooling rate; in the latter case, the
CPA concentration is high to skip water freezing at rapid cooling/warming (C/W) rates
(Table 1). The Critical Cooling Rates (CCRs) and Critical Warming Rates (CWRs) have
already been defined for some CPAs [22–24].

Based on the CPA concentration, the thermodynamically non-equilibrium vitrifica-
tion approach can occur at three different conditions: (1) Unstable vitrification happen
when solute concentration is very low and must be overcome by extremely high C/W
rates, (2) metastable vitrification occurred at medium CPA concentration and moderate
C/W rates, and (3) stable vitrification depends on very high CPA concentration and it is
independent on the C/W rates [6,13]. The use of high concentrated CPAs is limited by
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their toxicity to living cells and therefore the appropriate concentration of CPAs must be
validated [25]. With regard to the term stable vitrification, it should be noted that the glassy
state itself is not a thermodynamically equilibrium or stable [6,26]. The glassy state is
metastable because it is not in its lowest energy form, in contrast to the crystalline form of
matter [26], which is thermodynamically favored [6]. In this context, the stable vitrification
is not thermodynamically correct term but it rather indicates the tendency of the solution
to vitrify [27].

The effectiveness of CPA concentration on successful cryopreservation depends on is
ability to induce the glassy state without water crystallization, which is a function of the
CPA concentration and the proportion and characteristics of the CPA components [13,16].
At least two types of glass transitions can be identified: (1) the actual glass transition of
solution (Tg) and (2) the glass transition of maximally freeze-concentrated solution (Tg’),
which is defined by a concentration (Cg’), which occurred as a result of water freezing
and progressive concentration of solution [28,29]. The Tg characterizes glass transition
development without any water freezing but the Tg’ detection always shows ice crystals
occurred during the cooling period [28–30]. Whereas the Tg indicates a reliable vitrification
process, the Tg’ reveals the suboptimal vitrification conditions. Therefore, the development
of new cryoprotocols can be improved through knowledge of the thermal characteristics
of the CPAs, such as the melting/freezing point and the change in a specific heat capacity
associated with matter phase transitions [31]. These parameters can be measured by
differential scanning calorimetry [32–39]. The thermal characteristics of the cryoprotective
solutions used and their components may help to select appropriate CPAs for specific
cryopreservation methods concerning the cryopreserved material and the presence or
avoidance of crystallization during C/W cycles [32,40].

This work solved the problem of selecting suitable CPAs for the development of
reliable vitrification cryoprotocols, which are based on the ability of CPAs to induce a glassy
state without harmful water crystallization, which we defined as the vitrification ability.
This paper aimed to analyze the effect of solute concentration on thermal characteristics
and the vitrification ability of two common multiple CPAs, the Plant Vitrification Solution
2 (PVS2) and the Plant Vitrification Solution 3 (PVS3), and four single CPAs: ethylene
glycol (EG), dimethyl sulfoxide (DMSO), glycerol (Gly), and sucrose (Suc), which are the
components of the combined CPAs tested.

2. Results

2.1. Vitrification Ability of PVS2-Based Solutions

The crystallization of water in the PVS2-based solutions during the cooling cycle
occurred in a range of concentrations from 0.35 to 0.5 g g−1, which corresponded to
40–70% of the PVS2 concentration (Figure 1). In this region, the percentage of water
crystallization declined from 47% to 29% of the total mass of the sample with increasing
solute concentration. No water crystallization occurred during the cooling cycle in solutions
with a higher concentration of solutes. Water crystallization during the warming cycle
was detected in solutions with concentrations of solutes of 0.55 and 0.6 g g−1 (80% PVS2
and 90% PVS2, respectively). The curve of crystallinity rapidly dropped to 23 and 11% of
the total mass of the sample within these solute concentrations. No water crystallization
was detected in the most concentrated solution containing 0.65 g g−1 (100% PVS2) during
C/W cycles.

The occurrence and the value of the glass transition temperature of PVS2-based solu-
tions tested were influenced by a solute concentration and two curves of Tg were detected
(Figure 1). The first, the curve of Tg’, was always accompanied by water crystallization
during the cooling cycle and occurred at low solute concentrations (from 0.35 to 0.5 g g−1).
At the intersection with the Tg curve, the Tg’ curve indicated a concentration (Cg’) of the
solution originating from the water freezing in the diluted solutions, which occurred near
0.8 g g−1 (Figure 1). The Tg’ was independent of original solute concentrations and it
oscillated from −108 to −106 ◦C (Figure 1). The second, the curve of Tg, was detected at
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high solute concentrations (from 0.55 to 0.65 g g−1) when no water crystallization occurred
during the cooling cycle. It was dependent on solutes concentration when it increased from
−120 to −115 ◦C with increasing solute concentration (Figure 1).

Figure 1. Thermal characteristics of osmotic components of the Plant Vitrification Solution 2 (PVS2). The x-axis expresses
the total concentration of solutes (g) per mass of aqueous solution (g). The left y-axis indicates the temperature of thermal
events, the right y-axis shows the percentage of water crystallinity on the total mass of solution. The temperature of
the glass transition (Tg) of the solution is indicated by a cyan circle, the temperature of the glass transition Tg’ of the
freeze-concentrated solution is indicated by a blue triangle, the onset of the water melting peak (Tm) is indicated by a
red diamond if the effect occurs during the cooling period, the onset of the water melting peak is indicated by a hollow
diamond if the effect occurs during the warming period. The percentage of water crystallinity (%c) based on the total mass
of the solution is indicated by an orange square. The Cg’ value marks the concentration of the freeze-concentrated solution.
The vitrification ability (VA) demonstrates the range of solute concentrations with the appropriate vitrification ability. All
effects were measured during the warming period of C/W cycles at a rate of 10 ◦C min−1. Results are presented as a mean
of three repetitions and vertical bars represent standard error.

2.2. Vitrification Ability of PVS3-Based Solutions

Crystallization of water in the PVS3-based solutions during the cooling cycle occurred
in the range of concentrations from 0.19 to 0.5 g g−1, which corresponded to 20–60% of
the PVS3 concentration (Figure 2). In this region, the percentage of water crystallization
decreased from 69% to 21% of total sample mass with increasing solute concentration.
No water crystallization occurred during the cooling cycle in solutions with higher con-
centrations of solutes. Negligible water crystallization during the warming cycle was
detected in a solution with a solute concentration of 0.67 g g−1 (80% PVS3). At this solute
concentration, the crystallinity curve dropped dramatically to 0.4% of the total sample
mass. In the most concentrated solution (100% PVS3) containing 0.78 g g−1 of solutes, no
water crystallization was detected during the C/W cycles.
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Figure 2. Thermal characteristics of osmotic components of the Plant Vitrification Solution 3 (PVS3) depending on their
concentrations in aqueous solution. The total concentration of solutes is expressed as the mass of solutes (g) per mass of
aqueous solution (g). The left y-axis indicates the temperature of thermal events, the right y-axis shows the percentage
of water crystallinity based on the total mass of solution. The temperature of the glass transition (Tg) of the solution is
indicated by a cyan circle, the Tg’ originating from freeze-concentrated solution during the cooling period is indicated by
a blue triangle, the onset of the water melting peaks (Tm) is indicated by a red diamond if the effect occurs during the
cooling period, the onset of the water melting peak is indicated by a hollow diamond if the effect occurs during the warming
period. The percentage of water crystallinity (%c) based on the total mass of the solution is indicated by an orange square.
The vitrification ability (VA) demonstrates the range of solute concentrations with the appropriate vitrification ability.
Cg’ indicates a concentration of the freeze-concentrated solution. All effects were measured during the warming period
of C/W cycles at a rate of 10 ◦C min−1. Results are presented as a mean of three repetitions and vertical bars represent
standard error.

The glass transition of PVS3-based solutions tested was also influenced by a solute
concentration and the presence of water crystallization and two curves of glass transition
temperatures were detected (Figure 2). The first, the curve of Tg’, was always accompanied
by water crystallization during the cooling cycle and occurred at low solute concentrations
(from 0.19 to 0.5 g g−1). It was independent of solute concentrations and oscillated from
−90 to −88 ◦C (Figure 2). At the intersection with the Tg curve, the Tg’ curve indicated
a concentration (Cg’) of the solution originating from the water freezing in the diluted
solutions, which occurred near 0.8 g g−1 (Figure 2). The second, the curve of Tg, was
detected at high solute concentrations (from 0.67–0. 78 g g−1) when no water crystallization
occurred during the cooling cycle. It was dependent on solutes concentration when
increased from −103 to −92 ◦C with increasing solute concentration (Figure 2).

2.3. Vitrification Ability of the EG Solutions

Crystallization of water in the EG solutions during the cooling cycle occurred in a
range of EG concentrations from 0.1 to 0.4 g g−1 (Figure 3). In this region, the percentage of
water crystallization decreased from 67% to 34% of a total sample mass with the increasing
EG concentration. No water crystallization occurred during the cooling cycle in solutions
with a higher EG concentration. Crystallization of water during the warming cycle was
detected in a solution with the EG concentration of 0.5 g g−1.
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Figure 3. Thermal characteristics of ethylene glycol (EG) depending on its concentration in an aqueous solution. The total
concentration of solutes is expressed as the mass of solutes (g) per mass of aqueous solution (g). The left y-axis indicates
the temperature of the thermal events, the right y-axis shows the percentage of crystallinity of water or EG based on the
total mass of the solution. The temperature of the glass transition (Tg) of the solution is indicated by a cyan circle, the
Tg’ originating from the freeze-concentrated solution during the cooling period is indicated by a blue triangle, the Tgs’
originating from the EG crystallization is indicated by a yellow triangle, the onset of water melting peaks (Tm) is marked
by a red diamond if the effect occurs during the cooling period and indicated by a hollow diamond if the effect occurs
during the warming period. The onset of the EG melting peaks (Tm) is indicated by a green diamond. The percentage
of crystallinity of the solvent or solute (%c) based on the total mass of the solution is indicated by an orange square for
water and a brown square for EG. The vitrification ability (VA) demonstrates the range of solute concentrations with the
appropriate vitrification ability. Cg’ indicates a concentration of the freeze-concentrated solution. All effects were measured
during the warming period of C/W cycles at a rate of 10 ◦C min−1. Results are presented as a mean of three repetitions and
vertical bars represent standard error.

The glass transition of the EG solutions tested was influenced by EG concentrations
and two curves of glass transition temperatures were detected (Figure 3) as in the case of
combined CPAs. The first, the curve of Tg’, was always accompanied by water crystalliza-
tion during the cooling cycle and occurred at low EG concentrations (from 0.1 to 0.4 g g−1).
It was independent of solute concentrations and oscillated from −125 to −124 ◦C (Figure
3). At the intersection with the Tg curve, the Tg’ curve indicated a concentration (Cg’) of the
solution originating from the water freezing in the diluted solutions, which occurred near
0.7 g g−1 (Figure 3). The second, the curve of Tg, was detected at high solute concentrations
(from 0.5–0.9 g g−1) when no water crystallization occurred during the cooling cycle. It
was dependent on solutes concentration; it increased from −129 to −120 ◦C (Figure 3).

2.4. Vitrification Ability of the DMSO Solutions

Crystallization of water in the DMSO solutions during the cooling cycle occurred
in a range of DMSO concentrations from 0.1 to 0.4 g g−1 (Figure 4). In this region, the
percentage of water crystallization decreased from 80% to 25% of the total sample mass
with an increasing DMSO concentration. No water crystallization occurred during the
cooling cycle in solutions with higher concentrations of DMSO. No water crystallization

20



Plants 2021, 10, 2392

was detected in solutions with 0.5 g g−1 or higher during the C/W cycles. However, a
crystallization of DMSO was detected at concentrations of DMSO from 0.8 to 1.0 g g−1, and
a portion of the crystallinity ranged from 14 to 100% of DMSO.

Figure 4. Thermal characteristics of dimethyl sulfoxide (DMSO) depending on its concentration in an aqueous solution.
The total concentration of solutes is expressed as the mass of solutes (g) per mass of aqueous solution (g). The left y-axis
indicates a temperature of thermal events, the right y-axis shows the percentage of crystallinity of water or DMSO based
on the total mass of the solution. The temperature of the glass transition (Tg) of the solution is indicated by a cyan circle,
the Tg’ originating from the freeze-concentrated solution during the cooling period is indicated by a blue triangle, the
Tgs’ originating from the DMSO crystallization is indicated by a yellow triangle, the onset of water melting peaks (Tm)
is indicated by a red diamond if the effect occurs during the cooling period, the onset of the DMSO melting peaks (Tm)
is indicated by a green diamond. The percentage of crystallinity of the solvent or solute (%c) based on the total mass
of the solution, is indicated by an orange square for water and a brown square for DMSO. The vitrification ability (VA)
demonstrates the range of solute concentrations with the appropriate vitrification ability. Cg’ indicates a concentration of the
freeze-concentrated solution. All effects were measured during warming period of the C/W cycles at a rate of 10 ◦C min−1.
Results are presented as a mean of three repetitions and vertical bars represent standard error.

The glass transition of DMSO solutions tested was influenced by a DMSO concentra-
tion, similarly to former CPAs. Three curves of glass transition were detected (Figure 4).
The first, the curve of Tg’, was always accompanied by water crystallization during the
cooling cycle and occurred at low DMSO concentrations (from 0.1 to 0.4 g g−1). It was
independent of solute concentrations and ranged from −126.2 to −126.5 ◦C (Figure 4).
At the intersection with the Tg curve, the Tg’ curve indicated a concentration (Cg’) of the
solution originating from the water freezing in the diluted solutions, which occurred below
0.7 g g−1 (Figure 4). The second, the curve of Tg, was detected at high solute concentrations
(from 0.5–0.7 g g−1) when no water crystallization occurred during the cooling cycle. It
was dependent on solute concentrations; it increased from −128.4 to −125.3 ◦C. The third,
the curve of Tgs’, was detected at the highest DMSO concentrations (from 0.8–0.9 g g−1)
when the DMSO crystallization occurred during the cooling cycle. It was independent of
solutes concentrations; it oscillated from −125.9 to −125.8 ◦C (Figure 4).
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2.5. Vitrification Ability of the Gly Solutions

Water crystallization in the Gly solutions during the cooling cycle occurred in a
range of concentrations from 0.1 to 0.5 g g−1 (Figure 5). In this region, the percentage
of water crystallization decreased from 82% to 38% of the total mass of the sample with
increasing Gly concentration. No water crystallization occurred during the cooling cycle in
solutions with a higher concentration of Gly. Water crystallization was detected during the
warming cycle in a solution with a Gly concentration of 0.6 g g−1. The curve of crystallinity
dramatically dropped to 5% of the total mass of the sample in this Gly concentration. No
water crystallization was detected in the Gly concentration of 0.7 g g−1 or higher during
both the C/W cycles.

Figure 5. Thermal characteristics of glycerol (Gly) depending on its concentration in an aqueous solution. The total
concentration of solutes is expressed as the mass of solutes (g) per mass of aqueous solution (g). The left y-axis indicates
the temperature of thermal events and right y-axis shows the percentage of water crystallinity based on the total mass
of solution. The temperature of the glass transition (Tg) of the solution is indicated by a cyan circle, the Tg’ originating
from the freeze-concentrated solution during the cooling period is indicated by a blue triangle, onset of the water melting
peaks (Tm) is indicated by a red diamond if the effect occurs during the cooling period, the onset of the water melting
peak is indicated by a hollow diamond if the effect occurs during the warming period. The percentage of crystallinity of
the solute (%c) based on the total mass of the solution is indicated by an orange rectangle. The vitrification ability (VA)
demonstrates the range of solute concentrations with the appropriate vitrification ability. Cg’ indicates a concentration
of the freeze-concentrated solution. All effects were measured during the warming period of the C/W cycles at a rate of
10 ◦C min−1. Results are presented as a mean of three repetitions and vertical bars represent standard error.

The glass transition of Gly solutions was influenced by a Gly concentration and two
curves of glass transition temperatures were detected (Figure 5). The first, the curve of Tg’,
was always accompanied by water crystallization during the cooling cycle and occurred at
low Gly concentrations (from 0.1 to 0.4 g g−1). It was independent of solute concentrations
and oscillated from −101 to −99 ◦C (Figure 5). At the intersection with the Tg curve, the
Tg’ curve indicated a concentration (Cg’) of the solution originating from the water freezing
in the diluted solutions, which occurred below 0.8 g g−1 (Figure 5). The second, the curve
of Tg, was detected at high solute concentrations (from 0.5 to 1.0 g g−1) and was dependent
on solute concentration when it was increased from −114 to −81 ◦C (Figure 5).
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2.6. Vitrification Ability of the Suc Solutions

Water crystallization in the solutions during the cooling cycle occurred in a range
of Suc concentrations from 0.1 to 0.6 g g−1 (Figure 6). In this region, the percentage of
water crystallization decreased from 91% to 38% of the total mass of the sample with
increasing Suc concentration. No water crystallization occurred during the cooling cycle in
solutions with higher Suc concentrations. Negligible water crystallization was detected
in a solution with the Suc concentration of 0.7 g g−1 (Figure 6). The curve of crystallinity
dramatically dropped to 0.6% of the total mass of the sample at this Suc concentration.
No water crystallization was detected in the most concentrated solution (0.8 g g−1 of Suc)
during the C/W cycles.

The Tgs of Suc solutions tested were influenced by a Suc concentration and two curves
of glass transition temperature were detected (Figure 6). The first, the curve of Tg’, was
always accompanied by water crystallization during the cooling cycle and occurred at low
Suc concentrations (from 0.1 to 0.5 g g−1). It was independent of solute concentrations
and ranged from −47 to −45 ◦C (Figure 6). At the intersection with the Tg curve, the Tg’
curve indicated a concentration (Cg’) of the solution originating from the water freezing in
the diluted solutions, which occurred near 0.8 g g−1 (Figure 6). The second, the curve of
Tg, was detected at high solute concentrations (from 0.6–0.8 g g−1) and was dependent on
solutes concentration when increased from −87 to −43 ◦C (Figure 6).

Figure 6. Thermal characteristics of sucrose (Suc) depending on its concentration in an aqueous solution. The total
concentration of solutes is expressed as the mass of solutes (g) per mass of aqueous solution (g). The left y-axis indicates
the temperature of thermal events, right y-axis shows the percentage of water crystallinity based on the total mass of the
solution. The temperature of the glass transition (Tg) of the solution is indicated by a cyan circle, the Tg’ originating from the
freeze-concentrated solution during the cooling period is indicated by a blue triangle, onset of the water melting peaks (Tm)
is indicated by a red diamond if the effect occurs during the cooling period, the onset of the water melting peak is indicated
by a hollow diamond if the effect occurs during the warming period. The percentage of crystallinity of water (%c) based
on the total mass of the solution is indicated by an orange square. The vitrification ability (VA) demonstrates the range
of solute concentrations with the appropriate vitrification ability. Cg’ indicates a concentration of the freeze-concentrated
solution. All effects were measured during the warming period of the C/W cycles at a rate of 10 ◦C min−1. Results are
presented as a mean of three repetitions and vertical bars represent standard error.
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3. Discussion

The thermal analysis of PVS2, PVS3, and their components demonstrated key features,
the vitrification ability, and limits of these solutions for their use as CPAs in vitrification
cryoprotocols concerning the CCR and CWR of 10 ◦C min−1.

3.1. PVS2-Based Solutions

The results showed that all diluted PVS2 solutions (40–90%) can be used as a step of
graduate dehydration [3,41–43] as they decreased the amount of frozen water but they did
not have satisfactory vitrification ability (Figure 1) at the C/W rates of 10 ◦C min−1. Only
the most concentrated solution, the original (100%) PVS2 concentration, did not show any
water crystallization in the C/W cycles (Figure 1) at the standard C/W rates. We proved
that the PVS2 concentrations of 0.65 g g−1 or higher have an acceptable vitrification ability
with no risk of water crystallization. We confirmed former findings that the CCR of PVS2
is less than 10 ◦C min−1 [44] but, moreover, we proved that the CWR of the PVS2 is less
than 10 ◦C min−1 as well (Figure 1). A dilution of the PVS2 solution to 80–90% (0.55 and
0.6 g g−1) resulted in an overcoming ice crystallization during the cooling cycle but the
crystallization still occurred during the warming cycle (Figure 1). We conclude that the
CCR of 80% PVS2 is less than 10 ◦C min−1 in contrast to the CWR, which is higher than
10 ◦C min−1. The PVS2 solution diluted to 40–70% (0.35–0.5 g g−1) still showed the osmotic
effect of the solution due to decreasing water crystallization but the vitrification ability
was weak (Figure 1). We conclude that the water freezing at PVS2 concentrations below
0.55 g g−1 risks sample damage during the C/W cycles because the successful sample
vitrification strongly depends on very high values of both the CCRs and the CWRs.

Two types of Tg curves in the PVS2-based solutions were detected concerning the
solute concentrations. The Tg’ curve was a result of water crystallization [13] during the
cooling cycle in the concentration range of 40–70% of PVS2 solution but it did not corre-
spond to the Tg value of the original solutions. The Tg’ value indicated the concentration
of the freeze-concentrated solution (Cg’) (Figure 1). The Cg’ of the freeze-concentrated
PVS2 solution was higher than the concentration of 100% PVS2 (Figure 1). The presence
of Tg’ in the 40–70% PVS2 (Figure 1) indicated higher CCR than the actual cooling rate
used [13]. The second curve of Tg was detected in a concentration range of 80–100% PVS2
(Figure 1) and represented the Tgs of the original solutions. It was also developed during
the cooling cycle and ranged in temperatures from −120 to −115 ◦C (Figure 1). The DSC
measurement confirmed a satisfactory vitrification ability of the 100% PVS2 solution at the
standard C/W rates. The Tg of this solution at −115 ◦C corresponds to the value of the
PVS2 solutions already published [38,45,46].

We proved that the detection of the actual Tg was not crucial for the solution vitri-
fication ability because water crystallization still occurred in 80% and 90% PVS2 during
warming cycles simultaneously with Tg presence (Figure 1). Insufficient cryoprotectant
concentration or insufficient warming rate may result in uncontrolled crystallization of
water during thawing of samples [44,47,48], even though the samples were safely stored at
liquid nitrogen temperature without any damage. This problem can also occur even with
an appropriate concentration of CPA, but for an insufficient treatment period to properly
dehydrate the sample [3].

Only the 100% PVS2 concentration showed sufficient vitrification ability, characterized
by the presence of a glassy state without any water crystallization at the C/W rates of
10 ◦C min−1. The CCR and CWR values of this solution are lower than 10 ◦C min−1, which
does not place too high demands on the temperature course during vitrification. Diluted
PVS2 can be used as an osmotic agent to gradually dehydrate a sample before its vitrifica-
tion or as CPA at higher C/W rates than 10 ◦C min−1. This suggestion was successfully
proved by the applicability of 80% PVS2 using the droplet-vitrification procedure [42].
The successful application of diluted PVS2 proved the higher C/W rates provided by the
droplet-vitrification method, and thus is consistent with our results performed at the stan-
dard C/W rates of 10 ◦C min−1. Insufficient dehydration can result in water crystallization
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mostly during the warming or even cooling cycle, in the case that the CWR or CCR are not
adequate for the sample solute concentration. The presence of the Tg’, which is associated
with the freeze-concentrated solution, reveals an insufficient actual cooling rate, which is
lower than the CCR of the solution, and simultaneously shows the solute concentration
(Cg’) providing conditions (~0.8 g g−1) close to the stable vitrification conditions [6].

Two possible constraints of the CPA use should be taken into an account. A too
extended period of dehydration can result in sample osmotic injury due to excessive water
loss, and high concentration or presence of some penetrating components of CPAs can result
in specific toxicity and injury of the cryopreserved material during vitrification [49,50]. To
decrease the PVS2 toxicity the exposition at 0 ◦C is strongly recommended [46,51].

3.2. PVS3-Based Solutions

The results showed the vitrification ability of the PVS3-based solutions is satisfactory
in a range from 80 to 10% of the original concentration (Figure 2). The most concentrated
100% PVS3 solution, did not show any water crystallization during the C/W cycles at
the standard C/W rate. We can conclude that both the CCR and CWR are less than
10 ◦C min−1 in the 100% PVS3 solution. In the case of a solution diluted to 80% PVS3, no
water crystallization occurred during cooling and only negligible water crystallization (0.4%
w/w) was found during the warming cycle (Figure 2). This amount of frozen water was very
close to the commonly agreed threshold value for the CCR at 0.2% of ice (w/w) [52] and the
quantity of 0.5% w/w is not considered to be sufficient to cause any damage [52]. Moreover,
real C/W rates are usually higher than 10 ◦C min−1 in the vitrification methods. Therefore,
we consider 80–100% PVS3 solutions as appropriate CPAs with reliable vitrification ability
for most vitrification methods. Our suggestions are in an agreement with the finding
that the PVS3 solution in a concentration range from 80 to 100% resulted in acceptable
cell survival (77.1–82.6%) [53]. More diluted PVS3 solutions (20%–60%) showed water
crystallization during the cooling cycle (Figure 2) which indicated that the CCR of these
solutions is higher than 10 ◦C min−1. We conclude that diluted PVS3 solutions from 20%
to 60% of PVS3 have very limited vitrification ability but they can be used as a step of
graduate sample dehydration [43,54]. Insufficient vitrification ability confirmed previous
results when the cell survival after 60%–70% PVS3 treatment ranged from 0 to 0.9% [53].

As in the case of the PVS2-based solutions, two types of Tg were detected in the
PVS3-based solutions as well (Figure 2). As a result of water crystallization in diluted
PVS3 solutions, the Tg’s of freeze-concentrated solutions were found in a range from
−91 to −88 ◦C (Figure 2). Secondly, the actual Tgs of solutions corresponding to 80 and
100% of PVS3 were detected at −103 and −92 ◦C, respectively (Figure 2). The Tg of the
100% PVS3 solution measured corresponds to the value of the PVS3 solution already
published [38,53,55]. This Tg was close to the Tg’ value of the freeze-concentrated solution
detected at −91 ◦C (Figure 2). We conclude that the PVS3 solute concentration was almost
identical to the freeze-concentrated solution (~0.8 g g−1) and therefore the PVS3 contains
almost no water, which can potentially be frozen at the stable vitrification conditions (6). In
this respect, the PVS3 differs from the PVS2. A solute concentration in the original PVS2
(0.65 g g−1) is similar to the solution of 80% PVS3 (0.67 g g−1) but much less than in the
original PVS3 solution (0.78 g g−1). A higher concentration of solutes in the PVS3 solution
indicates a higher vitrification capacity compared to PVS2, which is in line with previous
results [56]. The advantage of the PVS3 solution is less cytotoxicity than in the case of
PVS2 so it can be used at room temperature. The PVS3 constraint can be considered rather
high viscosity, which can make PVS3 application difficult [57]. On the other hand, the
diluted PVS3 solutions, with lower viscosity, in a range from 80 to 100% have acceptable
vitrification ability (Figure 2) and have been successfully used as CPAs [42,43,53,54,58–60].

3.3. Single CPAs

The vitrification ability of the PVS components (a single CPA) had similar char-
acteristics to the combined CPAs tested (PVS2- and PVS3-based solutions). For single
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CPAs, the acceptable vitrification ability was found in the ranges of solute concentrations
0.5–0.7 g g−1 for DMSO, 0.7–0.8 g g−1 for EG or Suc, and 0.7–1.0 g g−1 for Gly. In these
solute concentrations, typically, no water crystallization was found during the C/W cycles.
The only 0.7 g g−1 Suc solution showed negligible water crystallization (0.6% w/w) during
the warming cycle. It was close to the consent value (0.2%) for the CCR [52], corresponding
to the 80% PVS3 solution (Figure 2). Therefore, we consider the 0.7 g g−1 sucrose aqueous
solution a threshold value for the Suc vitrification ability. A lower solute concentration
than 0.5 g g−1 resulted in an unreliable vitrification ability in all single CPAs tested. The
vitrification ability was limited by solute crystallization at a concentration higher than
0.9 g g−1 in EG and 0.8 g g−1 in DMSO, and by the difficult solubility of Suc at a concentra-
tion higher than 0.8 g g−1. The solute crystallization was described in EG aqueous solution
under isothermal conditions [61]. It occurred at high solute concentrations and depended
on the time of isothermal conditions. Therefore, we believe that the solute crystallization is
not a serious problem of the vitrification method, as the individual components of CPAs
cannot be used in a concentrated form due to their toxicity [62]. Glycerol was the only
single CPA, which showed the vitrification ability up to 100% concentration.

The two previously identified types of Tg were found in all single CPAs tested. The
Tg’ presence was always detected together with the water crystallization during cooling
and corresponded to the glass transition of the freeze-concentrated solutions. In diluted
Suc solutions, the values for Tg’ and Cg’ were −46 ◦C and ~0.8 g g−1, respectively. The
same values were defined for the Tg’ and Cg’ for the Suc maximal-freeze concentrated
solution [29,63]. Therefore, we assume that all values of Tg’ and Cg’ identified in our work
correspond, or at least were very close, to the maximally freeze-concentrated solution of
the CPAs tested. Secondly, the actual Tg was detected when no or limited water content
crystallized during the cooling cycle. Except for two mentioned Tgs, an additional Tg,
marked as the Tgs’ was detected as a result of solute crystallization in highly concentrated
EG and DMSO solutions (Figures 3 and 4).

An appropriate vitrification ability of single CPAs was always determined by the
presence of the Tg together with a limited crystallinity of water or solute (Figures 3–6).
The lowest solute concentration (0.5 g g−1) with the appropriate vitrification ability was
detected in the DMSO solution. Our results of the vitrification ability (Figures 3–5) corre-
spond to the achievements obtained earlier when the authors defined the glass-forming
solute concentrations of 55, 46, and 65% (w/v) for EG, DMSO, and Gly, respectively [2].
We suggest the solute concentration 0.7 g g−1 as the universal value for obtaining opti-
mal vitrification ability at the CCR and the CWR of 10 ◦C min−1 or higher. The CPAs
at the concentration of 0.7 g g−1 content provided a small amount of water 0.42 g g−1

(water/solute CPAs). Similarly, the low water content of 0.4 g g−1 (water/dry mass) was
defined as a border value for successful cryopreservation of encapsulated meristems [64].
This cryopreservation method used alginate beads moistened with 0.75 M sucrose, which
were air dehydrated above silicagel for 6 h when they reached the final water content of
0.4 g g−1 and the corresponding Tg of −67.5 ◦C. We propose that this Tg value corresponds
to the Tg of the concentrated Suc solution. In our study, a similar value of Tg at −67.1 ◦C
was detected in 0.7 g g−1 Suc solution with a corresponding water content of 0.42 g g−1.
Therefore, we suggest the Tg value of −67.5 ◦C of the air-dehydrated alginate beads [63]
was influenced by the Tg of the 0.71 g g−1 Suc solution with a corresponding water content
of 0.4 g g−1. This supports a former finding [65] that the minimal Suc concentration for a
glass transition without water crystallization occurred at 70% (w/w). We assume that Suc
solution acts as a single CPA in the encapsulation–dehydration method due to air dehydra-
tion of 0.75 M sucrose to 2.83 M (0.71 g g−1). An appropriate osmotic acclimation increases
the dehydration tolerance of encapsulated material and allows a decrease in alginate beads’
water content up to 0.36 g g−1 [66] and decreases the risk of water crystallization. The
high Tg value of Suc solution in comparison with other single cryoprotectants (Figures 3–6)
should be taken into account when the combined CPAs are designed [2,28]. Including Suc
or other saccharides [28] and its proportion in the CPA can influence the Tg of the designed
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CPA mixture. Accordingly, the Tg of −115 ◦C in PVS2 with 0.4 M Suc significantly differed
from Tg of −92 ◦C in PVS3 with 1.46 M Suc. The resulted Tg influences the course of
sample C/W and the critical storage temperature [10,67].

The applicability of the suggested solute value of 0.7 g g−1 is very often limited
by solute toxicity, especially in the penetrating CPA [25]. It was proved that the CPA
become increasingly toxic as concentration increases [25]. On contrary, a cryopreservation
method employing 10% DMSO combined with the rapid C/W rates was successfully
used [68]. However, this method is not based on the sample vitrification because the low
DMSO concentration did not avoid water freezing (Table 1), so the method was named
the droplet-freezing method [69]. The DMSO induces some ultrastructural changes in
treated cells that helped to overcome water freezing without fatal damage [70,71] even
under nonequilibrium conditions [72]. This can be probably a significant factor that
supports including DMSO in the combined CPAs and frequency of the DMSO-based
solution used. Currently, more than four times number of papers are available for the
PVS2 cryopreservation compared to the PVS3 in the WOS database, reflecting the generally
higher efficiency of the PVS2 solution compared to the PVS3. This phenomenon can be
explained by a different mechanism of actions of penetrating and non-penetrating CPA [73]
related to the specific tolerance of cryopreserved material to CPA toxicity or osmotic stress
in the treatments by PVS2 or PVS3, respectively [74]. The higher osmotic effect of PVS3
compared to PVS2 is probably due to the lower penetrability of the CPA component [73]
together with the higher solutes concentration in the solution. Sensitivity to osmotic stress
or insufficient osmotic acclimation of cryopreserved material can limit the PVS3 use [75].
Recently, some evidence of the harmful effect of DMSO on living organisms or genetic
stability has put downward pressure on the proportion of DMSO in the CPA used [76].

Regardless of a possible DMSO controversy, we can generally conclude, the low CPA
concentrations can be successfully used for the freezing cryopreservation methods, but
not the vitrification ones because low concentrations of any single CPA did not show
appropriate vitrification ability. A possible solution of the CPA toxicity is a design of the
CPA mixture composition with the nontoxic effect of the components [13,25,77]. The crucial
factor for the vitrification ability of CPAs is mostly a proportion of water in the solution,
which can be up to 30% w/w according to our results (Figures 1 and 2), which is in an
agreement with the previous findings [65]. On the other hand, based on our results and the
results of other authors [2], the penetrating CPAs can be efficient in lower concentrations
due to their higher vitrification ability than the non-penetrating CPAs. As we showed, the
DMSO proved the best vitrification ability of the CPA tested at a concentration of 0.5 g g−1

(Figure 4). Although the 0.7 g g−1 solute concentration can be the universal vitrification
concentration, the wider region from 0.5 to 0.8 g g−1 can conditionally be used concerning
the proportion of single CPAs and the corresponding CCR or CWR.

Based on our results, four typical concentration regions with specific thermal charac-
teristics can be identified (Figure 7) among the CPA concentrations. The first region was
characterized by the water crystallization during the cooling cycle and the presence of
Tg’ of the freeze-concentrated solution originating from the water crystallization, and it
usually ranged from 0 to 0.5 g g−1 (Figure 7). This region corresponds well to the unstable
vitrification demonstrated earlier on glycerol solution [13]. The second region was typically
characterized by water crystallization only during warming and the presence of the Tg
corresponding to the actual solute concentration which ranged mostly from 0.5 to 0.6 g g−1

(Figure 7). This region corresponds to the metastable vitrification [13]. The third region
was characterized by the presence of the actual solution Tg without significant water crys-
tallization and ranged usually from 0.6 to 0.8 g g−1 (Figure 7). This region partly belongs
to the metastable vitrification conditions [13], which moderately depends on C/W rates,
and it ends at the stable vitrification conditions [13], which are independent of C/W rates.
The Cg’ occurred in this range and represented the concentration of the freeze-concentrated
phase. It indicated the proximity of the stable vitrification concentration. The fourth
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region represents sub-optimal conditions and was characterized by the presence of solute
crystallization and can occur at a solute concentration higher than 0.8 g g−1 (Figure 7).

Figure 7. General CPA thermal diagram demonstrating the effect of solute concentration on vitrification ability (VA). Four
areas of solute concentration differ in their vitrification ability: (1) low concentration (0–0.5 g g−1) results in crystallization
of water during cooling with the exception of an extreme CCR, (2) medium concentration (0.5–0.6 g g−1) carries the risk
of crystallization of water during warming, (3) optimal concentration (0.6–0.8 g g−1) for the glass transition, (4) high
concentration (0.8–1.0 g g−1) carries the risk of solute crystallization, osmotic damage or CPA toxicity. x-axis—solute
concentration (g g−1), left y-axis—temperature (◦C), right y-axis—percentage of crystallinity of water or solute (% w/w),
Tg—glass transition temperature of the solution, Tg’—glass transition temperature of the freeze-dehydrated solution,
Tm—melting point of water (red line) or solute (green line), %c—percentage of crystallinity of water (orange) or solute
(brown), Cg—concentration of the freeze-concentrated solution. The solute concentration of 0.7 g g−1 represents the
proposed universal vitrification concentration of CPAs.

Moreover, some transient zones can be detected: the simultaneous occurrence of
the water crystallization and the actual glass transition in Gly or Suc solutions during
the cooling cycle (Figures 5 and 6); the solute crystallization absence in the fully concen-
trated Gly (Figure 5). Concerning the vitrification ability at the standard C/W rates of
10 ◦C min−1, we recommend the third region of the CPA concentrations (0.6–0.8 g g−1)
for safe cryopreservation utilizing vitrification methods without any risk of water crystal-
lization at the metastable or stable vitrification conditions with corresponding CCR and
CWR. A high solute concentration, close to the Cg’, is strongly recommended when the
C/W rates are limited due to method or sample specificity. The presence of some very
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effective CPA components as DMSO can shift this region to the lower values. The second
region (0.5–0.6 g g−1) is applicable in the case of very high C/W rates. The advantage
of this region is an opportunity for the CPA concentration decrease to avoid its toxicity.
The first region (0–0.5 g g−1) is recommended mostly for the freezing cryopreservation
method and its use for vitrification is possible only under extreme conditions—very small
sample size together with ultrarapid C/W rates. The appropriate CCR and CWR should
be verified. The last region of the CPA concentrations (0.8–1 g g−1) is inapplicable due to
unstable supersaturated solution presence or extreme CPA concentration.

4. Materials and Methods

Osmotic mixtures of two common combined CPAs and their single osmotic com-
ponents were tested by differential scanning calorimetry. Osmotic components of PVS2
consist of 15% (w/v) ethylene glycol, 15% (w/v) DMSO, 30% (w/v) glycerol, and 13.7% (w/v)
sucrose [46]. Nutrients—inorganic salts of low concentration according to Murashige and
Skoog [78] were omitted; instead, the osmotics were diluted in water. The above-mentioned
composition of the original PVS2 solution was defined as 100% PVS2. Next, six solutions
were prepared by dilution of the original solution in water to the following concentrations:
90% (w/v) PVS2, 80% (w/v) PVS2, 70% (w/v) PVS2, 60% (w/v) PVS2, 50% (w/v) PVS2, and
40% (w/v) PVS2.

The second combined CPA, PVS3, consists of 50% (w/v) glycerol and 50% (w/v) sucrose
in water [53]. The original concentration of above mentioned osmotics was defined as 100%
PVS3. Next, six solutions were prepared by dilution of the original solution in water to the
following concentrations: 80% (w/v) PVS3, 60% (w/v) PVS3, 40% (w/v) PVS3, and 20% (w/v)
PVS3.

Single components of the above-mentioned complex mixtures were diluted in water
to the following concentrations: 0, 10, 20, 30, 40, 50, 60, 70, and 80% (w/w) of ethylene glycol
(EG), dimethyl sulfoxide (DMSO), glycerol (Gly), and sucrose (Suc). In the case of liquids
(EG, DMSO, Gly), next two concentrations were prepared: 90 and 100% (w/w).

Thermal analysis was performed by differential scanning calorimetry using TA 2920
(TA Instruments, New Castle, DE, USA) and an LN cooling system (LNCS), using helium
as a purge gas and hermetically sealed aluminium pans in three repetitions. Standard C/W
rates of 10 ◦C min−1 were used in a temperature range from +25 to −140 ◦C during the
cooling cycle of measurement and a range from −140 to 30 ◦C during the warming cycle of
the measurement. Measured thermal events of prepared CPA solutions were evaluated
by the Universal Analysis software (TA Instrument, New Castle, DE, USA). The presence
of endotherms (crystallization), exotherms (melting), and the glass transitions during the
C/W cycles of the measurement were detected. The temperature of glass transition (Tg),
the temperature of onset melting peak (Tm) was measured. The amount of crystallinity
was calculated based on the measured heat of fusion. Standard heat of fusion of 334, 181,
and 173 J g−1 K−1 was used for water, EG, and DMSO, respectively.

5. Conclusions

The appropriate vitrification ability of two combined (PVS2 and PVS3) and four single
(EG, DMSO, Gly, Suc) CPAs usually ranged from solute concentrations of 0.6 to 0.8 g g−1

for the CCR and the CWR of 10 ◦C min−1 or higher. Gly was the only single cryoprotectant
which possessed vitrification ability up to 100% solute concentration. DMSO was the
most effective CPA with an appropriate vitrification ability already starting at a solute
concentration of 0.5 g g−1. We demonstrated that the Suc solution can be used as a natural
single CPA when dehydrated to a concentration of 0.7 g g−1 or higher. In the combined
CPAs, the appropriate solute concentration was proved only in 100% PVS2 or 80 and
100% PVS3.

No crystallization in all CPAs during the cooling cycle is associated with the detection
of the Tg corresponding to the actual solution concentration. The presence of a glassy state
of the freeze-concentrated solution, characterized by Tg’, indicates water crystallization
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occurrence during the cooling cycle and a possible injury of a sample by ice crystal growth.
On the other hand, the Tg’ value can help to identify the Cg’ of the maximally freeze-
concentrated solution, which corresponds to the solute concentration typical for the stable
vitrification conditions [13]. The solute concentration of 100% PVS3 close to the Cg’ suggests
its higher vitrification ability even at very low CCR and CWR compared to 100% PVS2.

Generally, combined CPAs are recommended to avoid the risk of sample damage due
to CPA cytotoxicity [25,79]. The design of combined CPAs can decrease the portion of the
individual components below their toxicity threshold [79]. While the higher proportion
of DMSO in the combined CPA decreases the total solute concentration with appropriate
vitrification ability, the higher proportion of Suc increases the Tg value of the CPA mixture
and subsequently increases the safe storage temperature of samples. Knowledge of the
CPAs thermal properties can help to design a new combined CPA with the appropriate
vitrification ability.
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Abstract: Coral reefs around the world are exposed to thermal stress from climate change, disrupting
the delicate symbiosis between the coral host and its symbionts. Cryopreservation is an indispensable
tool for the preservation of species, as well as the establishment of a gene bank. However, the
development of cryopreservation techniques for application to symbiotic algae is limited, in addition
to the scarceness of related studies on the molecular level impacts post-thawing. Hence, it is essential
to set up a suitable freezing protocol for coral symbionts, as well as to analyze its cryo-injury at the
molecular level. The objective of this study was to develop a suitable protocol for the coral symbiont
Breviolum subjected to two-step freezing. The thawed Breviolum were then cultured for 3, 7, 14, and
28 days before they were analyzed by Western blot for protein expression, light-harvesting protein
(LHP), and red fluorescent protein (RFP) and tested by adenosine triphosphate bioassay for cell
viability. The results showed the highest cell viability for thawed Breviolum that was treated with 2 M
propylene glycol (PG) and 2 M methanol (MeOH) and equilibrated with both cryoprotectants for
30 min and 20 min. Both treatment groups demonstrated a significant increase in cell population
after 28 days of culture post-thawing, especially for the MeOH treatment group, whose growth
rate was twice of the PG treatment group. Regarding protein expression, the total amounts of
each type of protein were significantly affected by cryopreservation. After 28 days of culture, the
protein expression for the MeOH treatment group showed no significant difference to that of the
control group, whereas the protein expression for the PG treatment group showed a significant
difference. Breviolum that were frozen with MeOH recovered faster upon thawing than those frozen
with PG. LHP was positively and RFP was negatively correlated with Symbiodiniaceae viability
and so could serve as health-informing biomarkers. This work represents the first time to document
it in Symbiodiniaceae, and this study established a suitable protocol for the cryopreservation of
Breviolum and further refined the current understanding of the impact of low temperature on its
protein expression. By gaining further understanding of the use of cryopreservation as a way to
conserve Symbiodiniaceae, we hope to make an effort in the remediation and conservation of the
coral reef ecosystem and provide additional methods to rescue coral reefs.

Keywords: cryopreservation; Symbiodiniaceae; two-step freezing; protein expression; coral

1. Introduction

Cryopreservation is a technique that prolongs the viability of structurally intact cells
and tissues by freezing under low-temperature treatment at relatively low cost and time [1].
Its procedure can also reduce the expense and work required for the culture of algae, as
opposed to the traditional method, and prevent possible contamination and genetic shift
during culture [2].
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In recent years, temperature change, acidification, and eutrophication [3,4] have
caused great impacts on the marine environment, leading to catastrophic consequences on
the coral reef ecosystems. Coral reefs, the irreplaceable habitats for many marine organisms,
are currently endangered by the disruption of their symbiotic relationship with symbiotic
dinoflagellates from the Symbiodiniaceae family due to global environmental change. The
disruption of the symbiosis ceases the nutrient supply for corals from Symbiodiniaceae
photosynthesis, leading to coral bleaching [5,6]. Corals cannot survive without their
symbiotic dinoflagellates, and therefore, conserving the symbionts will be a critical factor
in coral reef conservation [7].

Much research is now focused on the application of cryopreservation on Symbio-
diniaceae conservation [8,9]. For example, Zhao et al. 2017 [10] tested for the optimal
cryopreservation protocol of Gerakladium extracted from Gorgonacea, using vitrification
and slow freezing method. In addition, Chong et al. 2016c [11] made the first successful
attempt on the two-step freezing of Gerakladium, using 1 M MeOH with 0.4 M sucrose as a
cryoprotectant (CPA); the survival rate of the thawed Symbiodiniaceae reached 56.93%. By
using Symbiodiniaceae extracted from Pseudopterogorgia elisabethae, Santiago-Vázquez et al.
2017 [12] found that, of four different freezing protocols, the two-step freezing resulted
in the highest survival rate of thawed algae during culture. Furthermore, Hagedorn and
Carter, 2015 [13] attempted cryopreservation of Symbiodiniaceae from different seasons of
a year and found that Cladocopium quality varies with season. The information accumulated
through the preceding studies aids in the establishment of a database for the gene bank of
symbiotic dinoflagellates.

Aside from symbiotic dinoflagellates, two-step freezing is also being commonly ap-
plied to other algae. For example, in a 1984 study conducted by Van Der Meer and Simpson,
the rhodophyta Gracilaria tikvahiae was preserved for as long as 4 years using the two-step
freezing. Zhang et al. 2008 [14] also performed the same procedure on the economically
valuable algae Laminaria japonica; of the 43% of algae that survived, there was more of
the male gametophyte than female gametophyte, suggesting that two-step freezing could
possibly assist in selective breeding in the future. The two-step freezing involves two
stages of cooling: the cell is first cooled to between −30 and −50 ◦C [15,16], then it is
immersed into liquid nitrogen. The purpose of the first cooling stage is to equilibrate
the cellular osmotic pressure with the implementation of cryoprotectants (CPAs) to efflux
excess water from the cell, thus preventing the formation of intracellular crystals during
cryopreservation [2,17].

Current studies on topics regarding the molecular level impact of cryopreserved Sym-
biodiniaceae only cover as much as mitochondria DNA [18], gene expression [19,20], and
DNA integrity [12]. Most research conducted on the protein expression of Symbiodiniaceae
focused on how environmental factors influence it, such as the affected protein expression
and gene loss caused by different light intensity [21] and warming of seawater [22], as
well as the impact of photosynthesis on Symbiodiniaceae protein level and chlorophyll
expression, and on the endosymbiotic relationship between algae and coral [23]. However,
relevant research on the impact of protein in cryopreserved Symbiodiniaceae is still lacking.
Although the role of red fluorescence proteins (RFP) had been extensively studied, its
research is still a highly discussed topic [24,25]. Meanwhile, Huang et al. (2017) [26] had
explored a high titer antibody for Symbiodiniaceae light-harvesting protein (LHP), which is
involved in photosynthesis [27,28]. The objective of the study is to obtain a suitable protocol
for the two-step freezing of Breviolum, as well as to observe the growth of post-thawed
Breviolum in culture. The present study also investigated the effect of cryopreservation at
the molecular level in Breviolum by analyzing proteins (RFP and LHP).

2. Results

2.1. Effect of Equilibration Time and Concentration of CPAs on the Viability of Frozen-Thawed
Breviolum

The experiment investigated the viability of thawed Breviolum that were treated with
four types of CPAs (MeOH, PG, DMSO, and Gly) at three varying concentrations (1, 2, and
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3 M) and equilibrated for either 20 or 30 min (Figure 1). ATP content (presented as relative
percentages against experimental controls) was used as a proxy for cell viability. Between
the MeOH treatment groups equilibrated for 20 and 30 min, the former showed relatively
higher Breviolum viability after cryopreservation (Figure 1a). The MeOH treatment group
equilibrated for 20 min showed significantly higher Breviolum viability in the 1 and 2 M
groups than at 30 min (pairwise t-tests, p = 0.021 and p = 0.035, respectively). In the
PG treatment group equilibrated for 20 and 30 min, it was found that thawed Breviolum
treated with 2 M PG and equilibrated for 30 min had the highest cell viability (Figure 1b).
Moreover, there were no effects of equilibration time (20 vs. 30 min) at any of the three
PG concentrations (Figure 1b). Aside from all that, the results revealed that, in the PG
treatment group equilibrated for 20 min, Breviolum viability decreased with increasing
CPA concentration (one-way ANOVA, F(3/8) = 39.452, p < 0.001). Lastly, there was no
significant difference (p > 0.05) in Breviolum viability among the DMSO and Gly treatment
groups (Figure 1c,d, respectively), regardless of equilibration time or CPA concentration;
the only exception to this was the 2 M DMSO treatment group, which showed a significant
temporal difference (pairwise t-tests, p = 0.029).

Figure 1. ATP content for thawed Breviolum that was cryopreserved with different CPAs: (a) MeOH, (b) PG, (c) DMSO,
and (d) Gly. Breviolum was cryopreserved with 4 different types of CPAs at 3 varying concentrations (1, 2, and 3 M) and
equilibrated for either 20 min or 30 min. The control group represents Breviolum not subjected to any treatment. Different
letters and numbers represent a significant difference (p < 0.05) in treatment groups of varying concentrations equilibrated
for 20 and 30 min. Asterisks are marked for any significance difference observed under the same CPA concentrations but
over different equilibration times. The error bar represents standard deviations.

The experiment yielded the highest Breviolum viability for the 2 M MeOH treatment,
equilibrated for 20 min, with an increase in ATP response reaching 130%. The next best
symbiont viability was obtained with the 2 M PG group equilibrated for 30 min, with an
ATP response reaching 100%. Ensuing were the 2 M DMSO and 1 M Gly treatment groups,
both equilibrated for 30 min, at 60% and 58%, respectively. The MeOH and PG treatments
yielded higher Breviolum viability than either of the DMSO and Gly treatment groups. The
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Gly treatment group displayed its highest Breviolum viability with a 1 M concentration,
whereas the other three CPA treatment groups showed their respective highest viability
with a 2 M concentration. In terms of equilibration time, only the MeOH treatment group
displayed its highest Breviolum viability with 20 min, whereas with the other three CPAs,
the 30 min equilibration yielded the best Breviolum viability.

2.2. Breviolum Growth Rate after Four Culture Periods

Thawed Breviolum were cultured independently under different culture durations (3, 7,
14, and 28 days), during which growth was quantified (Figure 2). The number of algal cells
was determined using a hemocytometer. The cell culture density for the control groups
(enumerated immediately post-thaw) for the MeOH group Breviolum was 8.28 × 105 (3-day
culture), 9.35 × 105 (7-day culture), 6.16 × 105 (14-day culture), and 7.10 × 105 cells/mL
(28-day culture) (Figure 2a). The cell culture density for the control groups for the PG
group Breviolum was 6.85 × 105 (3-day culture), 4.36 × 105 (7-day culture), 7.87 × 105

(14-day culture), and 6.27 × 105 cells/mL (28-day culture) (Figure 2b). Results showed
that Breviolum growth commenced after 7 days of culture for the MeOH treatment group
(Figure 2a) and after 14 days of culture for the PG treatment group (Figure 2b). Both
treatment groups displayed growth by the 28th day of culture, but the cell culture density
of the MeOH treatment group was twice as high as that of the PG treatment group. The
cell culture density and normalized percentage for MeOH group Breviolum after 3, 7, 14,
and 28 days of culture were 3.16 × 105, 8.16 × 105, 9.27 × 105, and 1.36 × 107 cells/mL,
respectively (Figure 2a), whereas that of PG group Breviolum were 2.00 × 104, 3.20 × 104,
1.69 × 105, and 5.54 × 106 cells/mL, respectively (Figure 2b).

Figure 2. Cell culture density for the MeOH (a) and PG (b) treatment groups of thawed Breviolum after 3, 7, 14, and 28 days
of culture; each culture duration trial was conducted independently. Control densities for the MeOH treatment: 3.16 × 105

(3-day culture), 8.16 × 105 (7-day culture), 9.27 × 105 (14-day culture), and 1.36 × 107 cells/mL (28-day culture); PG
treatment: 2.00 × 104 (3-day culture), 3.20 × 104 (7-day culture), 1.67 × 105 (14-day culture), and 5.54 × 106 cells/mL
(28-day culture).The horizontal axis shows the number of days of culture, at which 0 days represents the cell population
immediately after thawing.

2.3. Total Protein Expression Pattern of Breviolum

After extraction of Breviolum protein samples, an equal amount of total proteins were
loaded in SDS-PAGE, and a SYPRO® Ruby (Invitrogen, Heidelberg, Germany) staining
gel confirmed that each protein sample was consistent for follow-up experimentation.
Figure 3 showed that the total protein patterns were different for the MeOH (Figure 3a)
and PG (Figure 3b) treatment groups of Breviolum undergoing two-step freezing. Results
also showed that the total protein expression showed different patterns after 3, 7, 14, and
28 days of post-thawed culture.
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Figure 3. Breviolum protein expression for (a) MeOH and (b) PG treatment groups by the 3rd, 7th,
14th and 28th day of culture after thawing. The horizontal axis shows different days of culture,
with M representing the marker and 0 representing Breviolum protein expression of untreated control
group. The vertical axis indicates molecular size.

2.4. LHP and RFP Protein Expression Pattern of Breviolum

Western blotting was performed using anti-RFP and anti-LHP antibodies to detect
the protein expression level of Breviolum at different time points during the post-thaw
cultures in the MeOH and PG treatments (Figures 4 and 5). For the MeOH treatment
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(Figure 4a,c), there was a significant effect of culture day on LHP expression (one-way
ANOVA, F(4/10) = 15.311, p < 0.001). Specifically, no LHP was detected on the 3rd day
of culture, though an LHP signal appeared on the 7th day, and expression peaked on the
14th. By the 28th day, its expression was not significantly different from the control group
(post-hoc test p > 0.05). Meanwhile, for the PG treatment group (Figure 4b,d), LHP was
never expressed over the full course of the 28-day culture. The effect of cryopreservation on
RFP expression for both MeOH and PG treatment groups of Breviolum is shown in Figure 5.
It was found that there was no expression of RFP from normal Breviolum culture, the control
group. Meanwhile, for the MeOH treatment group (Figure 5a,c), the RFP expression was
maximum on the 3rd day of culture but gradually reduced on the 7th day and could not be
detected during 14–28 days. As for the PG treatment group (Figure 5b,d), RFP expression
started right after thawing and continued over the whole course of the 28-day culture.

Figure 4. Western blot for Breviolum LHP expression for the (a) MeOH and (b) PG treatment groups after days of culture.
The horizontal axis shows C as the control group (fresh Breviolum without freezing), and 3, 7, 14 and 28, as days of culture
after thawing Breviolum LHP expression for the (c) MeOH and (d) PG treatment groups after same days of culture. The error
bars represent standard deviation, and each group was repeated 3 times.
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Figure 5. Western blot for Breviolum RFP expression for the (a) MeOH and (b) PG treatment groups after days of culture.
The horizontal axis shows C as the control group (fresh Breviolum without freezing), and 3, 7, 14 and 28, as days of culture
after thawing Breviolum RHP expression for the (c) MeOH and (d) PG treatment groups after same days of culture. The
error bars represent standard deviation, and each group was repeated 3 times.

3. Discussion

Cryopreservation is now a common technique used among algae; however, studies of
it regarding Breviolium and other dinoflagellates are still few [11,29,30]. There are many
methods in algae cryopreservation, and the same is true for Symbiodiniaceae, including
the two-step freezing [10,11,31] and the single-step direct immersion into liquid nitrogen
at −196 ◦C [32,33]. In 2017, Zhao [10] applied vitrification, a rapid freezing method, to
cryopreserve Gerakladium; the study found a much higher Symbiodiniaceae viability than
programmable freezing that cools at a rate of 1 ◦C/min. Cooling rates vary among dif-
ferent freezing methods; in fact, it may change depending on the apparatus setting or
procedure [8,9]. Our study chose Breviolum to freeze using the two-step cryopreservation
with a cooling rate of 59.83 ◦C/min; the same cooling rate is also applicable to Durus-
dinium and Gerakladium [11,34]. In 2005, Gwo et al. [35] had attempted to freeze the algae
Nannochloropsis oculata using the programmable freezing at a rate of 1 ◦C/min, down to
different temperatures, for algae cryopreservation in liquid nitrogen; results found that by
controlling the freezing rate, algal survival rates were higher than the single-step freezing.
However, no research had yet been conducted on the single-step freezing, by direct liquid
nitrogen immersion, for Symbiodiniaceae cryopreservation. Morris [36], in 1981, had
mentioned that freezing involving single-step direct immersion of cells into liquid nitrogen
did not provide the cell sufficient time to dehydrate and would thus lead to intracellular
crystallization, injuring cellular membrane and organelles. On the contrary, if the cooling
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rate was overly slow, this may cause excessive dehydration, thus reducing the post-thawing
recovery ability of the cell itself [12]. Hence, the cooling rate is an important factor in the
freezing process. In the present study, the first stage of two-step freezing involved cooling
in liquid nitrogen vapor at 59.83 ◦C/min. This alteration simplified the cooling method and
made the overall setup handy, allowing greater mobility and convenience to the operation
of cryopreservation.

The common choices of CPA for cryopreserving freshwater algae and marine
algae, including dinoflagellates from the Symbiodiniaceae family, are permeating
CPAs [12,31,34,36–39], for which DMSO is the most common type [13,32,37,40]. However,
the present study showed that the DMSO treatment group during cryopreservation for Bre-
violum did not yield high Breviolum viability in comparison with the MeOH treatment group.
A similar observation was found in the study of Chong et al. 2016c [11] with Gerakladium,
in which MeOH added with sucrose gave rise to better viability than DMSO added with
sucrose. In the 2007 study by Santiago-Vázquez et al. [12] on Breviolum, MeOH treatment
also resulted in better viability after freezing than treatment with EtOH. Moreover, Hubálek
2003 [41] also showed that MeOH was the only CPA that successfully cryopreserved the
cultured microalga Euglena; and in 2006, Rhodes et al. [42] successfully cryopreserved the
microalgae Chaetoceros calcitrans and Nitzcschia ovalis using a low concentration (0.5%–5%)
of MeOH. DMSO has been applied to the cryopreservation of many types of algae, but
in this present study, DMSO did not yield high viability post-thaw. A possible reason
for this is that while DMSO is non-toxic to cells at low temperatures (0–5 ◦C), its toxicity
increases as temperature increased from room temperature [43]. Therefore, we propose
that viability for the DMSO treatment group was reduced during equilibration at room
temperature and during thawing due to toxicity of the cells, resulting in lower viability
than that of the MeOH treatment group. Moreover, MeOH is more permeable than DMSO
to cells, meaning MeOH enters cells and replaces intracellular water content at a faster
rate, allowing the cells to reach osmotic equilibrium faster [43,44]. A faster equilibrium
would be needed with the relatively fast cooling rate used in this study, compared to slower
controlled rate cooling of <1 ◦C/min. This explains the higher viability for the MeOH
treatment group than that of the DMSO treatment group when both underwent 20 min
of equilibration. Although many studies have found suitable CPA for Symbiodiniaceae,
the study of Hagedorn et al. 2010 [29] on Cladocopium found that the Symbiodiniaceae
CPA tolerance did not change among different subclades within the genus. Our results
have also shown that Breviolum from the 2 M MeOH treatment group showed higher ATP
content than that of the control group. Our observations are in agreement with the studies
by Chong et al. 2016c [11] and Lin et al. 2019 [34]. It was speculated that during the course
of cryopreservation, Symbiodiniaceae lost its normal function and thus would require
additional energy (such as ATP) for cellular repair.

In the present study, Breviolum was cultured for 3, 7, 14, and 28 days after cryop-
reservation. Results showed that Breviolum density began to increase at 2 weeks (14 days)
after thawing. In 2007, Santiago-Vázquez et al. [12] conducted the first successful cry-
opreservation on Breviolum, isolated from corals, in liquid nitrogen using four different
cryopreservation techniques. They pointed out that during culture, the cells first underwent
a period of slow growth, then followed by a growth spurt; this can probably be explained
by the fact that the cells need to adjust to their new environment. A similar growth trend
was also observed in the present study even though the culture medium was kept the same
prior to and after cryopreservation; the slow growth rate observed could also be explained
by possible cryoinjuries in cells, causing the thawed Breviolum to prioritize cellular repair
over growth.

The present study initially showed opposite trends in RFP and LHP expression be-
tween the cryopreserved symbionts and the control group in the first week of post-thaw
culture. The subject of this study, Breviolum, is a temperature-sensitive organism. Based on
the endosymbiotic relationship between Symbiodiniaceae and corals, it has been suggested
that temperature change is often the main cause of disruption of their relationship [6]. The
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endosymbiotic relationship between Symbiodiniaceae and corals is compromised when the
coral host and its endosymbionts are exposed to temperatures higher or lower than what
they are acclimated to. Although relevant research regarding the effect of low temperature
on algal proteins is still unavailable, similar research to the cryopreservation of fish oocytes
and sperm had recorded protein denaturation [45,46]. In the study by Zilli et al. 2014 [47],
it had been noted that many protein expressions from frozen-thawed fish sperm were lower
than those of the control (non-treated sperm). Changes in protein expression within Sym-
biodiniaceae would affect its usual function, thus altering its endosymbiotic relationship
with corals [48,49]. Hence, the investigation of protein content within Symbiodiniaceae
would not only aid in the refinement of its cryopreservation but also in the understanding
of the effect protein denaturation may have in the endosymbiosis with corals.

RFP, encoded in the genes, exhibits certain phenotypic trait in the organism that allows
it to be used as a genetic marker in biotechnology [50]. RFP expression was associated with
the oocyte formation in Euphyllia ancora, as it was expressed at the early stage of oogenesis
and aided in breaking down hydrogen peroxide (H2O2), protecting the oocytes from
oxidation [51]. RFP also has a protective function among corals; in Baird et al. 2009 [52]
study, its expression increased when environmental conditions deteriorated, suggesting
it to be some sort of protective mechanism. It is well documented that RFP is detected in
coral host cells, but concentration within Symbiodiniaceae has not been observed. In our
study, we found no detection of RFP in the control group, but RFP concentration peaked
by the 7th day within cultured Breviolum in two CPA (MeOH and PG) treatment groups.
This is the first documentation of RFP detection in Symbiodiniaceae. Breviolum within
these two treatments showed higher growth compared to the control by the 14th day of
our experiment (Figure 2). It is possible that the first 7 days were representative of the
repair stage and that by the 14th day, the completion of cellular repair resulted in reduced
RFP concentration. We propose that RFP may be an indicator of cellular stress or play a
protective or repair role in Symbiodiniaceae; however, a robust understanding of the role
of RFP in Symbiodiniaceae requires further investigation.

LHP is involved in Symbiodiniaceae photosynthesis; it was shown to be an internal
control protein in Symbiodiniaceae [26]. Normally, Symbiodiniaceae should express a
large amount of LHP in assistance to photosynthesis, as was observed in the control group
Breviolum in the present study. The present study also found that LHP expression was
affected after freezing; thus, LHP would not be a suitable internal control protein for
cryotemperature experiments. After 28 days of culture in the PG treatment group, there
was still no LHP expression, whereas by then, it was expressed in the MeOH group. The
figure of cell growth for the PG treatment group showed that the Breviolum required a
longer period of time to initiate cell growth; thus, it could be that LHP expression requires
more time for recovery or that some cellular pathways were changed due to altered protein
expression in the Symbiodiniaceae. Overall, PG is a more effective CPA than MeOH for
cryopreservation of Breviolum. Meanwhile, for the MeOH treatment group, LHP expression
started after 7 days of culture, meaning that Breviolum probably finished repair around the
same time. LHP expression peaked by the 14th day, and by the 28th day, LHP expression
showed no significant difference to that of the control group. The present authors had
previously conducted cryopreservation of the dinoflagellate Durusdinium using 2 M PG as
CPA [34], and the resulting analysis of LHP expression was similar to the present study.
There was no LHP expression on the 3rd and 7th days of culture, and it was not until the
14th day that LHP expression was observed. Based on LHP expression, we suggest that the
MeOH treatment group finished intracellular repair by the 28th day of culture, contrary to
that of the PG treatment group, which did not finish its repair. Thus, the amount of LHP
expression could be an indicator of Symbiodiniaceae repair after cryopreservation.

4. Materials and Methods

This study can be divided into two sections. The first section focused on the testing of
different types and concentrations of CPAs and equilibration time for Breviolum cryopreser-
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vation by measuring their viability after 3, 7, 14, and 28 days of culture post-thawing. The
second section made further analyses on the differing protein expression of frozen-thawed
Breviolum over succeeding days of culture. The control group was not cryopreserved and
monitored during the same period as the experimental Symbiodiniaceae. The Breviolum
used in this study are the free-living algae isolated from the sea anemone Exaiptasia diaphana
(previously named Aiptasia pulchella) [53].

4.1. Symbiodiniaceae Identification

Cladistic identification of Symbiodiniaceae was performed via the larger secondary
sequence of the 23S rDNA from chloroplasts. Extraction of the Symbiodiniaceae DNA
was performed using ZR Plant/Seed Kit (ZYMO Research, Irvine, CA, USA). Then, 10xAc-
cuPrime PCR buffer solution was added together with 200 nM 23S rDNA primer and 5U/μL
AccuPrime Pfx (Invitrogen, CA, USA) into a 50 uL sample. The sequence for the forward
primer of the 23S rRNA is 5′-CACGACGTTGTAAAACGACGGCTGTAACTATAACGGTCC-
3′, while the sequence for the reverse primer is 5′GGATAACAATTTCACACAGGCCATC
GTATTGAACCCAGC3′ [54]. Polymerase chain reaction was performed for DNA amplifi-
cation, first heating the sample to 94 ◦C for 5 min, for initial denaturation, then annealment
occurred over two 30 s rounds at 94 and 50 ◦C, respectively, and finally, fragment elongation
for 60 s under 72 ◦C. All steps were repeated for 30 cycles, and one final elongation at 72 ◦C
for 10 min. Electrophoresis was performed for the product of PCR over 1% agarose gel, then
dyed with ethidium bromide, followed by purification using Axygen DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, USA). The sample was then magnified and copied
using PCR-Blunt II TOPO cloning kit (Invitrogen, Carlsbad, CA, USA), sequenced with
ABI 3100 (Applied Biosystems, CA, USA), and finally, matched via BlastN for interspecies
nucleotide sequence, confirming the specimens to belong to the genus Breviolum.

4.2. Culture of Breviolum

Breviolum was cultured in a plant culture chamber (LTI-613, Double Eagle, Taiwan),
with temperature set to 25 ◦C, photoperiod of 12 h of light (40 μmol m−2 s−1), and 12 h
of dark. The culture used autoclaved artificial seawater (A.S.W) (Coralife, scientific grade
marine salt dissolved in deionized water, Franklin, WI, USA) together with f/2 (Guil-
lard’s f/2 medium, Sigma-Aldrich, Saint Luis, MO, USA) added with penicillin (penicillin
10 units/mL, Sigma-Aldrich, USA). Thawed Breviolum was centrifuged (3000 rpm, 3 min,
25 ◦C), and the supernatant was removed. Then under the same setting, after adding
the culture medium (for rinsing purposes), the sample was centrifuged again. Lastly, the
sample was added into a T-75 cell culture flask (Nunc, Thermo Fisher Scientific, Waltham,
MA, USA) for culture. Half of the culture medium was renewed each week to maintain the
nutrient supply for Breviolum.

4.3. Preparation of Artificial Sea Water

First, 160 g of sea salt was dissolved into 5 L of pure water (Purelab Ultra, Elga, Antony,
France); it was made sure that the salinity of the solution was 32%. This was followed
by pouring 970 mL of seawater into each 1 L serum bottle, which was then autoclaved
and cooled. Then, 30 mL of f/2 culture medium plus 1 mL of penicillin was added
to the solution, mixed thoroughly, and filtered (0.45 μm Flow Filter, Thermo Scientific™
Nalgene™ Rapid-Flow™, IL, USA). Finally, the solution was stored in a refrigerator (Sampo,
Kaohsiung, Taiwan) at 4 ◦C. The solution was warmed back to room temperature before
each use.

4.4. Renewal of Culture Medium

Culture medium renewal had to be performed of the dark period during Breviolum
culture. About 80 mL of the culture solution was poured out; the remaining was then gently
swirled and mixed. The remaining medium was centrifuged in a 50 mL centrifuge flask,
and the supernatant was removed. The medium was then returned to the serum bottle
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and filled back to 160 mL with fresh culture medium for continuing culture. After each
renewal, 10 and 30 μL of the Symbiodiniaceae solution were removed for Symbiodiniaceae
count by hemocytometer and for the adenosine triphosphate (ATP) bioassay, respectively.

4.5. ATP Bioassay

ATP bioassay was conducted prior to and after Breviolum cryopreservation to compare
the change in Breviolum viability throughout the experiment. In normal cells, ATP acts as
the energy currency for cellular functions, whereas its concentration reduces when the cell
dies. Hence, ATP bioassays can be used as a preliminary assessment of cellular survival
rate. This study performed ATP bioassays using ApoSENSOR™ Cell viability assay kit
(BioVision, Milpitas, CA, USA). First, 5 μL of the sample was put into a luminescence
test tube, followed by adding 100 μL of nucleotide releasing buffer, and was left for
3 min at room temperature for completion of the reaction. This was followed by adding
5 μL of ATP monitoring enzyme, thorough mixing and rest period another 30 s at room
temperature. Finally, a measurement was made using a luminometer (Lumat LB 9507,
Berthold Technologies GmbH & Co. KG, Germany). The use of nucleotide releasing buffer
ruptured the Breviolum, allowing the binding of luciferin to ATP, catalyzed by luciferase,
and the oxidation of ATP into adenosine monophosphate (AMP) and two phosphate groups,
emitting a light blue light. The light was captured and measured by the luminometer for
ATP concentration based on the light intensity.

4.6. Two-Step Freezing and Culture of Post-Thawed Breviolum

Three pools of the Breviolum for each treatment were analyzed, and the experiments
were repeated three times. Therefore a total of nine measurements from three biological
pools originating from treatment was obtained. The freezing method used for Breviolum in
this study was the two-step freezing [11]. Prior to cryopreservation, the Breviolum were
detached from the sides of the culture flask by gentle swirling and centrifugation (3000 rpm,
3 min, 25 ◦C) to remove excess culture medium. Then, Breviolum were separated by flushing
the medium with a syringe (23 G × 1/2”, 0.45 × 13 mm, Top, Kaohsiung, Taiwan) 10 times.
Then, the ATP bioassay was conducted after having confirmed with a hemocytometer
that the Breviolum density was around 1 × 106. After both measurements, centrifugation
(3000 rpm, 3 min, 25 ◦C) was performed again to remove all remaining culture medium.
Four cryoprotectants were tested, methanol (MeOH), propylene glycol (PG), dimethyl
sulfoxide (DMSO), and glycerol (Gly) at concentrations of 1, 2, or 3 M. ASW was used as a
base medium to dissolve the CPAs. CPAs were added directly onto the pelleted sample,
which was resuspended by flushing with a syringe another ten times. Equilibration was
performed at room temperature for 20 and 30 min for the CPA treatment groups. During
equilibration, the sample was transferred into a 500 μL straw, and afterward, placed on
the two-step freezing device (Taiwan patent M394447) [11], 5 cm above the surface of the
liquid nitrogen (cooling rate at 59.83 ◦C/min) to cool for 30 min. After the first stage of
cooling, the straw was immersed into liquid nitrogen for 2 h. Afterward, the sample was
thawed in a 37 ◦C water bath for 10 s, followed by cell counts and an ATP bioassay analysis.
Thawed Breviolum were cultured independently across 4 experiments with different culture
durations (3, 7, 14, and 28 days). The number of algal cells was determined using a
hemocytometer, and the relative cell culture density of Breviolum was normalized based on
a culture duration-specific control group.

4.7. Protein Extraction

The best post-thaw results were obtained with the CPAs PG (2 M) and MeOH (2 M),
and therefore only Breviolum that were cryopreserved with these two treatments were
selected for the 3-, 7-, 14-, or 28-day cultures and for further experiments. Protein expression
in each treatment was quantified three times. After culture, the Breviolum were transferred
from the culture flask into a 50 mL centrifuge tube for centrifugation to remove excess
culture medium. The pellet of Breviolum was transferred into a 1.5 mL centrifuge tube,
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and 500 μL of RIPA buffer [50 mM Tris-base pH 7.4, 0.5% NP-40, 0.125% Na-deoxycholate,
150 nM NaCl and 1 mM EDTA], 20 μL of protease inhibitor (Roche cat. no 11836153001),
and micro glass beads (Sigma cat. no G9268) were added. The tube was then sealed with
paraffin and placed into the TissueLyser LT (Qiagen Inc., Valencia, CA, USA) machine to
homogenize the sample for 30 min at 25 Hz. Then the sample was centrifuged (15,000 rpm,
10 min, 4 ◦C), and the supernatant was transferred into a new 1.5 mL centrifuge tube.
For protein precipitation, an equal volume of 20% trichloroacetic acid was added to the
tube and then placed into a −20 ◦C freezer overnight. After protein precipitation, the
solution was centrifuged (15,000 rpm, 10 min, 4 ◦C), and the supernatant was removed.
The precipitated proteins were rinsed with acetone with 0.1% of dithiothreitol (DTT, 17-
1318-02; GE Healthcare, USA) twice and then rinsed with pure acetone. Finally, the protein
pellet was vacuum dried into a powder. The dry protein powder was stored in a −20 ◦C
freezer and ready to be used.

4.8. SDS-PAGE and Western Blotting

The 1× SDS-PAGE sample buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol,
10 mM DTT) was added to dissolve dry protein powder. Then, a Qubit® Protein Assay Kit
and a Qubit® 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) were used
to measure protein concentration. For the SDS-PAGE, 10 μg of each protein sample was
separated by 14% polyacrylamide gel and stained with SYPRO® Ruby protein dye (S12000,
Invitrogen) according to the manufacturer’s instructions. The gel image was scanned using
a laser scanning imager (Typhoon FLA 9500, GE Healthcare Life Sciences, Marlborough,
MA, USA). For Western blotting, 5 μg of each protein sample were separated by 14%
polyacrylamide gel and then blotted onto PVDF membranes (immobilon-PSQ 0.45 mm;
Millipore, Darmstadt, Germany). The membranes were incubated in 5% skim milk/TBST
buffer (Tris-buffered saline, 0.1% Tween-20) at RT for 1 h, followed by the incubation with
the rabbit-anti-RFP antibody (1: 2500 dilution, cat. no ab59457, Abcam, Cambridge, UK),
or mouse-anti-LHP antibody (1:10,000 dilution, custom antibody) in TBST buffer at 4 ◦C
overnight. The membranes were then washed 3 times with TBST buffer for 5 min each
time and incubated with anti-rabbit or anti-mouse IgG antibodies in TBST buffer for 1
h. The membranes were subsequently washed with TBST buffer and visualized using
a SuperSignal West Pico Chemiluminescent substrate kit (cat. no 34080, Thermo Fisher
Scientific) according to the manufacturer’s recommendations. Finally, the membranes were
placed into a luminometer (Vilber Lourmat Fusion FX 7 Fluorescence/Luminescent CCD
Image Analyzer, Vilber Lourmat, France), and an image was collected.

4.9. Protein Expression Analysis

Each experiment was repeated in triplicate to collect three images. Image J software
was used for protein quantitative analysis. For each image, the position of the protein,
based on its molecular size, was marked to show the relative position of each protein on the
waveform plot. Then, the background value was zeroed to obtain the relative amount of
protein concentration. Lastly, the 3 values from each treatment group were then averaged
to obtain protein value. The relative amount was measured in each sample based on
staining intensity.

4.10. Statistical Analysis

Statistical analysis for the data of the present study was conducted using the SPSS
17.0 version. Normality was verified with a Kolmogorov–Smirnov test, and homogeneity
of variance was verified using Levene’s test. One-way analyses of variance (ANOVA)
were conducted to detect equilibration time following different concentrations of CPA
treatments. Tukey or Games–Howell post-hoc tests were used to verify differences between
individual means, and t-tests were used to compare 20 vs. 30 min equilibration times at
different CPA concentrations.
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5. Conclusions

This study not only demonstrated that the protocols reported here do affect protein
expression, but it also provided a suitable protocol for Breviolum cryopreservation. This is
the first research conducted to investigate the effect of cryopreservation on Symbiodiniaceae
protein expression as well as the first documentation of RFP expression in Symbiodiniaceae
(RFP was an indicator of cell damage or cell stress). By gaining further understanding
of the use of cryopreservation as a way to conserve Symbiodiniaceae, we hope to make
an effort in the remediation and conservation of the coral reef ecosystem and provide
additional methods to rescue coral reefs.
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Abstract: Xerophyllum asphodeloides (Xerophyllaceae), known as eastern turkeybeard, is an herbaceous
perennial found in eastern North America. Due to decline and destruction of its habitat, several states
rank X. asphodeloides as “Imperiled” to “Critically Imperiled”. Protocols for seed cryopreservation,
in vitro germination, sustainable shoot micropropagation, shoot establishment in soil, and seed
germination are presented. Seeds from two tested sources were viable after 20 months of cryopreser-
vation. Germination of isolated embryos in vitro was necessary to overcome strong seed dormancy.
Shoot multiplication and elongation occurred on 1

2 MS medium without PGRs. Shoots rooted in vitro
without PGRs or with 0.5 mg/L NAA or after NAA rooting powder treatment and placement in
potting mix. When planted in wet, peaty soil mixes, shoots grew for two months and then declined.
When planted in a drier planting mix containing aged bark, most plants continued growth. In the
field, plant survival was 73% after three growing seasons. Safeguarding this species both ex situ and
in situ is possible and offers a successful approach to conservation. Whole seeds germinated after
double dormancy was overcome by incubation under warm moist conditions for 12 weeks followed
by 12 weeks cold at 4 ◦C and then warm.

Keywords: conservation; cryopreservation; endangered species; micropropagation; shoot culture;
Xerophyllum asphodeloides; Eastern Turkey Beard

1. Introduction

Xerophyllum asphodeloides (L.) Nutt. is a monocotyledonous herbaceous perennial
species in the Xerophyllaceae, Beargrass Family, ref. [1] within the Liliales [2]. One of
two species in the genus, X. asphodeloides, also known as eastern turkeybeard, is native to
eastern North America where it is found in the Pine Barrens of New Jersey and also in
the Appalachian Mountains of Georgia, Carolinas, Virginia, West Virginia, Tennessee, and
Alabama and is presumed extirpated in Kentucky and Delaware [3,4]. The two habitats
share features of dry, acidic, nutrient poor, and sandy or gravelly soils.

Threats for this species include trampling by hikers, collection as a homeopathic
remedy, conversion of Pine Barrens to residential properties, and fire suppression leading
to succession of wood canopy [4]. Loss of habitat has threatened the presence of this
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species and increased its risk of endangerment. X. asphodeloides is currently ranked as G4,
being “Apparently Secure”. However, due to the decline and destruction of its habitat,
several states, including West Virginia, Alabama, and Georgia, rank X. asphodeloides as S1
(Critically Imperiled) and South Carolina rank it as S2 (imperiled) [4]. In 2001, the USDA
reported that X. asphodeloides could be found in a total of 41 counties across its range of
habitat [4]. In Georgia, 10 populations are known, with 2 on national forest land and 3
on state conservation lands [5]. In Alabama, 16 populations are known to exist in one
county [4].

Conservation of this species is important due to its ecological relationships. As to its co-
existence with many other plant species, threat to X. asphodeloides may have a parallel effect
on its habitat. Additionally, it has been significant for medicinal use in homeopathic reme-
dies treating constipation, dysmenorrhea, and skin irritations [6]. Research on its congener,
X. tecta, indicates that culturally relevant management of the landscape through indigenous
fire stewardship and leaf harvest for weaving positively impacts demographic processes
and changes in long term practices result in population declines [7,8]. Cryopreservation
has been used for seed and shoot tip conservation, providing long-term storage [9–12], and
is considered to be the best long-term approach to preserving endangered species [13].

In vitro techniques can be used to multiply rare or endangered plants
asexually [12,14–16]. Micropropagation has many advantages, including rapid production
of identical plants. Under in vitro conditions, many disease-free plants can be produced in
a small space that are often more robust and show accelerated growth compared to similar
plants produced by seeds or cuttings. With careful planning to manage genetic source
material, plants of endangered species produced through micropropagation can be used
to preserve genetic diversity, supplement small populations, or to establish new planting
sites for conservation, research, education, or recreational purposes.

A simple method for whole seed germination is required for plant production from
cryopreserved seeds. At the time this research began, information on X. asphodeloides dor-
mancy was not available. Reports indicated that seeds cannot tolerate long term desiccation
and seed germination in the greenhouse and field only occurs after two growing seasons
(19,20). In 2014, based on the report of Brumback (19), Baskin and Baskin (29) classified
X. asphodeloides as having morphophysiological dormancy where the seed contains an
undeveloped embryo and germination is initiated after 4 weeks of incubation.

The objectives of this research were to develop reliable protocols for cryogenic storage
of seeds and micropropagation to preserve this species for the future using seed to start cul-
tures. A good protocol for germination was required to recover plants from cryopreserved
seeds. Through a series of experiments, three approaches to ex situ conservation were
tested: (1) in vitro germination of seeds and seed cryopreservation for long term storage,
(2) germination of isolated embryos in vitro to produce plants for micropropagation, and
(3) results from in vitro experiments led to testing methods to form rooted shoots and
establish them in soil.

2. Results

2.1. X. asphodeloides Seed Sterilization and Germination Experiments

Germination did not occur in Sections 4.2.1 and 4.2.3–4.2.10. In the more than 1000 seeds
that were tested for germination the only treatment that contained any germinants was
with the application of 4 min sulfuric acid as a scarification treatment in Section 4.2.2.
Most tests with H2O2 surface sterilization or H2SO4 scarification showed little to no
contamination. Scarification is known to remove dormancy and also to decontaminate
the seed surface [17,18]. Tests to repeat and optimize the scarification treatment in
Sections 4.2.5–4.2.7, 4.2.9 and 4.2.10 with source 2 seeds showed no germination.

Section 4.2.2. Seed scarification. In the first experiment, seeds scarified for 1 min
with sulfuric acid showed the least seed coat damage, while treatment for 10 min caused
almost complete removal of the coat. Seeds treated for 4 min showed some damage, and
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90% of seeds scarified for 1 min with acid showed fungal contamination compared to no
contamination when scarified for 4 or 10 min.

After approximately 30 days, two seeds in the 4 min treatment began to show emer-
gence of an off-white tissue presumed to be the radical (Figure 1A). Two more seeds
germinated later, for a total of 4 out of ten. Germinants appeared to form a cluster of tiny
bulbs that continued to grow producing a bulbous tissue that after another month began to
produce several shoots with strap-like leaves (Figure 1B–D) and roots (Figure 1F).

In the second experiment, the percentage of seeds with fungal contamination was
high for short scarification times for source 1: 3 min (45%), 3.5 min (67%), 4 min (27%).
Minor contamination was observed for source 2: 2 min (17%), 3 min (0%), 4 min (0%), 5 min
(0%). However, no germination occurred, and seeds were scarified for 4 min and planted
in greenhouse soil did not germinate.

Figure 1. Seed source 1 Xerophyllum asphodeloides germinant from a 4-min H2SO4 scarification treatment. Days after seed
began to germinate. (A) Day 1, (B) Day 26, (C) Day 36, (D) Day 92, (E) Shoot clump 3 weeks after division, (F) Emergence of
a root from the growing tissue.

2.2. Tetrazolium Chloride Seed Viability Staining

In the initial experiments, little or no germination occurred. We became concerned
that seeds may not be viable. Seeds from sources 1 and 2 stained red after soaking in
tetrazolium chloride for 48 h indicating seeds were viable. However, seeds that underwent
a 10 min scarification did not stain.

2.3. X. asphodeloides Embryo Isolation and In Vitro Germination Experiments

With little success in germinating X. asphodeloides seeds, sporadic germination oc-
curring after scarification and confirmation of viability, we hypothesized that seed coat-
imposed dormancy prevented germination, and removal of the embryo from the seed
would allow germination to occur.

Seeds contained small oval embryos that were isolated with forceps (Figure 2A).
Percent contamination of the embryo cultures grown on 1

2 MS without PGRs, full MS
without PGRs, 1

2 MS + NAA and full MS + NAA media was recorded: 23%, 14%, 24%, and
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18%, respectively. After two weeks growth of the isolated embryo was visible. Embryos on
1
2 and full-strength MS medium without PGRs developed small roots and formed bulb-like
structures that enlarged in size (Figure 2B,C). Embryos placed on media with NAA formed
bulb-like tissue with or without pointy green structures. After four weeks presence of
roots and/or bulbous tissue were 25%, 20%, 19%, and 3% for 1

2 M without PGRs S, full M
without PGRs S, 1

2 MS + NAA, and full MS + NAA media, respectively. The best response
with the most leaves and the least callus occurred on 1

2 MS medium without NAA.

Figure 2. Xerophyllum asphodeloides seed with embryo. (A) Unstained embryo before isolation (arrow). (B) Embryo excised
from sterilized seeds growing on 1

2 MS without PGRs medium 35 days after placement on medium. (C) 56 days after
placement on medium. Scale bar = 1 mm.

2.4. Embryo Growth on 1
2 MS Medium with Different Sucrose Concentrations

Embryo germination for sources 2 and 3 increased as sucrose concentration increased
with the highest germination percentage at 6%, however, differences were not statistically
significant (Table 1). Source 1 embryo germination was similar for 3 and 6% sucrose
(Table 1). Embryo germination for the five Alabama sites tested with 3 and 6% sucrose
concentrations did not differ significantly, although the interaction between germination
and seed source was statistically significant (Table 2).

Table 1. Xerophyllum asphodeloides embryo germination percentage for three seed sources (1, 2, and 3)
on 1

2 MS medium without PGRs with different sucrose concentrations after eight weeks.

Seed Source and Medium Sucrose Content Number Embryos Tested Embryo Germination (%)

Source 2

3% sucrose 18 50 a

4% sucrose 18 61 a

5% sucrose 18 61 a

6% sucrose 18 67 a

8% sucrose 18 50 a

10% sucrose 18 33 a

Source 1

3% sucrose 12 42 a

6% sucrose 12 33 a

Source 3

3% sucrose 20 35 a

6% sucrose 20 55 a
Values followed by the same letter for a seed source are not statistically different by the multiple range test at
p < 0.05.
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Table 2. Xerophyllum asphodeloides embryo germination percentages after seven weeks for different
source sites (2017) on 1

2 MS medium with different sucrose concentrations.

Seed Source Site
(2017)

Number of Non-Contaminated Explants for
Media Containing 3 and 6% Sucrose 2 Embryo Germination (%)

3% Sucrose 6% Sucrose

2 17, 16 87.5 ± 7.2 65.0 ± 11.9

6 25, 25 56.0 ± 7.5 44.0 ± 11.7

8 20, 20 61.3 ± 9.7 72.5 ± 11.1

9 23, 21 73.3 ± 4.2 58.0 ± 6.6

10 25, 21 64.0 ± 11.7 74.0 ± 9.7

Average 1 68.6 a 62.7 a
1 Values followed by the same letter are not statistically different by the multiple range test at p = 0.05. Analyses
are based on arcsine

√
% transformation. 2 Non-contaminated explants did not show visible contamination.

2.5. X. asphodeloides Shoot Multiplication Experiments

Shoots obtained from the four germinants in trial 2 grown on 1
2 MS without PGRs

continued to grow and produce new shoots on all media tested, producing four clones
each with multiple shoots. A few of the smallest shoot clumps did not survive. The highest
number of shoots grew on 1

2 MS medium without PGRs, although differences were not
statistically significant (Figure 3).

Figure 3. Xerophyllum asphodeloides shoot multiplication on 1
2 MS medium without PGRs after five weeks. Standard errors

are shown for each treatment. Treatments with same letter are not statistically different by multiple range test at p = 0.05.
(A) Effect of cytokinins averaged for the four clones. (B) Effect of clone averaged for the four media tested.

Thidiazuron had a strong effect on shoot multiplication over a four-month subculture.
Low concentrations of thidiazuron (0.1 mg/L) influenced the shoot formation showing
the highest number of shoots (Table 3). Differences were statistically significant (p = 0.05)
with respect to control 1. DMSO, used as control n.2, did not show a statistically significant
effect on shoot multiplication.

Thidiazuron again had a strong effect on shoot multiplication over a two-month
subculture, in particular on shoots with minor size (Table 4). Shoot multiplication increased
as thidiazuron increased with an optimal concentration at 0.15 mg/L and declined as
thidiazuron was further increased. Differences were statistically significant for both small
and large shoots (p = 0.05).

Shoot cultures grown on 0.15 mg/L thidiazuron for two 2–4-month subcultures
continued to multiply but showed expanded and deformed shoot bases, suggesting that
either thidiazuron concentration was too high or continuous exposure to thidiazuron is
detrimental to shoot quality. On the contrary, shoots from all seed sources grown on PGR-
free multiplication medium continued to produce new shoots during micropropagation
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cycles of 2–4 months over several years, suggesting shoot production is sustainable over
time. With these results, further shoot multiplication was carried out without PGRs.

Table 3. Xerophyllum asphodeloides shoot multiplication over four months for three seed sources (1, 2,
and 3) on 1

2 MS medium without PGRs varying in thidiazuron content.

Thidiazuron and DMSO Content Number of New Shoots Per Explant

No thidiazuron, no DMSO (control 1) 4.3 a

No thidiazuron, 0.1 mg/L DMSO (control 2) 6.6 ab

Thidiazuron 0.1 mg/L, DMSO 0.1 mg/L 15.0 b

Thidiazuron 0.2 mg/L, DMSO 0.1 mg/L 9.8 ab

Thidiazuron 0.5 mg/L, DMSO 0.1 mg/L 5.6 ab

Thidiazuron 1.0 mg/L, DMSO 0.1 mg/L 8.3 ab
Values followed by the same letter are not statistically different by the multiple range test at p = 0.05.

Table 4. Xerophyllum asphodeloides shoot multiplication over two months for three seed sources on
1
2 MS medium varying in thidiazuron content.

Thidiazuron Average # of Shoots Grown Per Starting Shoot

<3 cm >3 cm Total

None 0.5 a 1.0 a 1.5 a

0.05 mg/L 1.7 b 0.9 a 2.7 bc

0.1 mg/L 1.4 b 0.7 a 2.3 ab

0.15 mg/L 1.8 b 1.4 b 3.3 c

0.2 mg/L 1.9 b 1.1 ab 2.9 bc
Values within the same column followed by the same letter are not statistically different by the multiple range test
at p = 0.05.

2.6. X. asphodeloides Root Induction and Acclimation to Soil

Shoots in the preliminary rooting experiment grew for about 3 months and then
damped off and died.

In the first experiment, after one month almost all shoots were still alive regardless of
presence of roots at the time of planting (Table 5). Source 3 plants with roots at the time
of planting appeared to be a bit stronger. Some non-rooted shoots from source 2 showed
yellowing and some dead leaves but were still alive. Examined shoots in all treatments
showed new root growth (Figure 4). After two months, many of the plants were showing
new shoot and root growth (Figure 5). Between two and three months, shoots began to
decline. At four months many of the plants had died. Shoots were considered dead if
they were completely brown and withered. Almost all of the surviving plants had roots
and were larger than when planted, but most were yellowing and showing dead leaves,
suggesting continuing decline (Figure 6).

Table 5. Xerophyllum asphodeloides shoot performance during rooting and acclimation to soil.

Seed Source and Treatment Percentage Surviving

1 Month 2 Months 4 Months

Source 2 (DF-1) non-rooted 80% 60% 30%

Source 2 (DF-1) rooted 90% 90% 40%

Source 3 (LC-55) non-rooted 100% 100% 20%

Source 3 (LC-55) rooted 100% 92% 67%
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Figure 4. Shoots from isolated embryos from seed source 5 germinated in vitro and transferred to
greenhouse soil under domes. Until two months plants grew well, but after 3 months they damped
off and died.

    

Figure 5. Xerophyllum asphodeloides shoot growth and rooting after 1 month in greenhouse potting mix. (A) DF-1 non-rooted.
(B) DF-1 rooted. (C) LC-55 non-rooted. (D) LC-55 rooted.

 
Figure 6. Xerophyllum asphodeloides micropropagated shoot survival over time for two clones planted
in greenhouse soil. R (shoots with roots at the time of planting), NR (without roots when planted).
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In Vitro Root Induction

With repeated observations of plant decline and death after two to three months in
the greenhouse, we speculated that even though 80–100% of the plants formed roots, the
sparse number of roots formed spontaneously or due to rooting powder treatment may be
improved in number and vigor through in vitro rooting treatments with auxin.

Roots in the in vitro rooting experiment began to develop at three weeks and over
time root length, number of roots per shoot, and the percentage of shoots forming roots all
increased (Figure 7). Maximum rooting percentages (90%) across the four clones (DAW,
LC-51, LC-57, and TNF) occurred at nine weeks in the treatment containing 0.5 mg/L
NAA (Table 6); differences between treatments were statistically significant at p < 0.01.
Shoot rooting and health were evaluated prior to planting (Table 6). After nine weeks of
in vitro rooting, the largest number of dead shoots occurred in the 1 mg/L NAA treatment
suggesting that long term exposure to high NAA concentration reduced shoot health.
Clone LC-51 also showed low survival across all treatments (60% died), likely due to
presence of bacterial contamination. Shoots were planted in potting mix after nine weeks
of in vitro rooting treatment. After planting, shoot survival steadily declined regardless of
treatment (Figure 8).

 

Figure 7. Xerophyllum asphodeloides after six weeks in 0.5 mg/L NAA rooting medium. Multiple
vigorous roots have formed.

With three prior observations of plant decline and death after two to three months
in the greenhouse, we further speculated that once roots form they may require a better
drained planting mix to better match the dry environment they grow in naturally to avoid
damping off. X. asphodeloides normally grows in dry acidic, rocky, loose, well-drained soil
with a northwest exposure [4].

The plants placed in SBG1 soil did very well, they survived and continuously grew
over nine months. Plants did not exhibit the decline we usually saw after two months in
peaty soils that were watered daily. This suggested that the drier environment and possible
beneficial microorganisms contained in the aged bark improved growth and survival.

The native soil was very dense and would adhere to roots easily. ABG mix is rocky due
to perlite and does not cling to roots like the native soil. SBG mix is more like a traditional
soil, as it contains aged pine bark and adheres easily to the roots. All rooted shoots
survived and continued to grow. Plant decline was not seen as in prior experiments with
ABG potting mixes and daily watering. The reduced watering appeared to be beneficial.
Addition of native soil did not improve plant growth or appearance. Plants in SBG1 soil
mix exhibited faster growth with a greater number of leaves.
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Table 6. Xerophyllum asphodeloides shoot rooting percentage after placement in in vitro rooting medium containing 1
2 MS

and varying amounts of NAA and activated carbon.

Treatment and Clone 3 Wks Rooting 6 Wks Rooting 8 Wks Rooting 9 Wks Rooted and Surviving

Control, no
PGRs—DAW 0% 0% 20% 0%

Control, no
PGRs—LC51 0% 0% 0% 0%

Control, no
PGRs—LC57 20% 0% 20% 0%

Control, no
PGRs—TNF 40% 60% 80% 40%

Average 15% 15% 30% a 10%

0.5 NAA—DAW 0% 80% 100% 20%

0.5 NAA—LC51 60% 80% 80% 80%

0.5 NAA—LC57 20% 80% 100% 80%

0.5 NAA—TNF 20% 60% 80% 80%

Average 25% 75% 90% c 65%

1.0 NAA—DAW 40% 40% 40% 0%

1.0 NAA—LC51 40% 40% 40% 40%

1.0 NAA—LC57 20% 100% 100% 0%

1.0 NAA—TNF 80% 40% 40% 20%

Average 45% 55% 55% b 15%

1.0 NAA + AC—DAW 40% 20% 0% 0%

1.0 NAA + AC—LC51 20% 0% 0% 0%

1.0 NAA + AC—LC57 20% 0% 20% 40%

1.0 NAA + AC—TNF 20% 40% 20% 0%

Average 25% 15% 10% a 10%

Average values within the 8 week data column are statistically different by the multiple-range test at p < 0.01 as indicated by different letters.

  
A B 

Figure 8. Xerophyllum asphodeloides micropropagated shoot survival over time after in vitro rooting treatments and shoots
from four clones planted in greenhouse soil. (A) Survival by clone. (B) Survival by in vitro rooting treatment.

2.7. X. asphodeloides Acclimated Greenhouse Plants Planted in the Field

Plants transferred to the field survived and grew normally (Figure 9A). After 21 months
of in-field growth, survival per plot was as follows: Plot A = 100%, Plot B = 57%, Plot C = 67%,
Plot D = 63%, with an overall 73% survival. After two growing seasons plant size and leaf
count were similar across all plots, with plants averaging about 20 cm in height.
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Figure 9. (A) Xerophyllum asphodeloides plants after one year in the field. (B) Whole seed germinated after prolonged stratification.

2.8. X. asphodeloides Seed Cryopreservation

Water content of source 3 seeds was determined to be 10.2%.
Whole cryopreserved seeds did not germinate after LN treatment likely due to seed

coat-imposed dormancy. For this reason, embryos were excised from cryopreserved seeds.
Twenty percent of embryos (20%) grew from cryopreserved seed, while none of the

control isolated embryos grew.
Water content of seed sources 4 and 5 measured 5.63% and 4.61%, respectively. Cryop-

reserved and control seeds showed similar percentages of isolated embryo germination
with averages for the two seed sources of 57% for control seed and 57% for cryopreserved
seed (Table 7).

Table 7. Xerophyllum asphodeloides isolated embryo germination after 8 weeks for control and seed cryopreserved for one month.

Seed Source and Treatment # of Starting Seeds # Contaminated Seeds Isolated Embryo Germination (%)

Seed source 4

Control 25 0 56% a

Cryopreserved 25 0 48% a

Seed source 5

Control 23 5 61% a

Cryopreserved 42 5 62% a

Values within a trial followed by the same letter are not statistically different by the multiple range test at p = 0.05.

The additional seeds from sources 2, 3, 4, and 5 were evaluated for survival after
varying periods of time at room temperature or after cryopreservation (Table 8). Seed
sources varied, but seeds appeared to decline in viability with storage longer than 1 year at
room temperature. Cryopreservation of viable seeds appeared to halt the decline as seeds
from two sources cryostored for nearly two years after 4–5 months at room temperature
showed survival similar to fresh non-cryopreserved seeds.

2.9. X. asphodeloides In Vitro and In Vivo Germination with Treatment for Double Dormancy

None of the seeds in medium or soil germinated after 12 weeks at room temperature
or after the next period of 12 weeks at 4–5 ◦C. Seeds began to germinate only after the
moist/warm and cold exposures ended and seeds were returned to room temperature.
After 8 weeks in the final phase of room temperature, germination was recorded for the
in vitro and in vivo treatments. Based on total seeds tested, both treatments showed similar
germination percentages (Table 9). Seed source 2017-3 showed 50 and 47% germination for
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seeds germinated in medium vs. soil. Seed source 2017-5 showed 60 and 53% germination
for seeds in medium vs. soil. Microbial contamination in medium was high for both sources
with 53 and 40% for sources 2017-3 and 2017-5, respectively. Overall germination percent-
ages in medium or soil did not differ significantly. Since seeds were surface sterilized, it is
interesting to note that almost all seeds germinated on medium when not contaminated.
Contaminated seeds in soil likely did not germinate and therefore overall germination
percentages were similar in both treatments due to the loss of seed viability from microbial
contaminants within the seeds.

Table 8. Xerophyllum asphodeloides isolated embryo germination in vitro after long term seed storage at room temperature or
storage at room temperature followed by cryopreservation.

Seed Source and Treatment Number Of Starting Seeds
Number of

Contaminated Seeds

Number/total (%) of
Isolated Embryos Germinating after

3 Months on Medium

Seed source 2 (DF, collected October 2010)

3 years at RT 33 0 0%

Seed source 3 (LC, collected November 2010)

3 years at RT 32 0 0%

Seed source 4 (TNF, collected August 2012)

15 months at RT 10 1 22%

5 mo at RT + 20 months CP 32 24 63%

Seed source 5 (DF, collected October 2012)

12 months at RT 10 1 11%

24 months at RT 33 0 6%

4 mo at RT + 20 months CP 33 0 67%

mo = months, RT = room temperature, CP = cryopreserved.

Table 9. Xerophyllum asphodeloides whole seed germination on medium in vitro or in greenhouse soil after treatment to
remove double dormancy 1.

Seed
Source

Contamination In Vitro # of
Seeds (%)

Non-Contaminated Seed Germination
on Medium # of Seeds (%)

Overall Germination In
Vitro # of Seeds (%)

Germination in Greenhouse Mix #
of Seeds (%) 2

2017-3 16/30 (53%) 14/14 (100%) 14/30 (47%) a 15/30 (50%) a

2017-5 12/30 (40%) 16/18 (89%) 16/30 (53%) a 18/30 (60%) a

1 Double dormancy treatment—12 weeks in moist medium or soil in dark at room temperature followed by 12 weeks of 4–5 ◦C in dark
followed by incubation in a lighted culture room at room temperature. 2 Values followed by the same letter in a row are not significantly
different using a t-test.

When seeds in moist sphagnum moss were removed from the cold after 16 weeks, surpris-
ingly, three yellow-leafed germinants were present. After planting in SBG1 mix and placement
in the lighted greenhouse, the yellow germinants turned green and continued growing.

Seeds placed in bags of sphagnum moss at 4–5 ◦C in the dark began to germinate after
14–16 weeks of stratification. When moved to grow lights and later planted in 10 cm pots
germination continued to occur, with final germination shown in Table 10 and Figure 8B.
Note that seeds were stored dry for eight months at room temperature and had probably
lost some viability from storage. Germination percent ranged from 0 to 23 and nine
of the 11 seed sources showed some germination confirming our prior observations of
germination after prolonged stratification.
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Table 10. Xerophyllum asphodeloides seed germination after 14–16 weeks of stratification at 4–5 ◦C in
wet sphagnum moss.

Seed Source Number of Seeds Stratified Number of Seeds Germinating (%)

2017-1 44 23%

2017-2 44 9%

2017-3 44 0%

2017-4 35 11%

2017-5 44 18%

2017-6 44 0

2017-7 44 14%

2017-8 88 23%

2017-9 44 11%

2017-10 50 2%

2017-11 5 20%

3. Discussion

Xerophyllum asphodeloides is an interesting, important, and little-studied species that is
threatened by fire suppression and the loss and fragmentation of its habitat. We report here,
for the first time, cryopreservation and micropropagation procedures for X. asphodeloides.
There is little information on the germination of X. asphodeloides. Some treatments are
shown to overcome coat-imposed seed dormancy both in vitro or in vivo, using an embryo
isolation method or whole seeds.

Brumback [19] categorized X. asphodeloides as a species that must be sown immediately
outdoors upon collection and may take two years to germinate if freshly sown. Cullina [20]
classified X. asphodeloides as a semi recalcitrant or hydrophilic seed type that does not
tolerate dry storage and must be sown immediately upon ripening. A category of seeds
intermediate between orthodox and recalcitrant is recognized in which seeds survive
desiccation, but are damaged during dry storage at low temperatures [21].

Our research shows that X. asphodeloides seeds lose viability over 1–2 years of dry
storage. Cullina [20] suggested the seeds are hydrophilic and do not take desiccation very
well. Desiccated seeds stored at room temperature may lose viability while seeds kept
moist in plastic with cool temperatures or in a soil bank may remain viable for years [22].
This condition is a problem for seed conservation [18,23–25]. Cryopreservation of seed,
somatic embryos, plant meristems, or other tissues is an excellent tool for germplasm
safekeeping [10–12,26,27]. The first set of cryopreserved seed did not germinate likely due
to seed coat-imposed dormancy. The 2nd set of seed was 13 months old and probably lost
viability over time. However, 20% survival in the 2nd set of seeds after cryopreservation
indicated that X. asphodeloides seeds can tolerate cryopreservation. The 3rd cryopreser-
vation experiment with fresher and drier seeds (stored 3–5 months at room temperature
with 4.6–5.6% water content) showed similar embryo germination before and after cryop-
reservation as well as cryostorage prevention of viability loss over 20 months. Optimum
moisture content for seed cryopreservation varies from 7 to 14% depending on species and
seed lipid content [9]. Our determined seed water contents of 4.6–10.2% allowed successful
cryopreservation of X. asphodeloides seeds.

Seed dormancy will often prevent germination even if the environment is fine. Seed
dormancy provides additional time for a seed to disperse over geographic distances.
Two types of dormancy occur: embryo dormancy often due to the ratio of gibberellins to
abscisic acid (ABA) and dormancy imposed by the seed coat, endosperm, or pericarp [28].
For the latter, embryos will usually germinate once the seed coat and surrounding tissues
have been damaged or removed. To overcome seed-coat dormancy and germinate, seeds
often require long-term cold exposure while moist or damage to the outer tissues by
long-term microbial activity, mechanical abrasion or contact with strong acids in the
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digestive system of an animal [29]. Acid or mechanical scarification is often used to speed
germination of many seeds with thick coats. The ABA/gibberellin (GA) balance theory
suggests dormancy in some species is controlled by antagonistic effects between ABA and
GAs. Long-term cold stratification has been shown in some species to increase GAs that
counteract germination inhibitors such as ABA [30]. Conditions that occur during moist
stratification at 4 ◦C or chemical scarification can thus break dormancy by altering the
ABA: GA ratio and/or thinning the seed coat to increase chemical diffusion and decrease
coat strength.

Usually, germination in vitro is simple and involves surface sterilizing seeds in bleach
or hydrogen peroxide and the seed germinates on medium within a few weeks. With
X. asphodeloides this has been a difficult step because we did not have information about its
germination requirements. Several methods to stimulate germination were tested including:
MS medium salt strength, scarification, cold exposure, GA and or fluridone exposure,
ABA exposure, heating exposure, smoke water exposure, and long times on germination
medium. Out of about 1000 seeds, only a few germinated and these occurred when
seeds were acid scarified suggesting seed coat-imposed dormancy prevented germination.
However, further testing will be necessary with seed acid scarification alone or combined
with other dormancy-breaking treatments to obtain high seed germination percentage

After numerous preliminary tests to germinate intact X. asphodeloides seeds in vitro,
we decided to apply a different approach sometimes used to overcome interspecific incom-
patibility for rare lily hybrids [31]. X. asphodeloides seeds were surface-sterilized followed
by dissection and removal of the embryo. Because dormancy is often caused by the seed
coat and tissues surrounding the embryo, ref. [29] isolation of the embryo followed by
placement in vitro on medium can sometimes remove dormancy. This approach worked
well for X. asphodeloides and hundreds of embryos germinated in the trials carried out on
1
2 MS medium without plant growth regulators.

Seedling or shoot tip culture in vitro is commonly used to propagate plants for agricul-
tural, conservation, horticultural, or medicinal purposes. In particular, cells from shoot tips
are generally genetically stable and shoot tip culture can produce identical copies of target
plants. Propagation with other tissue culture systems involving callus, organogenesis
or somatic embryogenesis may induce somaclonal variation [15,32]. Since our goal is to
maximize natural variation and minimize in vitro-induced variation, seed and shoot tip
culture methods can provide excellent methods for preservation and reintroduction of
X. asphodeloides.

X. asphodeloides shoots from germinated seeds and isolated embryos were tested
for multiplication with increases of about 6 new shoots on 1

2 MS PGR-free medium or
15 shoots on medium with 0.1 mg/L thidiazuron over 2-month subculture cycles. Tests over
12 months showed sustainable shoot multiplication on PGR-free medium. Thidiazuron is a
diphenyl-substituted urea and is often used for woody plant tissue culture due to its potent
cytokinin activity [33]. Low concentrations of thidiazuron can stimulate axillary shoot
proliferation while higher concentrations can stimulate axillary and adventitious shoot
formation. Thidiazuron has also shown promise for micropropagation of some recalcitrant
species in the Liliaceae and other plant families [34,35].

Rooted shoots from in vitro shoot cultures began to grow easily under domes in a
greenhouse when watered daily or sparsely every other day. However, plants in soil
mixes watered daily grew for several months and then declined, while light watering
supported high survival and continued plant growth. We speculate that daily watering
causes damping off and root rot while light watering allows the surface soil to dry out
creating a more natural environment for root growth. In addition, the use of substrate, the
aged pine bark in SBG 1, may harbor beneficial microorganisms that help X. asphodeloides
roots to thrive. Abundant research with micropropagated plants supports the use of
bio-agents to improve shoot acclimatization, survival and growth [36–38].

Seeds from some species have very specific germination requirements. For example,
some genera in the Liliaceae and Melanthiaceae have species with deep simple dou-
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ble morphophysiological dormancy [29]. Baskin and Baskin [29] reported that seeds of
X. asphodeloides take two winters to germinate during which the embryo grows to a critical
size followed by exposure to environmental conditions that break physical dormancy [29].

When X. asphodeloides seeds germinated in a greenhouse, germination usually took
more than a year before a shoot emerged from the soil [22,39]. Our findings along with ob-
servations of Brumback [19] and Cullina [20] suggest that X. asphodeloides is an intermediate
type seed with morphophysiological dormancy (MPD) and dormancy can be overcome by
exposure to warm moist conditions followed by cold stratification followed by continued
cold or warm moist again. While nine levels of MPD are recognized (29), more research
is needed before we clearly understand the type of MDP present in X. asphodeloides. Our
additional observations of germination after prolonged stratification show that embryo
growth may occur slowly in the cold followed by dormancy release from stratification.
Further testing is required to determine times and temperatures needed at each phase
of dormancy treatment to break dormancy. Germination occurred in vivo for X. tenax
when cold stratification for 14–16 weeks was applied with or without smoke-water treat-
ment [40,41]. Fluridone, an ABA synthesis inhibitor, increased and speeded lily seed
germination [42]. However, stratification (14 wks), smoke-water and fluridone did not
assist X. asphodeloides germination in vitro. Our early cold temperature treatments likely
did not break dormancy because the seed embryos were not sufficiently developed. The
small undeveloped embryo present in fresh seed can be seen in Figure 2A.

The findings in this study provide a starting point for long term seed storage and pro-
duction of X. asphodeloides plants for conservation and safeguarding (Table 11). Further stud-
ies are needed to improve, optimize and simplify procedures to germinate X. asphodeloides
seeds and to grow planting stock. Major needs include: (1) Optimization of temperatures
and discovery of minimum times required at each phase of dormancy treatment for maxi-
mum germination, (2) Simplification and optimization of methods to maintain planting
mix moisture for optimal early plant growth.

Table 11. Recommended steps for Xerophyllum asphodeloides seed cryopreservation, germination of isolated embryos or
seeds and growing plants.

Seed cryopreservation

(1) Determine seed moisture content and if seeds need to be dried
(2) Place seeds in cryogenic storage vials
(3) Rapidly immerse vials in liquid nitrogen (LN)
(4) Remove vials from LN and re-warm in a 37 ◦C water bath for 1–2 min
(5) Germinate seeds in vitro or in vivo

Seed germination in vitro (production of initial shoots for micropropagation)

Option A (whole seed germination over 26–28 weeks, low labor requirement)

(1) Surface sterilize fresh of cryopreserved seeds
(2) Place on 1

2 MS medium without PGRs in sterile containers
(3) Incubate in dark for 12 weeks at room temperature
(4) Incubate in cold (4 ◦C) in dark for 16 weeks
(5) Move containers to lighted culture room for germination
(6) Remove germinants and use for micropropagation

Option B (embryo isolation, germination in about 2–4 weeks, high labor and skill required)

(1) Surface sterilize fresh of cryopreserved seeds
(2) Remove embryo under sterile conditions
(3) Place embryo on 1

2 MS medium without PGRs and use for micropropagation
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Table 11. Cont.

Seed germination in vivo

(1) Place fresh or cryopreserved seeds in plastic bag with moist sphagnum moss at room temperature for 12 weeks
(2) Move bags to 4 ◦C in dark for stratification for 16 weeks
(3) Move bags to light at room temperature. As germinants occur transplant to SBG1
(4) Cover with humidity domes for 2–4 weeks. Water sparsely with about 3 mL per 10 cm pot daily for 2 weeks. Water with

about 4 mL every other day allowing soil surface to dry. Continue for about 6 months and transplant individual plants into
larger pots.

Micropropagation

(1) Place contamination-free germinant or shoot on 1
2 MS medium without PGRs

(2) Subculture and divide shoots as needed until desired number of shoots are obtained
(3) Root shoots in PGR free medium, 1

2 MS with 0.5 mg/L NAA or dip shoots in rooting powder
(4) Rinse medium from rooted shoots. Insert rooted shoots or rooting powder treated shoots carefully into SBG1. Cover with

humidity domes for 2–4 weeks. Water sparsely with about 3 mL per 10 cm pot daily for about 4 weeks. Water with about 4 mL
every other day allowing soil surface to dry. Continue for about 6 months and transplant individual plants into larger pots.

With continued habitat destruction, over-collection, disease, and climate change, loss
of X. asphodeloides populations are expected to continue. Developing methods for long-term
seed storage and biodiversity maintenance are therefore critical. Procedures developed
here provide tools to preserve germplasm and genetic diversity in X. asphodeloides and
should be implemented immediately to assist in conservation of these beautiful plants.

4. Materials and Methods

4.1. Plant Materials, Experimental Design, and Evaluation

X. asphodeloides seeds were obtained from 17 sources (Table 12). After receipt, seeds
were stored at room temperature in paper bags until use. Treatments were arranged in
a completely randomized design. Data were analyzed by t-test or analysis of variance,
and significant differences between treatments were determined by the Duncan’s multiple
range tests using Statgraphics Plus V4.0 (Manugistics, Rockville, MD, USA).

Table 12. Seed sources and sampling times for X. asphodeloides.

Seed Source Collection Location Harvesting Time Seed Condition

1 Talladega National Forest
(TNF), AL 6 August 2010 Seeds showed visible white fungal

hyphae on coat surface

2 Dawson Forest (DF) in
Dawson County, GA October 2010 –

3 Canton, Cherokee County
(LC), GA November 2010 –

4 TNF 27 August 2012 –

5 DF 22 October 2012 –

6 TNF 12 December 2013 –

2017-1 to 11 TNF Shoal Creek Division Fall 2017 –

4.2. X. asphodeloides Seed Sterilization and In Vitro Germination Experiments

Due to rarity of seeds, unless otherwise indicated, experiments typically consisted of
10–15 seeds from sources 1 or 2 for each treatment tested. Several factors to break seed
dormancy were applied in tests for in vitro germination of seeds of X. asphodeloides [29].
Seeds were surface-sterilized for 10 min in 20% H2O2 as described by Ma et al. [23].
Scarified seeds were not surface-sterilized. After sterilization or scarification, seeds were
placed on 1

2 strength MS salts (Murashige and Skoog 1962) with 3% sucrose, 100 mg/L
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myo-inositol, 0.50 mg/L thiamine HCl, 0.25 mg/L pyridoxine HCl, 0.25 mg/L nicotinic
acid, and 1.0 mg/L glycine with or without an added plant growth regulator (PGR, see
individual trials below). The pH of media was adjusted to 5.7 and solidified with 4.5 g/L
Phytagel. Media were autoclaved at 121 ◦C for 20 min. Seeds were placed on 7 mL of
medium in 60 × 15 mm Petri dishes. They were placed in a culture room at 24–25 ◦C under
a 16/8-h (day/night) photoperiod with light supplied by cool white fluorescent lamps at
an intensity of approximately 30 μmol m−2 s−1. Germination responses were examined
weekly for two months. The following germination trials were carried out.

4.2.1. Comparison of 1/3 vs. 1/2 MS Media Without PGRs

Seeds from source 1.

4.2.2. Seed Scarification

In a first experiment, seeds not surface-sterilized were scarified in concentrated sulfuric
acid for 1, 4, or 10 min followed by pouring seeds and acid into 200 mL of sterile distilled
water for 3 min followed by five sterile water rinses for 5 min each. Source 1 seeds were
placed on 1

2 MS medium without PGRs. In a second experiment Source 1 seeds were
scarified for 3, 3.5, and 4 min in H2SO4. Source 2 seeds were scarified for 2, 3, 4, and 5 min,
rinsed and placed on 1

2 MS medium without PGRs. Thirty seeds of source 2 were scarified
for 4 min, rinsed and planted in greenhouse soil mix (1 part pumice: 3 parts perlite: 1 part
milled sphagnum moss). Any germinants were transferred to fresh 1

2 MS medium without
PGRs every 3–4 weeks.

4.2.3. Seed Soaking in Gibberellic Acid (GA)

Seeds were surface sterilized and soaked overnight in 5-drop aliquots of filter-sterilized
water solutions of 500, 750, or 1000 mg/L GA. Thirty seeds from source 1 placed on 1

2 MS
medium without PGRs.

4.2.4. Hot Water Treatments

Three hot water treatments varying in severity were tested to induce germination of
source 1 seeds: (1) Ten seeds in a stainless-steel strainer were dipped for one second into
boiling water. (2) Boiling water (100 mL) was poured over a strainer of 10 seeds for about
5 s. (3) Boiling water (100 mL) was removed from the heat and a strainer with 10 seeds was
immersed into the water and allowed to cool to room temperature. Seeds were surface
sterilized and placed onto 1

2 MS medium without PGRs.

4.2.5. Seed Scarification Combined with Smoke Water

Source 2 seeds were scarified for 4 min and rinsed. Seeds were further soaked for 24 h
in smoke water prepared from a smoke seed primer disc (FineBushPeople, Cape Town,
South Africa) according to directions and placed on 1

2 MS medium without PGRs.

4.2.6. 2 × 2 Factorial: Surface Sterilization or Scarification x ± Fluridone Soak Treatment

Surface-sterilized or scarified for 4 min. Half of the surface-sterilized or scarified
seeds were not treated with fluridone. The other half were further soaked for 24 h in a
filter-sterilized water solution of 2.4 μM fluridone. Ten to 25 resulting seeds of source 2 for
each treatment were then placed onto 1

2 MS medium without PGRs.

4.2.7. Seed Scarification and Germination in 1
2 MS vs. Full-Strength MS Salts

Twenty seeds from source 2 were scarified for 4 min. Half of the 20 seeds were placed
onto 1

2 MS medium and half on full-strength MS medium for germination, each medium
without PGRs.
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4.2.8. Seed Fluridone Treatment ± GA

Seeds from source 2 (15 per treatment) were placed on 1
2 MS medium without

PGRs, 1
2 MS medium with 10 μM fluridone, or 1

2 MS medium with 10 μM fluridone
and 100 μM GA.

4.2.9. Seed Cold Treatment ± Scarification

Two sets of 60 seeds from source 2 were prepared for cold treatment. One set was
surface sterilized and the other set was scarified for 4 min. All seeds were placed on 1

2 MS
medium without PGRs and incubated in the dark at 4 ◦C. Ten plates, containing one seed
each, were removed from the cold at 4, 6, 8, 10, 12, and 14 weeks for each set and incubated
in the light.

4.2.10. Seed Cold Treatment and Homemade Smoke Water with Surface Sterilization or
4 min Scarification

To prepare smoke water, plant debris collected from the base of wild X. asphodeloides
plants was burned in a barbecue next to a bowl of distilled water. Thirty source 2 seeds
were surface sterilized and 30 seeds were scarified for 4 min. All seeds were soaked in
filter-sterilized smoke water for 24 h, placed on 1

2 MS medium without PGRs and incubated
at 4 ◦C for 10, 12, or 14 weeks. Ten seeds from each treatment were removed at each cold
treatment time and incubated in the light.

4.3. Tetrazolium Chloride Seed Viability Staining

We became concerned that seeds may not be viable. Tetrazolium chloride is commonly
used to assay seed viability [43]. Source 1 and 2 seeds were soaked overnight in 1% tetra-
zolium chloride in distilled water. Seeds were sliced open and examined for red coloration
indicating viability. Seeds scarified for 10 min were also tested for viability.

4.4. X. asphodeloides Embryo Isolation and In Vitro Germination Experiments

Seeds were soaked in distilled water for 48 h to soften the seeds and then surface
sterilized. Embryos were dissected out of sterilized seeds in sterile conditions under a
dissecting microscope. The seed was held base-up with forceps, while a scalpel was used
to make a horizontal cut 2/3 across the seed without cutting either of the ends. The halves
were then pulled apart to reveal a small oval shaped embryo. The embryo was carefully
removed with forceps.

4.4.1. Embryo Growth on 1
2 vs. Full Strength MS Medium ± 0.1 mg/L NAA

Isolated embryos were placed onto four test media: (i) 1
2 MS medium, (ii) 1

2 MS
medium + 0.1 mg/L 1-Napthalenacetic acid (NAA), (iii) full strength MS medium without
PGRs, (iv) full-strength MS medium + 0.1 mg/L NAA. Approximately 25 embryos from
seed source 2 were isolated per treatment.

4.4.2. Embryo Growth on 1
2 MS Medium with Different Sucrose Concentrations

Embryos were isolated from surface sterilized seeds from source 2 and placed onto
media with different sugar concentrations. Approximately 18 isolated embryos per treat-
ment were placed on 1

2 MS medium without PGRs varying in sucrose concentrations: 3%,
4%, 5%, 6%, 8%, and 10%.

Additional tests were run isolating embryos from seeds sources 1 (12 embryos per
treatment) and 3 (20 embryos per treatment) with placement on 1

2 MS medium without
PGRs containing 3 or 6% sucrose.

A larger trial was run comparing 3 and 6% sucrose using seed collected from five sites
in Alabama (sources 2017-2, 6, 8, 9, and 10). Tests compared four or five replications of five
isolated embryos per treatment and seed source.
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4.5. X. asphodeloides Shoot Multiplication Experiments

Germinated seeds from trial 2 were transferred to 1
2 MS medium without PGRs

monthly. The bulbous tissue and strap-like leaves that formed during germination contin-
ued to grow. After three months these masses were cut into two to four pieces and again
placed on 1

2 MS medium without PGRs.
In the first shoot multiplication experiment, shoot cultures from the four source

1 germinants were divided into quarters (shoot clumps) and randomly placed onto four
different media: (i) 1

2 MS without PGRs, (ii) 1
2 MS + 1 mg/L Kinetin, (iii) 1

2 MS + 2 mg/L
trans-zeatin, (iv) 1

2 MS + 3 mg/L 6-benylaminopurine (BAP). Single shoot clumps were
placed on 20 mL media in Magenta boxes (Magenta, Chicago, IL). Each test medium had
nine replicates. All treatments were placed in the same lighted culture room used for
germination. The number of shoots after five weeks was evaluated.

In the second experiment shoots produced from the isolated embryos derived from
sources 1, 2 and 3 were grown on 1

2 MS medium without PGRs. Ten shoots approximately
2 cm in size from each clone were placed onto each of six media containing 0 (control 1),
0.1, 0.2, 0.5 or 1.0 mg/L thidiazuron. To account for the possible effect of DMSO used in
dissolving thidiazuron, a second control was added with 0.1 mg/L DMSO (control 2, the
maximum amount of DMSO contained in the 1 mg/L thidiazuron treatment). All shoots
were incubated under fluorescent light (cool white, light intensity at 30 μmoles/m2/s) at
24–25 ◦C and evaluated after four months without subculture.

An additional experiment (third experiment) was developed to optimize thidiazuron
concentration. Ten shoots from each of four clones from seed sources 1, 2, and 3, each grown
on 1

2 MS medium without PGRs, were each placed onto 1
2 MS medium containing 0, 0.05,

0.1, 0.15, or 0.2 mg/L thidiazuron. Shoots were grown for as described above and then
evaluated after two months for the number of shoots smaller or larger than 3 cm.

Shoot cultures were maintained with 2–4 month subcultures over time on PGR-free
medium or medium containing 0.15 mg/L thidiazuron.

4.6. X. asphodeloides Root Induction and Acclimation to Soil

Large shoots about 3 cm in length in PGR-free multiplication medium often formed
roots in vitro spontaneously. In a preliminary test several spontaneously rooted shoots
were rinsed to remove excess medium from the roots and planted into Atlanta Botanical
Garden (ABG) new cutting mix (1 part milled New Zealand sphagnum moss: 1 part perlite:
1 part pumice).

Two trials were carried out to establish shoots in greenhouse potting mix. In the
first trial shoots from two clones from seed sources 2 and 3 (DF-1 and LC-55) grown on
medium with 1

2 MS medium without PGRs were separated into 10 (DF-1) or 12 (LC-55)
shoots with roots and 10 shoots (DF-1 and LC-55) without roots. All shoots were dipped
into Schultz Take Root rooting powder containing 0.1% indole-3-butyric acid (IBA) and
planted about 6 mm deep into trays containing approximately 6 mm of horticultural grade
charcoal and filled with a modified ABG new cutting mix (1 part milled sphagnum moss:
3 parts perlite: 4 parts pumice). Trays with plants were placed under transparent plastic
domes, transferred to a greenhouse and watered daily. The survival rates were recorded
after one and two months, and a few shoots were removed from containers to observe
root development.

A second rooting trial was carried out. Shoots grown on 1
2 MS medium without PGRs

were dipped into rooting powder with 0.1% IBA and planted into trays with horticultural
grade charcoal and ABG new cutting mix. Four clones (TNF from source 1, DAW from
source 2, and LC-51 and LC-57 from source 3) with 40 shoots each were tested.

In Vitro Root Induction

Another experiment was developed with four clones containing 20 shoots each. Shoots
were split among four in vitro rooting treatments: (i) 1

2 MS without PGRs, (ii) 1
2 MS with

0.5 mg/L NAA, (iii) 1
2 MS with 1.0 mg/L NAA, (iv) 1

2 MS with 1.0 mg/L NAA plus
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100 mg/L activated carbon (Sigma-Aldrich C-4386). Rooting percentages were evaluated at
three, six, and eight weeks, and surviving plants with roots were evaluated at nine weeks.

Single shoots, 2–3 cm in size, were inserted about 5 mm into 20 mL test medium
in Magenta boxes and incubated under fluorescent light (cool white, light intensity at
30 μmoles/m2/s) at room temperature (24–25 ◦C). In vitro rooting was evaluated after
1–2 months. Nine weeks after placement in medium, shoots were removed from the
medium, rinsed with water, and planted with or without roots into 5 cm x 5 cm pots
with approximately 1 cm charcoal and potting mix containing 3 parts modified cutting
mix (1 part sphagnum moss: 1 part pumice: 4 parts perlite) plus 1 part modified ABG
Carnivorous plant mix (5 parts peat moss: 1 part sphagnum moss: 1 part builder’s sand).
Potting mix was tightly packed and shoots were inserted about 1 cm into the mix. Trays
with plants were placed under transparent plastic domes and placed in a greenhouse in
early summer, watered daily, and observed weekly.

To evaluate different types of soil substrate we planted five rooted shoots in a local mix
from the State Botanical Garden of Georgia (SBG1) that contained pine bark. SBG1 potting
mix contained 1 part orchid bark mix, 1 part builder’s sand, and 1 part SBG2 pine bark mix.
SBG2 pine bark mix contained 125 gallons fine grade pine bark, 8 cubic ft coarse vermiculite,
8 cups dolomitic limestone, 2 cups superphosphate, 1 cup each of gypsum, potassium
nitrate, calcium nitrate, and Micromax granular micronutrient fertilizer. Individual plants
were placed in 4 cm pots with a bottom layer of horticulture grade charcoal. Medium
was washed from the roots and plants were carefully planted in the soil and covered
with a humidity dome for two weeks. To keep soil drier instead of drenching pots daily,
individual pots were watered with 15–20 mL water every other day and provided with
an extra 10 mL prior to weekends. After about four weeks water was further reduced to
10 mL every other day.

To determine if beneficial organisms from native X. asphodeloides soil help rooted
shoots survive, we compared rooted shoot survival in two soil mixes without or with 10%
amendment of native soil collected from the base of wild X. asphodeloides plants. Soil cores
were collected to a depth of 12 inches adjacent to healthy plants from four AL sites. Large
rocks, roots, and debris were removed and equal amounts of soil were mixed together
from each site. ABG modified new cutting mix (1 part sphagnum moss, 3 parts perlite,
4 parts pumice) or SBG 1 mix were left as is or amended with 10% native X. asphodeloides
soil forming four treatments. For each treatment five rooted shoots of clone TNF-7 and five
shoots of clone TNF-115 were each planted in 4 cm pots with a bottom layer of horticultural
grade charcoal and filled with the soil mix to be tested.

4.7. X. asphodeloides Acclimated Greenhouse Plants Planted in the Field

Thirty plants from rooted shoots grown in the greenhouse for six months or longer,
resulting from the trials to evaluate soil types above, were planted at field site 11 in the
Talladega National Forest. A hilltop near site 11 and resembling natural X. asphodeloides
habitat was located and divided into four quadrants. Six to nine plants were planted into
each quadrant in February, 2019.

4.8. X. asphodeloides Seed Cryopreservation

Twenty seeds from source 2 were used for the first cryopreservation experiment. Seeds
were placed 10 seeds per vial into 2 mL Nalgene cryogenic storage vials (Thermo Scientific,
Waltham, MA, USA) and rapidly immersed in liquid nitrogen (LN). After 48 h the vials
were removed from LN and re-warmed in a 37 ◦C water bath for 1–2 min (Lynch et al.
2013 [24]). Whole seeds were surface sterilized and embryos were isolated and placed on
1
2 MS medium without PGRs.

Five seeds from source 3 after 13 months of storage at room temperature were tested
for water content. Seeds were placed in small pre-weighed glass vials, covered with
aluminum foil to prevent water exchange with the air, weighed, dried for 24 h at 105 ◦C,
weighed again, and water contents were calculated.
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Fifteen seeds from source 3 were placed into each of two cryovials. One vial was
rapidly immersed into LN and the other was held at room temperature. After 48 h, the vial
was removed from LN and re-warmed in a 37 ◦C warm water. Both sets of 15 seeds were
soaked for 24 h in sterile water at 4 ◦C. Seeds were surface sterilized and embryos were
isolated and placed on 1

2 MS medium without PGRs.
Another cryopreservation experiment was carried out with seed sources 4 and 5,

they were stored at room temperature for 3–5 months in paper bags until tested for water
content and cryopreservation using isolated embryos. Water content measurements were
determined for five seeds from each source. About 350 seeds were used, inserting 30 seeds
per cryovial. They were rapidly immersed in LN. A similar number of seeds remained at
room temperature for the control.

Additional seeds from sources 2, 3, 4, and 5 were evaluated to determine survival after
varying periods of time at room temperature or storage at room temperature followed by
cryopreservation (Table 8). Experiments evaluated 32–33 seeds per treatment and storage
time using the embryo isolation method.

4.9. X. asphodeloides Germination of Whole Seeds with Treatment for Double Dormancy

To simplify germination from cryopreserved or non-cryopreserved seeds and to pro-
duce tissue more easily for micropropagation, we returned to whole seed germination.
Prior greenhouse trials for X. asphodeloides showed that slow seed germination occurred
over two years [19,22,39]. We hypothesized that X. asphodeloides seeds have double dor-
mancy and require a warm moist exposure to cause embryo development followed by a
cold period to break dormancy followed by a moist, warm environment for root and shoot
growth. To test this hypothesis 30 non-cryopreserved seeds from sources 2017-3 and 2017-5
were each tested in two treatments: (1) whole sterilized seeds were placed in individual
Petri dishes with 1

2 MS medium containing 3% sucrose without PGRs; and (2) whole steril-
ized seeds were placed into individual 14 × 14 cm trays containing soil mix composed of
one part perlite and one part aged Monterey pine bark. All seeds were incubated at room
temperature in darkness for 12 weeks followed by 12 weeks of incubation at about 4–5 ◦C.
After this period, they were transferred to the lighted culture room as described above for
eight weeks. Soil mix trays were misted every few days to maintain soil moisture. Petri
plates were inspected weekly and seeds showing visible contamination were recorded
and discarded.

Knowing that dry seeds lose viability over several years, 10 leftover seeds from a mix
of source 2017 sites were stored in moist sphagnum moss at 4–5 ◦C for 3 1

2 months.
To evaluate the viability after long term storage at room temperature, seeds from

sources 2017-1–11 stored dry at room temperature for 8 months were placed in wet sphag-
num moss in Ziplock bags and kept dark at 4–5 ◦C for 16 weeks. Germinants were planted
into SBG1 soil in 10 cm pots with up to ten per pot and placed on grow shelves lighted with
cool white fluorescent light and under humidity domes for the next 2–3 weeks. Humidity
domes were removed and pots were watered daily with about 3 mL per pot for the next
two weeks. Pots were then watered every other day with about 4 mL per pot to allow the
soil surface to dry. This watering regime was continued for the next six months until plants
were transplanted into individual containers.
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Abstract: The cryopreservation of dormant buds can be a feasible method for preserving germplasm
of cold-tolerant woody plants. In the present study, we evaluated the effects of pre-desiccation,
thawing method, and the rehydration of bud sections on the post-cryopreservation recovery of
dormant blackcurrant buds in vitro. The estimated recovery of small- and medium-sized buds was
80.1 and 62.7% respectively for desiccated buds and 67.8 and 72.3% respectively for non-desiccated
buds. The pre-desiccation of bud sections enhanced the number of the shoots regenerated from
vegetative buds (2.3 vs. 4.7). The estimated recovery of fast-thawed buds was better after 14-day
than after 7-day rehydration (85 vs. 59%). In slowly thawed buds the difference between 14-day
and 7-day rehydration was not significant (73 vs. 62%). The estimated recovery of vegetative and
flower buds was 77.7 and 41.1% respectively after 7-day rehydration, and 95.2 and 43.6% respectively
after a 14-day rehydration period. The rehydration of bud sections was not necessary for the in vitro
recovery of non-desiccated, fast-thawed buds. Of the 23 blackcurrant cultivars cryopreserved using
non-desiccated dormant buds collected from a greenhouse, the estimated recovery of 22 cultivars
ranged between 42 and 90%.

Keywords: currants; cryobanking; plant genebanks; plant genetic resources; germplasm collections;
liquid nitrogen; long-term preservation; safety back-ups

1. Introduction

The preservation of the genetic resources of agricultural crop plants is important
for future plant breeding and food security. The germplasm of vegetatively propagated
crops can be maintained as plants in the field or in greenhouses or as in vitro cultures [1,2].
The maintenance of collections solely in the field is a risk, due to the fact that diseases,
pests, and adverse weather conditions can compromise the preservation of germplasm.
A duplicate field collection or a safety backup by an alternative conservation method is
therefore recommended by FAO [1]. Cryopreservation, i.e., the preservation of biological
material at ultralow temperatures (in liquid nitrogen and/or its vapor phase at temper-
atures ca. −196 ◦C to −140 ◦C [3]), is a useful and cost-effective option to secure the
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long-term preservation of plant germplasm [4–6]. For example, in the case of clonally
propagated fruit trees that are traditionally maintained in clonal orchards, the utilization
of cryopreservation can greatly improve the conservation of germplasm [7]. However, to
utilize cryogenic preservation, cryoprotocols suitable for the species or even genotypes in
question are needed.

For the long-term preservation of cold-tolerant woody plant species, cryopreservation
of dormant buds may be an applicable method [8,9]. The success of dormant bud cryop-
reservation is affected by the quality of the source material, the steps of the protocol, and
recovery practices [8]. Cryopreservation of dormant buds was reported in the 1960s when
Sakai discovered that the twigs of cold-hardy poplar (Populus sieboldii Mig.) and willow
(Salix koriyanagi Kimura) pre-frozen at −30 ◦C were able to survive without fatal intracellu-
lar freezing even when immersed in liquid nitrogen [10]. After that, the cryopreservation
of dormant buds was studied with species such as apple (Malus domestica) [11,12] and
mulberry (Morus bombycis Koidz.) [13], and to date, many cryoprotocols utilizing dormant
buds with different recovery practices have been developed [8,9]. In the case of Malus,
the recovery of buds is often done by grafting [14], but the recovery of buds via in vitro
can also be used as in the case of species such as Ulmus [15], Diospyros kaki Thunb. [16],
Morus [13,17], Betula pendula Roth, and Populus tremula L × P. tremuloides Michx. [18]. The
cryopreserved twigs of Salix can be recovered via direct rooting by placing thawed twigs
in moist, sterilized soil and keeping them in high humidity until they have rooted [19,20].
In some temperate fruit trees, thawed twig segments can be forced, after which sprouted
shoots can be excised and introduced into the tissue culture [21]. Shoot tips excised from
dormant buds prior to cryopreservation may also be utilized for cryopreservation with
cryoprotectants [22]. The success of dormant bud cryopreservation varies depending on
the protocol and species, e.g., for Malus spp., recovery ranges of accessions from 16 to 100%
was reported [23].

The pre-desiccation of bud sections has been proven to enhance the post-cryopreservation
recovery of dormant buds [11,12,24] by decreasing cells’ water content and preventing
intracellular ice crystallization of cryopreserved material during cooling and thawing [25].
Therefore, many dormant bud cryoprotocols include the pre-desiccation of bud sections,
e.g., in the protocol developed for Malus species [23], bud sections are desiccated to a
moisture content of 25–30% before slow cooling to a range between −30 and −40 ◦C,
followed by a transfer to liquid nitrogen or its vapor phase. This protocol is used or slightly
modified also for some species, e.g., for Fraxinus [26] and Vaccinium [27].

However, careful monitoring is often needed for evaluating the progress of desiccation,
which is usually laborious and needs time. Cryopreservation of non-desiccated dormant
buds recovered via sprouting or grafting was reported for Salix [28] and for Malus [29] but
the pre-desiccation of buds is usually omitted from protocols in which the recovery of buds
is achieved via in vitro culture, as in the case of Ulmus [15] and Betula pendula Roth [18].

Blackcurrant Ribes nigrum L. is a cold-tolerant woody shrub, and it is cultivated
for juicy berries both commercially and in home gardens. According to the FAOSTAT
database, the production of currants (mainly blackcurrant) was 647,815 tonnes in 2019 [30].
Many old blackcurrant varieties or local strains are no longer used in commercial berry
production, but they may be valuable source for future plant breeding. However, plants
preserved in the open field are often exposed to many pests and diseases. Pests such as
eriophyid mites, spider mites, moths, gall midges, and aphids are common in currant
cultivation in Finland. Fungal diseases, pathogens causing leaf spots, powdery mildew,
and rusts may also occur, but these do not always cause severe problems in blackcurrants
in Finland [31]. Certain pests may also act as vectors for viruses, and several virus diseases
may occur in blackcurrants [32]. Blackcurrant reversion virus (BRV), transmitted by the
gall mite (Cecidophyopsis ribis), is the most significant virus in blackcurrants, causing disease
symptoms to the leaves and flowers, proliferation, and ultimately yield losses [33,34].
Pest and disease infections can be prevented in certified plant production by maintaining
pre-basic mother plants (stock material) in insect-proof greenhouse [35].
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The Finnish national core collection of blackcurrant includes a total of 27 cultivars and
landraces, all called cultivars in this study. The core collection was selected as part of the
multinational RIBESCO project in 2007–2011 [36,37]. It is managed by the Finnish National
Genetic Resources Programme for Agriculture, Forestry, and Fishery and maintained by
the Natural Resources Institute Finland (Luke). A new field collection of the blackcurrant
genebank was established in Kaarina, Finland between 2011 and 2016 because of the
symptoms of blackcurrant reversion virus were detected in the old field collection. The
renewal of field collection was conducted using plants produced via micropropagation. In
the context of the renewal of new field collection, the need to create a cryopreserved backup
collection was identified. Blackcurrant can be cryopreserved by using explants excised
from tissue cultures [38–41] or by using dormant buds [42–44]. Cryopreservation success of
blackcurrant varies depending on cultivar. According to our previous study, the estimated
post-cryopreservation recovery of in vitro-derived shoot tips ranged by cultivars from 17
to 94% [41]. Previously, we also studied the cryopreservation of dormant blackcurrant
buds using greenhouse and field-maintained source plants of the cultivar Mortti, and we
reported the estimated post-cryopreservation recovery of buds in vitro from 66 to 86% [43].
In eleven blackcurrant cultivars, a post-cryopreservation viability of dormant buds from
58.9 ± 1.1% to 73.5 ± 1.9% in field conditions was reported [44].

The aim of the present study was to evaluate the suitability of dormant bud cryop-
reservation for the preservation of the blackcurrant germplasm collection using dormant
buds derived from greenhouse-maintained plants. Dormant buds of cvs. Mikael, Marski,
and Vilma were cryopreserved according to an experiment setup to confirm the utility of
a selected cryoprotocol and to evaluate the necessity of pre-desiccation and rehydration
of bud sections, and the effect of the thawing method (fast or slow) on the in vitro recov-
ery of cryopreserved buds. Finally, the post-cryopreservation viability of non-desiccated,
fast-thawed dormant buds of 24 cultivars was estimated.

2. Results

2.1. Protocol Experiments

The effect of desiccation, thawing method, and rehydration of bud sections was tested
according to the experimental set-up with cvs. Mikael, Marski, and Vilma. The actual
recovery percentages of cryopreserved buds varied from 20 to 80%, depending on the
cultivar and treatment combination (Table 1). The estimated recovery of cryopreserved
buds over all treatment combinations was 60, 83, and 67% for cvs. Mikael, Marski, and
Vilma, respectively. Cryopreserved buds were mainly floral; out of 160 buds per cultivar,
the numbers of vegetative buds were 21, 37, and 52 for cvs. Mikael, Marski, and Vilma, re-
spectively. The average moisture content of non-desiccated twig samples ranged at 55–57%,
54–59%, and 53–55%, whereas the average moisture content of desiccated twig samples
ranged at 22–32%, 31–34%, and 30–33% for cvs. Mikael, Marski, and Vilma, respectively. In
all three cultivars, the recovery of non-cryopreserved control buds ranged from 90 to 100%
for both non-desiccated buds and buds that were desiccated and thereafter rehydrated.

2.1.1. Preliminary Quality Evaluation

When the in vitro cultures were initiated from cryopreserved buds, the percentages of
healthy green buds, i.e., buds without blackening or paleness of shoot tip, flower primordia,
or leaves, were 71, 68, and 36 for cvs. Mikael, Marski, and Vilma, respectively. According to
the results of all three cultivars, the percentages of healthy-looking green buds were higher
(i) if buds were desiccated as opposed to when they were not (70 vs. 48%; p < 0.001), (ii) if
buds were thawed slowly instead of fast thawing (76 vs. 40%; p < 0.001), (iii) if buds were
small instead of medium-sized buds (67 vs. 54%; p = 0.011), and iv) if buds were rehydrated
for 7 days instead of 14 days (63 vs. 54%; p = 0.052). The frequency of buds without visual
damage did not differ between flower buds (58%) and vegetative buds (60%). However,
almost all buds (28 out of 30) with their outermost leaves blackened were flower buds of
cv. Marski. Leaves with no turgor (i.e., not fully rehydrated) occurred only in buds that

75



Plants 2021, 10, 1414

were desiccated and then rehydrated after thawing for 7 days. Of 40 buds per cultivar
desiccated and rehydrated for only 7 days, the number of not fully rehydrated buds was 18
for cv. Mikael and was 36 for cvs. Marski and Vilma.

Table 1. The number of flower buds out of thawed buds and the actual recovery percentages (%) of the cryopreserved buds
of blackcurrant cvs. Marski, Mikael, and Vilma per treatment combination. In each treatment combination, 20 bud sections
were cryopreserved and thawed either slowly at 2 ◦C or for 3 min in water bath at 38 ◦C and rehydrated for 7 or 14 days
(d). The actual recovery percentage of buds in vitro was calculated based on the number of regenerated buds related to the
number of uncontaminated ones.

Mikael Marski Vilma

Treatment Combination
Number of
Floral Buds

Recovery
of Thawed
Buds (%)

Number of
Floral Buds

Recovery
of Thawed
Buds (%)

Number of
Floral Buds

Recovery
of Thawed
Buds (%)

Desiccated bud sections
Fast thawing +
rehydration 7 d 18/20 30 18/20 40 14/19 * 47

Fast thawing +
rehydration 14 d 18/20 30 12/20 80 16/20 60

Slow thawing +
rehydration 7 d 16/20 50 16/20 50 11/20 60

Slow thawing +
rehydration 14 d 18/20 35 17/20 65 12/20 55

Non-desiccated bud sections
Fast thawing +
rehydration 7 d 18/20 50 16/20 70 18/20 25

Fast thawing +
rehydration 14 d 17/20 50 17/20 80 9/20 70

Slow thawing +
rehydration 7 d 18/20 40 10/20 70 13/20 55

Slow thawing +
rehydration 14 d 18/20 20 17/20 60 10/13 ** 46

* 1 bud rejected due to contamination; ** 7 buds rejected due to contamination; d: number of days in rehydration.

Notably, the presence of these visual damage of buds did not influence the later
recovery percentage of the in vitro cultures (p = 0.576). Of the 244 buds that recovered
in vitro, 105 (43%) had visual symptoms of damage when the in vitro cultures were initiated.
Furthermore, of the 228 buds that did not recover, 136 (60%) did not have visual symptoms
of damage at the time of initiation of in vitro cultures.

2.1.2. The Effect of Desiccation on the Recovery of Thawed Buds In Vitro

According to the statistical analysis of the data of the protocol experiment (n = 472 buds),
the desiccation of bud sections of the cvs. Mikael, Marski, and Vilma had no significant
main effect on the estimated recovery percentage of cryopreserved buds. An interaction
was found between the pre-treatment of bud sections (desiccated or not) and the size of
the buds (p = 0.022) (Figure 1a): desiccation improved the estimated recovery percentage
of small buds slightly, but for medium-sized buds the effect was the opposite. However,
the difference between desiccated and non-desiccated buds was not significant in either
case. In the case of desiccated buds, the estimated recovery was better for small than for
medium-sized buds (p = 0.037).

The number of proliferated shoots per regenerated bud evaluated 7 weeks after
the initiation of in vitro cultures showed an interaction between the desiccation of bud
sections (desiccated or not) and bud type (flower or vegetative) (p < 0.001). The estimated
shoot number per bud was higher for desiccated vegetative buds than for non-desiccated
vegetative buds (4.7 vs. 2.3; p < 0.001). In the case of flower buds, the difference between
desiccated and non-desiccated buds was not significant (2.2 vs. 1.7; p = 0.121). In addition,
the estimated shoot number per bud was higher for desiccated vegetative buds than for
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desiccated flower buds (4.7 vs. 2.2; p < 0.001), and evidence for the difference of means was
found for non-desiccated vegetative and flower buds (2.3 vs. 1.7; p = 0.094).

Figure 1. The estimated mean recovery of cryopreserved buds of blackcurrant cvs. Marski, Mikael, and Vilma according to
(a) the pre-treatment of bud sections (desiccated or not) and the bud length, and (b) the bud type and rehydration time of
bud sections. The effects of cultivar, pre-treatment, thawing method, rehydration, type of bud, size of bud, and all their
2-way and 3-way interactions were analysed using generalised linear mixed models. The length of the bars indicates the
sizes of 95% confidence intervals. Letters a and b indicate significant differences (p < 0.05) in estimated recovery rate in vitro
between treatments.

The estimated number of shoots was higher for desiccated than for non-desiccated
buds for cvs. Mikael (3.3. vs. 1.7; p < 0.001) and Marski, (3.8 vs. 2.0; p < 0.001) respectively,
but in cv. Vilma the difference, although parallel, was not found to be statistically significant
(3.1 vs. 2.3; p = 0.092). The difference due to bud size was rather small: the estimated
number of shoots per regenerated bud was 2.9 for small buds and 2.5 for medium-sized
buds (p = 0.051).

2.1.3. The Effect of Thawing Speed and Rehydration on the Recovery of Buds In Vitro

According to the results of the protocol experiment, thawing speed had no main effect
on the estimated recovery percentage of buds of cvs. Mikael, Marski, and Vilma. However,
the interaction between thawing method (slow or fast) and the rehydration time of bud
sections was close to significant (p = 0.053). The estimated recovery percentage of fast-
thawed buds was better after 14-day than after 7-day rehydration (85 vs. 59%; p = 0.013),
but in slowly thawed buds, there was no significant difference between 14-day rehydration
and 7-day rehydration (73 vs. 62%; p = 0.637). Vegetative buds had a better estimated
recovery than flower buds after both rehydration periods (p < 0.001). An interaction
between the duration of rehydration treatment and bud type was found (p = 0.031). Within
the bud type, the estimated recovery of buds did not differ between 7-day and 14-day
rehydration treatment, although a longer rehydration time seemed to give some benefit to
vegetative buds (Figure 1b). Moreover, an interaction was found between rehydration time
and cultivar (p = 0.027). In all three cultivars, the estimated recovery of buds was better
after 14-day than 7-day rehydration, but the difference was significant only for cv. Marski
(92 vs. 68%; p = 0.016).

In cvs. Mikael, Marski, and Vilma, the thawing method and the duration of the rehy-
dration treatment did not have significant main effects on the shoot number of regenerated
buds. However, an interaction between the rehydration time and cultivar showed evidence
of difference (p = 0.094), but in pairwise comparisons statistically significant differences
could not be found.

2.1.4. The Necessity of Rehydration

To evaluate the necessity of rehydration for non-desiccated, fast-thawed cryopreserved
buds, 84 bud sections of cv. Brödtorp were thawed for rehydration test. The average
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moisture content of bud sections of cv. Brödtorp was 54%, and an average bud length
was 4.5 mm (ranged from 2 to 6 mm). Ten weeks after the initiation of the in vitro culture,
the estimated recovery percentage did not differ significantly between rehydrated (71
(50–86)) and non-rehydrated buds (90 (70–97), p = 0.087). At the time of initiation of
in vitro cultures, all non-rehydrated buds were scored as “healthy green”, but only 7 of
42 rehydrated ones were “healthy green”. However, after two weeks of in vitro culture,
blackening and paleness was also observed in shoot tips excised from non-rehydrated buds.
In both rehydrated and non-rehydrated treatments, the first shoots started to grow two
weeks after the excision of shoot tips (Figure 2). The estimated recovery of buds was again
better for vegetative buds than for flower buds (94 vs. 56%; p = 0.003), but because of the
low number of flower buds (only 6 of 84) and non-recovered buds, the test result may not
be accurate.

Figure 2. The recovery of cryopreserved buds of cv. Brödtorp in vitro. Top row: the propagule excised
from a non-rehydrated bud (a) 2 weeks after initiation of in vitro culture (photo Dr. Mauritz Vestberg)
and (b) 10 weeks after initiation. Bottom row: the propagule excised from a bud rehydrated 11 days
(c) 2 weeks after initiation of in vitro culture (photo Dr. Mauritz Vestberg) and (d) 10 weeks after
initiation. Bud sections of cv. Brödtorp were cryopreserved without pre-desiccation and revived from
cryostorage via fast thawing. Images a and c were taken on graph paper through a stereomicroscope.

When the shoot number of the non-desiccated, fast-thawed buds of cv. Brödtorp were
analysed, no significant differences in the pairwise comparisons between rehydrated and
non-rehydrated treatments could be found. However, a significant interaction between bud
length (2–3 mm or 4–6 mm) and rehydration (rehydrated or not) was found (p = 0.047). In
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small buds, the estimated number of shoots was higher for rehydrated buds (5.6) compared
to that of the non-rehydrated ones (2.5). The estimated shoot number for medium-sized
buds did not differ between rehydrated buds (3.5) and non-rehydrated buds (3.3).

2.2. Viability Testing When Cryobanking a Collection of Cultivars

The results from viability assessments of 23 cultivars cryopreserved for long-term cry-
opreservation are shown in Table 2. All buds were cryopreserved without pre-desiccation
and recovered via fast thawing and without rehydration. The estimated recovery of
buds otherwise ranged from 42 to 90%, but the estimated recovery of one exceptional cv.,
Jänkisjärvi, was only 9%, and the difference between cultivars was not found statistically
significant (p = 0.189). Despite a non-significant p-value of the F-test, cv. Jänkisjärvi obvi-
ously differed statistically significantly from a few cultivars. Other statistically significant
differences between the estimated recovery rate of cultivars were not found because of
relatively wide confidence limits.

Table 2. The measured and estimated recovery of buds and measured and estimated number of regenerated shoots per bud
of 23 blackcurrant cultivars. The recovery of buds was evaluated after ten weeks of in vitro culture. Results are based on 20
or 21 thawed buds per cultivar, but contaminated initiations were rejected from evaluations. The estimated values take into
count the effect of bud type (vegetative or floral) and the size of the bud. CI, 95% confidence intervals.

Cultivar
Actual Recovery of

Thawed Buds%

Estimated Recovery of
Thawed Buds

% (CI)

Actual Number of
Regenerated Shoots
Per Recovered Bud

Mean (CI)

Estimated Number of
Regenerated Shoots Per

Recovered Bud Mean (CI)

Karila 95 90 (52–99) 8.4 (5.9–10.8) 5.5 (3.9–7.6)
Vilma * 95 90 (52–99) 3.6 (2.9–4.2) 2.7 (1.9–3.7)
Ri 289 * 90 85 (54–96) 5.9 (4.6–7.2) 4.8 (3.5–6.5)
Suvi-7 95 81 (48–95) 7.7 (5.5–9.9) 5.2 (3.8–7.2)
Hedda 75 78 (51–92) 5.1 ((3.9–6.3) 3.9 (2.8–5.5)
Venny * 65 74 (49–90) 2.6 (1.6–3.6) 2.2 (1.6–3.1)
Marski 85 72 (40–90) 4.2 (3.0–5.4) 3.0 (2.1–4.1)
Öjebyn 75 70 (42–88) 3.7 (2.2–5.2) 2.4 (1.7–3.3)
Mortti 80 68 (38–89) 5.1 (4.2–6.0) 3.9 (2.6–5.6)
Vertti * 55 68 (44–85) 3.4 (1.6–5.1) 3.0 (2.0–4.4)
Mikael 70 66 (39–85) 3.7 (3.0–4.5) 2.9 (2.0–4.1)
Ola 70 65 (38–86) 2.1 (1.6–2.6) 1.6 (1.1–2.2)
Pyhtilän Musta 85 63 (26–89) 1.7 (1.2–2.1) 1.1 (0.7–1.6)
Osmola 75 63 (35–84) 5.9 (3.7–8.1) 3.5 (2.5–5.0)
Nikkala 80 60 (29–85) 3.9 (2.3–5.5) 2.4 (1.7–3.5)
Åström 75 59 (32–82) 3.3 (2.0–4.5) 2.1 (1.5–2.9)
Kangosfors 80 59 (29–83) 4.6 (3.1–6.1) 2.9 (2.0–4.1)
Osmolan musta 75 56 (30–78) 5.0 (2.7–2.6) 3.0 (2.1–4.2)
Kuoksan Musta 80 55 (23–84) 2.0 (1.4–2.6) 1.3 (0.9–2.0)
Gerby 70 55 (29–78) 3.0 (2.1–3.9) 2.0 (1.4–2.8)
Matkakoski 65 54 (29–77) 1.5 (1.1–1.9) 1.2 (0.8–1.7)
Lepaan Musta 63 42 (16–73) 3.5 (2.5–4.5) 2.2 (1.6–3.7)
Jänkisjärvi 15 9 (3–29) 1.3 (0–2.8) 1.1 (0.6–2.3)

* Green fruited.

The estimated recovery of cryopreserved buds was again better for vegetative buds
than for floral bud (83 vs. 43%; p < 0.001). Of all the buds thawed for viability assessments,
the percentage of floral buds was 6% for young donor plants and 28% for donor plants
maintained in a greenhouse for several years (i.e., pre-basic mother plants or older gene
bank plants). The number of flower buds varied between cultivars, with Vertti (15) having
the highest number, followed by cvs. Venny (12), Jänkisjärvi (8), Mikael (6), and Hedda (6).
The length of the thawed buds varied from 1–2 mm to 7 mm. Only 3 buds out of 462 were
rejected due to contamination.
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The estimated number of proliferated shoots per regenerated bud varied by cultivar
(p < 0.001) and ranged between 1.1 (Pyhtilän Musta) and 5.5 (Karila) (Table 1). The esti-
mated number of shoots per bud was higher for vegetative buds than for flower buds (3.2
vs. 2.0; p = 0.002).

3. Discussion

In the present study, dormant buds of blackcurrant were cryopreserved using a two-
step freezing method. The success of cryopreservation was evaluated by in vitro recovery
and the shoot formation of thawed buds.

Desiccation of buds prior to cooling is considered an essential step for the successful
recovery of buds in many dormant bud cryoprotocols [45]. In the present study, the results
of the protocol experiment indicated that the pre-desiccation of blackcurrant bud sections
was not necessary for the post-thaw recovery of buds via in vitro culture. Results from
viability assessments of a genebank collection supported this conclusion: the estimated
recovery of 22 blackcurrant cultivars out of 23 that were cryopreserved without desiccation
had a success of more than 40%. The result is consistent with our previous study [43] with
cryopreserved blackcurrant cv. Mortti, for which the estimated recovery for non-desiccated
outdoor and greenhouse-collected buds in vitro was 86 and 66%, respectively. In a pre-
vious study, the recovery of the winter buds of nine blackcurrant cultivars rehydrated
7 days before plunging into liquid nitrogen was successful via in vitro but not by graft-
ing [42]. However, recovery by budding was reported to be successful for blackcurrant
cuttings desiccated with a moisture content of 28–32% at −4 ◦C prior to the two-step
cryopreservation [44].

According to the results of our protocol experiment, the pre-desiccation of bud sections
decreased the number of buds with visual damage, but blackening and paleness were
also detected in the desiccated buds. It is possible that the duration and conditions of
the desiccation process were not optimal for cryopreservation, and the full benefit of pre-
desiccation of bud sections was therefore not realised. It might also explain why desiccation
was more effective for small buds than for medium-sized buds. The bud sections of cvs.
Mikael, Marski, and Vilma were desiccated for four days at 2 ◦C, which is quite a short
desiccation time compared to that in some other studies. For example, desiccation of 3.5 cm
long stem segments of apple Malus domestica at −4 ◦C to a water content of ca. 30% of fresh
weight took 11 to 14 days [46], and desiccation of 7 to 10 cm long apple sections to 28–32%
moisture took 4 to 6 weeks [23]. However, dormant buds of persimmon (Diospyros kaki
Thunb.) were desiccated at room temperature for 3 h before stepwise freezing to –30 ◦C in
five days followed preservation at −150 ◦C [16]. In the case of Diospyros kaki, the recovery
of buds was successful via in vitro but not by grafting.

The effect of thawing method on the recovery of cryopreserved buds has been studied
previously with both grafted and in vitro recovered buds. The in vitro recovery of dormant
buds of Diospyros kaki, which were dehydrated at 25 ◦ C for 3 h before slow cooling and
cryopreservation, was better after thawing in the air at 25 ◦C for 24 h than after thawing at
–1 ◦C or after thawing at 40 ◦C in a water bath for 15 min, plus holding at 25 ◦C for 24 h [16].
In vegetative buds of Morus bombycis Koidz., the survival rate of cryopreserved buds
in vitro depended on both pre-freezing and thawing temperatures [13] When segments
were slowly pre-frozen to –10 ◦C, rapid thawing at 37 ◦C for 5 min in water gave good
survival rates, but slow thawing at 0 ◦C for at least 3 h in the air did not. When shoot
segments were slowly frozen to –20 ◦C or –30 ◦C, the survival of meristems was almost
100%, regardless of the thawing method. However, the shoot formation percentage was
about half that of survival, and for segments that were cooled to –30 ◦C, slow warming
gave a better result [13]. In Malus domestica, the rapid warming by placing the tubes in
a water bath at 30 ◦C for 3 min did not support the bud burst of grafted buds [47]. In
the present study, the thawing method, either fast in a water bath or slowly in a cold
room, did not have a statistically significant effect on the recovery of buds in vitro. We
therefore concluded that the cryovials containing blackcurrant sections can be thawed in
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a water bath according to the protocol that was also used for Betula pendula and Populus
tremula L × P. tremuloides Michx [18].

The results of cvs. Mikael, Marski, and Vilma indicated that the duration of the
rehydration treatment (7 day or 14 day) was not significant for the recovery of the buds,
although a 14-day rehydration seemed beneficial for fast-thawed vegetative buds. In
addition, according to the results of cv. Brödtorp, the rehydration treatment was not
necessary for non-desiccated buds. The rehydration of bud sections in moist cotton prior
to the initiation of in vitro culture increases the risk of contaminations. The rehydration of
bud sections was therefore not adopted, although it enhanced the regeneration of shoots.

In the present study, the bud type, i.e., floral or vegetative, had a strong effect on
the success of recovery, with vegetative buds giving a better result than floral buds. For
dormant bud cryopreservation, twigs from the previous season’s growth with vegetative
buds are usually recommended [9,14]. Moreover, the cold hardiness and cold acclimation
state of source plants is considered the most important issue affecting the success of
dormant bud cryopreservation [8]. In the present study, dormant buds collected from
insect-proof greenhouse-maintained donor plants were used because of their known health
status and because these plants had a lower contamination risk compared to outdoor plants
in the initiation of in vitro culture [48–50]. The exchange of the vegetative material includes
the great risk of disease transfer [7]. The good health status of the source plants is beneficial
for the future utilization of the cryopreserved germplasm. Cryopreserved buds of certified
pre-basic mother plants may easily be used even for healthy plant production as well as
for replacing old field collections after years, without new pest and disease indexing. Bud
material that is examined to be free of black currant reversion virus can also be utilized
later without renewing the testing of the virus.

The pre-basic mother plants for certified plant production were pruned annually, and
the twigs collected for cryopreservation were from the previous season’s growth, but the
prevalence of floral buds was still quite high compared to young plants. In blackcurrant,
floral buds are also formed in young shoots after the first summer [51]. Both vegetative
and floral buds of greenhouse-grown blackcurrant plants were used for cryopreservation
because the type of intact bud is difficult to define.

The number of flower buds among cryopreserved buds still in a cryotank cannot be
known, but the possibility that a proportion of the cryopreserved buds would be flower
buds was considered in statistical testing when the post-thaw recovery of cryopreserved
buds was estimated. The estimated means therefore differed from the actual measured
ones, and the confidence intervals of the estimated means were quite wide.

When appropriate preservation methods are selected for germplasm preservation,
the cost-effectiveness of the conservation methods is also important criteria [7]. For some
fruit trees such as Malus spp. and Diospyros spp., either the cryoprotocols utilizing in vitro-
derived shoot tips or dormant buds can be used [7]. Previously, a cost-benefit analysis of
PVS2-vitrification and dormant bud techniques used for cryopreservation of ancient apple
cultivars showed that the dormant bud method was most effective in terms of time and
labor [52].

We previously reported a procedure for the cryopreservation of blackcurrant cultivars
by using the excised shoot tips of in vitro cultured shoots for freezing procedures [41].
Dormant bud cryopreservation can be a time-saving method in genebanking, even if
the recovery of buds is done in vitro, because the initiation and the multiplication of
in vitro cultures prior to cryopreservation can be omitted. Moreover, a dormant bud
protocol may be easier to implement compared to in vitro-based protocols, which may need
considerable optimization before they can be applied in practice [39,53,54]. If the recovery
of cryopreserved buds is possible by grafting or direct rooting, the whole cryopreservation
process can be done without laboratory facilities [9,20]. However, if laboratory facilities are
available, the recovery via in vitro offers an opportunity to revive cryopreserved material
throughout the year and makes it possible to multiply plantlets via micropropagation [13].
In our experiments, the recovery process in vitro was shown to be highly beneficial: only a
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small propagule (a shoot tip in the bud) was excised for the initiation of in vitro culture,
and when a new shoot started to sprout, it could be excised from the propagule, even if
blackening of the basal part of the propagule occurred.

4. Materials and Methods

4.1. Plant Material

In the present study, the dormant buds of a total of 24 blackcurrant cultivars, i.e.,
23 listed in Table 2 and cv. Brödtorp, were cryopreserved in 2010–2015 to reinforce the
cryobanking of blackcurrant collection. In addition, two black fruited cultivars, Marski
and Mikael, and one green fruited cultivar, Vilma, were cryopreserved for a protocol
experiment in 2013. In cv. Brödtorp, a larger amount of bud sections compared to the
other cultivars were cryopreserved and thawed to perform a rehydration test. All the
cryopreserved cultivars, except cv. Hedda, were included in the Finnish national core
collection of blackcurrant (Ribes nigrum L.). For cryopreservation, dormant buds were
collected from the pre-basic mother plants maintained for certified plant production or from
genebank plants produced to establish a new field germplasm collection of blackcurrant
(Figure 3.). All source plants were maintained in insect-proof greenhouse at the Laukaa
in Central Finland (62◦19′13′′ N, 25◦59′36′′ E), where the temperature was kept above
4 ◦C during the winter months. At the time of collection of the buds, the temperature
in greenhouse was ranged from 4 to 7 ◦C, and no bud burst was detected. All source
plants were propagated via micropropagation from plants heat-treated to eradicate virus
infections. The pre-basic mother plants grown in tubs were tested to be free from pests and
diseases regarding to the legislation demands of certified plant production, and they were
pruned annually. Genebank plants were tested to be free from blackcurrant reversion virus.

Figure 3. Source plants used for cryopreservation. (a) The pre-basic mother plants maintained for
plant production. (b) Young genebank plants produced for establishment of the new field collection.

4.2. Collection and Handling of Bud Sections
4.2.1. Protocol Experiment

Dormant buds of cultivars Marski, Mikael, and Vilma were collected from greenhouse-
maintained pre-basic mother plants used for certified healthy plant production in January
2013. The collected branches were cut into approximately 1.5–2 cm long stem sections, each
containing a single bud in the middle of the segment (bud sections). The basal part of stems
and the uppermost part of the stems were not used. The length of buds was measured with
a calliper. Stem sections containing 3–5 mm long buds were selected for the experiment
because they were the most abundant. All bud sections were packed in plastic bags and
stored in a cold room at 2 ◦C for four days.
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For the protocol experiment, the bud sections of cvs. Mikael, Marski, and Vilma were
cryopreserved and thawed according to the experimental design shown in Figure 4. The
bud sections were divided into two groups by cultivar, i.e., those to be cryopreserved after
desiccation, and those to be cryopreserved without desiccation. Eighty non-desiccated
bud sections per cultivar were sealed in cryotubes, i.e., two per one 1.8 mL cryotube
(Sarstedt) and placed in cryoboxes (Sarstedt) which were kept in the cold room overnight
and cryopreserved the next day. For desiccation, eighty bud sections per cultivar were
spread on plastic containers and held unsealed at 2 ◦C for four days (Figure 5a). The bud
sections were then packed in plastic bags for two days before they were sealed in cryotubes
and cryopreserved by the same protocol as the non-desiccated bud sections.

Figure 4. The experimental set-up of the protocol experiment for blackcurrant cvs. Marski, Mikael, and Vilma. Of 160 bud
sections of each cultivar, 80 bud section were dehydrated before cryopreservation, and 80 bud sections were cryopreserved
without dehydration. Cryopreserved bud sections were thawed either slowly at 2 ◦C or fast in a water bath at 38 ◦C, and
thereafter rehydrated for 7 days or 14 days. Each treatment combination included 20 bud sections.

Figure 5. (a) Dehydration of bud sections in open freezer containers in cold room at 2 ◦C. (b) Rehy-
dration of bud sections in plastic freezing container in moist cotton wool.

To evaluate the moisture content of bud sections prior to cryopreservation, samples
of non-desiccated and desiccated bud sections from each pre-basic mother plant were
weighed, oven-dried at 82–84 ◦C for one day and then reweighed. The moisture content
of bud sections was determined using the formula (fresh weight − dry weight)/fresh
weight × 100 [55]. To evaluate the progress of desiccation, samples of desiccated bud
sections were weighed daily, and their moisture content was determined [55].

To test the in vitro culture success of cvs. Marski, Mikael, and Vilma, an additional
10 non-desiccated and 10 desiccated non-cryopreserved buds per cultivar were initiated.
The non-desiccated control buds were initiated five days after the buds were collected and
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then kept in a cold room at 2 ◦C. Desiccated buds were initiated after 15 days of rehydration.
In vitro culture of these control buds was conducted using the same media as described
above for cryopreserved buds.

To test the effect of cooling, thawing, and rehydration on the recovery of the non-
cryopreserved buds, an additional 24 non-desiccated and 24 desiccated bud sections of cv.
Mikael were cooled to −38 ◦C and thereafter thawed either fast in a water bath or slowly
in a cold room. Thawed bud sections (6 per treatment combination) were rehydrated for
two weeks or recovered without rehydration.

4.2.2. Cryobanking of Dormant Buds

To perform the cryobanking of blackcurrant collection, dormant buds were collected
from a cool greenhouse at January or at the beginning of February, except for the cultivar
Ri 289, which was collected and cryopreserved in mid-December. For long-term cryop-
reservation, only non-desiccated bud sections were cryopreserved. Measured from the
sample bud sections of the source plants, the moisture content of bud sections used ranged
between 50 and 59%. After cutting the branches, the bud sections were sealed in cryotubes
(1 to 3 bud sections per cryotube) and kept at 2 to 4 ◦C overnight.

4.3. Cooling and Cryopreservation of Bud Sections

Pre-cooling and cryopreservation of bud sections was conducted according to the
protocol developed for dormant buds of silver birch and aspen [18]. Cryoboxes were placed
in the chamber of the programmable freezer (Kryo 10–16 series II with programming unit
Kryo 10–22 or Kryo 560-16 with MVR controller, Planer PLC, Sunbury-On-Thames, UK)
without lids, and gaps of about 2 cm were left between the boxes using wooden pins. The
cryotubes were cooled at 0.17 ◦C min−1 from 0 ◦C to −38 ◦C and held at −38 ◦C for about
30 to 50 min. The cryoboxes were then immersed in liquid nitrogen one by one until the
bubbling of liquid nitrogen settled. During immersion, the cryotubes were held in place
with a grid. After immersion, the cryoboxes were stored at the gas phase of liquid nitrogen
in a cryotank (MVE 1520 Eterne).

4.4. Thawing and Rehydration of Bud Sections

In the protocol experiment, bud sections of cvs. Mikael, Marski, and Vilma were
thawed either quickly in a water bath or slowly in a cold room. For slow thawing, the
bud sections were transferred from the cryotank to a cold room at 2 ◦C overnight. For
fast thawing, the cryovials were placed in a water bath at 37 ◦C for 3 min. The thawed
bud sections were rehydrated in plastic freezing containers inside moist cotton wool at
2–4 ◦C for 7 or 14 days. Two different rehydration times were used because the results
from non-cryopreserved buds of cv. Mikael cooled to −38 ◦C indicated that the recovery of
desiccated buds was very poor without rehydration (data not shown).

To assess the post-cryopreservation viability of 23 cultivars cryopreserved for long
term preservation, approximately twenty bud sections per cultivar were thawed after 2
to 42 months of cryostorage. The buds were thawed in a water bath at 37 ◦C for 3 min
and recovered without rehydration. However, a total of 84 bud sections of cv. Brödtorp
were thawed to test the necessity of rehydration for the post-cryopreservation recovery
of non-desiccated buds. All the buds of cv. Brödtorp were fast-thawed in a water bath,
but half the bud sections (42) were rehydrated for 11 days in moist cotton at ca. 4 ◦C
(Figure 5b) before initiation for in vitro cultures, and the remaining 42 buds were initiated
without rehydration.

4.5. Recovery of Buds In Vitro

The bud sections cryopreserved for the protocol experiment were thawed and recov-
ered in vitro by cultivar so that buds rehydrated for 7 days and 14 days were cultured on
the same schedule. The buds of cv. Mikael were thawed after 6 to 7 weeks of cryostorage,
the buds of cv. Marski after 16 to 17 weeks, and the buds of cv. Vilma after 31 to 32 weeks
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of cryostorage. To initiate the in vitro cultures, the rehydrated bud sections were sterilized
with 70% ethanol for ca. 20 s, followed by dipping in pure ethanol. The length of the
bud was measured on graph paper under the stereomicroscope. The scales and leaves of
the bud were removed, and the shoot tip of buds with two- or three-leaf primordia was
dissected. The bud type (floral or vegetative), the turgor of primordial leaves (rehydrated
or wizened), and the colour of the bud (entirely healthy green or with visible blackening or
paleness of leaves, floral primordia, or shoot tip of the bud) were observed and recorded.

The excised propagules were placed in culture tubes containing a WPM [56] culture
medium, supplemented as described in Rantala et al. [43]. The culture tubes were trans-
ferred to a growth room at 22 ◦C and kept covered with gauze or foil for 3 days before
they were fully exposed to a 16/8 h light/dark photoperiod under two fluorescent tubes
(Osram L 36 W/830 Lumilux warm white, Osram, Munich, Germany), with an average
photosynthetically activated radiation of 40 to 60 μmol m−2 s−1. After two weeks, the
explants were transferred into Erlenmeyer bottles (25 mL) using G basal medium [57] as
described in Rantala et al. [43]. The explants were transferred to a fresh medium after
two weeks, and the recovery of the buds was evaluated 7 weeks after the initiation of the
in vitro culture (Figure 6). Buds that had produced at least one viable shoot were defined
as recovered, and the number and quality of shoots produced by a bud was recorded. In cv.
Vilma, a total of 8 buds was rejected from the study because of contaminations, but in the
case of cvs. Marski and Mikael, no contaminations were detected.

Figure 6. Microplantlets of cv. Vilma after seven weeks in vitro culture in the protocol experi-
ment. (a) Shoots regenerated from non-desiccated and non-cryopreserved control buds. (b) Shoots
regenerated from buds cryopreserved without desiccation and rehydrated 14 day after fast thawing.

The buds that were thawed for viability assessments were cultured in vitro using the
same culture medias as in the protocol experiment, but the recovery of buds was evaluated
10 weeks after the initiation of cultures.

4.6. Statistical Analyses

In the protocol experiment, the recovery percentage of healthy green buds in different
categories of treatments or characteristics was studied using contingency tables. The
tested effects were pre-treatment (desiccation, no desiccation), thawing method (fast,
slow), rehydration (7 days, 14 days), type of bud (flower, vegetative), length of bud
(±3 mm, 4–5 mm), and cultivar (Mikael, Marski, Vilma). Fisher’s exact test was used for
dichotomous variables, and the Cochran–Mantel–Haenszel (CMH) test for the comparison
of the cultivars [58].

The estimated recovery percentages of buds and the number of shoots per regenerated
bud after 7 weeks were analysed using the generalised linear mixed model (GLMM). The
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effects of the cultivar, pre-treatment, thawing method, rehydration, type of bud, size of
bud, and all their 2-way and 3-way interactions were used as fixed effects. Statistically
non-significant effects were omitted from the final model, and all significant results were
reported. Bud sections from the same pre-basic mother plant tub were used as random
effects to account for the sampling structure. Binary distribution with logit link was used
to analyse the recovery rate.

GLMMs with the assumptions of binary and lognormal distribution were used for
the estimated recovery percentage and for the number of regenerated shoots, respectively,
for the rehydration experiment with cv. Brödtorp. Time length of rehydration (7 days,
14 days) and type of bud (flower, vegetative) were used as fixed effects. The interaction of
these effects was not included in the previous model because there were only six flower
buds, and overall, only eight buds did not survive. In terms of the number of regenerated
shoots, the length of bud (2-3 mm or 4-6 mm) and its interaction with rehydration—but not
with the type of bud—were included in the model. In both cases, samples from the same
cryovial were used as random effects to account for their possible correlation.

In the viability assessments of cryopreserved cultivars, GLMMs were also used to
estimate the recovery of the buds and the number of shoots per regenerated bud. The
effects of type of bud (flower, vegetative) and size of bud (small, medium) were added
to the models as fixed effects to standardise the comparison of cultivars. Binomial dis-
tribution with a logit link and lognormal distribution with an identity link were used to
analyse the recovery rate and the number of shoots respectively. Cryovials from the same
cryopreserved set were used as random effects.

The estimated means were transformed back to the means of the original scale in
all models, but median estimates were used in the case of lognormal distribution. Re-
stricted maximum likelihood (REML) or residual pseudo likelihood (RSPL) estimation
methods were used, and the degrees of freedom were calculated using the Kenward–Roger
method [59]. Tukey’s method was used for a pairwise comparisons of means [60], with a
significance level of α = 0.05. The analyses were performed using the GLIMMIX procedure
of the SAS Enterprise Guide 7.15 (SAS Institute Inc., Cary, NC, USA).

5. Conclusions

According to our study, the cryopreservation of non-desiccated dormant buds is an
applicable method for the long-term preservation of blackcurrant cultivars. Greenhouse-
maintained blackcurrant plants are feasible for bud material in their dormant state. The
best results were obtained with vegetative buds. The use of young plants should therefore
be preferred, or if older plants are used, cultivation practices that keep the plants in their
vegetative state should be used before the start of cryopreservation. Recovery via in vitro
culture was useful for the regeneration of cryopreserved buds, and visual symptoms of post-
cryo damage detected in buds when in vitro cultures were initiated did not predict that the
recovery of the buds might fail. The advantage of the introduced protocol for germplasm
preservation is that the cryopreservation process takes only a few days. However, in vitro
facilities and a programmable freezer, in addition to the cryopreservation devices, are
needed. A methodology to distinguish flower buds from vegetative buds in their early
stage might further improve the success of the cryopreservation protocol. In addition,
variability in the response of different cultivars in recovering and producing shoots in vitro
after cryopreservation should always be considered.
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Abstract: Cryoprotectants allow cells to be frozen in liquid nitrogen and cryopreserved for years
by minimizing the damage that occurs in cooling and warming processes. Unfortunately, how the
specific cryoprotectants keep the cells viable through the cryopreservation process is not entirely
evident. This contributes to the arduous process of optimizing cryoprotectant formulations for
each new cell line or species that is conserved. Coherent anti-Stokes Raman scattering microscopy
facilitates the visualization of deuterated cryoprotectants within living cells. Using this technique, we
directly imaged the location of fully deuterated dimethyl sulfoxide (d6-DMSO), the deuterated form
of a commonly used cryoprotectant, DMSO, within rice suspension cells. This work showed that
d6-DMSO does not uniformly distribute throughout the cells, rather it enters the cell and sequesters
within organelles, changing our understanding of how DMSO concentration varies within the cellular
compartments. Variations in cryoprotectant concentration within different cells and tissues will likely
lead to differing protection from liquid nitrogen exposure. Expanding this work to include different
cryoprotectants and mixtures of cryoprotectants is vital to create a robust understanding of how the
distributions of these molecules change when different cryoprotectants are used.
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1. Introduction

Preserving cells and tissues for later use is vital in fields from human in vitro fertiliza-
tion and organ transfers to the preservation of agricultural crops or animals and endangered
plant and animal species [1–3]. The importance of plant conservation is recognized by
The Convention on Biological Diversity (2002), which had targets focused on conserving
75% of threatened plant species ex situ as well as the conservation of 70% of the genetic
diversity of crops, wild relatives, and other economically relevant species by 2020 [4].
In the review of the program twelve years later it is clear that these goals were overly
ambitious [5]. Falling short of the targets set in 2002 can be attributed to the recalcitrance
of some species to traditional seed banking, such as those that have non-orthodox seeds
or that are clonally maintained for which collections must be grown as plants in the field,
greenhouse, or in vitro for preservation. These collections are particularly susceptible to
environmental threats as well as pests, pathogens, and diseases. Having a secure backup
of these collections is critical to their long-term sustainability. When possible, cryopreserva-
tion, or long-term storage in liquid nitrogen, provides a secure, efficient backup for plant
genebank collections.

Cryopreservation has been utilized in plant genebanks for over thirty years. Cryop-
reservation methods have been developed to maximize the number of cells that survive
storage in liquid nitrogen. These methods are effective at preserving biological materials,
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e.g., cells and tissues, stored in the liquid or vapor phase of liquid nitrogen [1,2,6]. Methods
based on cryoprotectant solutions rely on bathing the materials in mixtures of molecules
called cryoprotecting agents (CPAs) that protect cells and tissues from the mechanical and
osmotic stresses associated with cooling and rewarming [6]. Examples in plant cryopreser-
vation include Plant Vitrification Solution 2 (PVS2; 30% glycerol, 15% dimethyl sulfoxide,
15% ethylene glycol, 0.4 M sucrose; [7]) and Plant Vitrification Solution 3 (PVS3; 50% glyc-
erol, 50% sucrose; [8]), both shown in the 1990s to be highly effective for cryopreserving
cells and plant shoot tips. However, these methods are not universally protective, and
each treatment must be optimized for each new plant species conserved. Optimizing these
methods for individual plant species takes time and resources that may not be available
for endangered species. Determining how they interact will establish how different CPAs
protect specific parts of cells. Establishing this fundamental knowledge will guide practices
and minimize the resources needed in the traditionally empirical approach to optimization.
This work aimed to add to the growing body of literature concerned with CPA–cell interac-
tions by demonstrating that coherent Raman microscopy enables direct visualization of
deuterated CPAs within living plant cells.

2. Results and Discussion

When plant cells are exposed to CPAs, they can go through a process of plasmolysis
and deplasmolysis [9–11], as shown in Figure 1A. Plasmolysis is attributed to the change in
osmotic pressure when a cell is exposed to a cryoprotectant solution, observable when the
plasma membrane shrinks away from the cell wall. This is seen in Figure 1, Panel B, in the
image acquired 70 s after exposure to 15% dimethyl sulfoxide (DMSO), a commonly used
CPA in plant and animal cryopreservation. Following plasmolysis, the cell swells until
the cell membrane reaches the cell wall in a process called deplasmolysis. Deplasmolysis
is commonly attributed to CPAs entering the cell [9], as it is generally seen when cells
are exposed to cell-permeating cryoprotectants, like DMSO. However, simple attribution
of CPAs entering the cell to cause deplasmolysis does not explain why some cells, like
the cell indicated by the purple arrow in Figure 1B, do not appear to respond to DMSO
exposure with a plasmolysis/deplasmolysis cycle, while others, like the cell indicated by
the red arrow, appear to respond as expected, plasmolyzing within 70 s of exposure and
deplasmolyzing after 210 s of exposure, at room temperature. Both cells had movement
within their cytoplasm, leading us to believe that they were both alive. This difference in
response was observed in many different exposure experiments and with cells in clusters
ranging from only a few cells to hundreds of cells (see Supplementary Information).

Prior to exposure, at 0 s, the two highlighted cells appear similar, both appearing
populated with small organelles, which move within the cell. Thus, we might expect
similar responses to the 15% DMSO solution. The question remains, did DMSO enter the
unresponsive cell, or is it preferentially concentrated in the responsive cell? Although the
macroscopic behavior of the cell is easily identifiable with bright field microscopy, the
definitive localization of DMSO within these cells remains elusive. A primary objective
of the current work was to directly observe the accumulation of DMSO within cells, as
previous works have almost entirely relied on observing cellular responses to CPA exposure
to understand the protective behavior of CPAs.

There has been some work to characterize the cellular responses to explore how
CPAs work to protect or destroy cells [7–16]. Bright field microscopy techniques have
shown how cells respond to CPA exposure in real-time [9]. Fluorescence microscopy
has identified how fluorescently-labelled organelles move and change upon CPA expo-
sure [12], as well as the histological changes that occur [11]. Electron microscopy has been
used in conjunction with fluorescence microscopy to observe ultrastructural changes
within cells that occur with CPA exposure and freezing [15,16]. Toxicity studies have
demonstrated the applicability of standard CPA formulations to new cell lines [7,8], and
various protein assays have determined DNA or RNA damage by CPA exposure [13,14].
All these studies inform how cells respond to and are damaged by CPA exposure, but
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they do not identify or determine CPA location or translocation within cells. Detailed
information on CPA location and translocation within living cells, specifically which
organelles are being most impacted by CPA exposure, will enable the development of
highly robust and specific cryopreservation protocols that provide improved tolerance
to cooling and low temperature storage.

 
Figure 1. Panel A: Cartoon representation of a cell undergoing plasmolysis (the pulling away of the red dashed plasma
membrane from the green cell wall) and deplasmolysis (the moving of the cell membrane back to cell wall) as it is exposed
to a 15% DMSO in water solution (yellow background). Panel B: Brightfield microscopy images showing a small cluster
of rice suspension cells 0, 70, 140, and 210 s after exposure to 15% aqueous DMSO. Red arrow: a cell that completely
plasmolyzed after 70 s and deplasmolyzed after 210 s. Purple arrow: a cell that did not appear to respond to the 15% DMSO
in water solution.

Most CPA formulations are mixtures of small molecular components, commonly
DMSO, glycerol, ethylene glycol, and sugars. These molecules cannot be directly imaged by
bright field microscopy and attaching a dye molecule to any of these molecules dramatically
changes their diffusion behavior, making bright field and fluorescence microscopies ill-
suited for determining their exact location within cells. However, these small molecules
can be imaged using vibrational microscopy, which enlists unique vibrations intrinsic
to the molecules of interest to image the sample. Although IR microscopy may be used
as a label-free imaging technique, its intrinsically low spatial resolution (due to long IR
wavelengths) and water’s high IR absorptivity makes it challenging to image biological
samples. Recent advances in IR microscopy that enlist both a mid-IR and ultraviolet
laser can generate photoacoustic data with resolutions comparable to those collected with
fluorescence microscopy [17]. Raman microscopy enables the imaging of live samples with
wavelengths in the near-IR and visible region via the vibrations associated with specific
molecules [18]. For example, the hydrocarbon in lipid molecules is highly effective for
imaging cell membranes [18]. Although spontaneous Raman microscopy has been used
to image live cells and tissues, it suffers from low sensitivity and contamination from
endogenous sample fluorescence.
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Various nonlinear coherent Raman scattering methods demonstrate dramatic enhance-
ment in sensitivity over traditional Raman microscopy [19–22]. For example, coherent
anti-Stokes Raman scattering (CARS), used in this work, boasts five to six orders of magni-
tude higher sensitivity to spontaneous Raman measurements [18,20]. Additionally, coherent
Raman microscopy techniques avoid interference by endogenous fluorescence through
optical filtering and also offer high spatial resolution, with optimal resolutions ≤300 nm,
and high temporal resolution, <1 s, to measure location and translocation of molecules of in-
terest [18,22]. These dramatic improvements enable real-time acquisition in live, biological
samples [23].

All coherent Raman processes require two short laser pulses, usually in the picosecond
range, aligned in space and time so that both beams simultaneously impinge on the
sample. When the frequency difference between the pump and Stokes beams matches
a molecular vibration in the sample, a CARS signal is generated (see SI) [20]. A CARS
signal is quadratically proportional to the concentration of the molecule of interest [20], so
CARS microscopy is most frequently used to image prevalent biological components in
cells. Although Raman techniques have been used to image intra-cellular lipid responses
to CPAs [24], freezing behavior of water in and around live cells exposed to CPAs [25–27],
and bulk distributions of CPAs in frozen mixtures [28], they have yet to be applied to
directly image CPAs distribution within living plant cells. In the work reported here, we
used CARS microscopy to image deuterated dimethyl sulfoxide (d6-DMSO) interacting
with live rice suspension cells.

As most CPAs are organic molecules composed largely of carbon, hydrogen, and
oxygen, their vibrational modes often fall in the same frequency range as the biological
sample itself. In this work, we enabled selective CPA detection by deuteration. Figure 2A
shows how deuteration in d6-DMSO shifts the C-H stretch of DMSO (~2900 cm−1) away
from the broad C-H stretch region in the plant cells to the relatively quiet C-D stretch
region of the spectrum (~2120 cm−1). Targeting the 2120 cm−1 stretch ensures that the
CARS signal detected reflects d6-DMSO while cell features like the cell membranes and
walls block that signal. The CARS image shown in Figure 2B was collected after the cell
was exposed to d6-DMSO for approximately 3 min, which was the amount of time it
took to prepare the sample and begin collecting data. The d6-DMSO signal appears as
yellow, while blue features indicate places where no d6-DMSO is present or components
of the cell or other cells block the d6-DMSO signal. Figure 2C shows an expanded
view of the cell highlighted by the light blue square in Figure 2B. In this cell, the d6-
DMSO signal appears to pool in subcellular organelles. That is, rather than remaining
dispersed throughout the cytoplasm, the d6-DMSO preferentially accumulates in specific
organelles. The blue outlines around these pools and in other parts of the image arise
from areas where cellular components, such as lipid membranes and cell walls, block
the d6-DMSO signal. Figure 2D contrasts the pixel intensity along the pink and dark
blue lines drawn in Figure 2C. The pink line intercepts three obvious d6-DMSO-rich
organelles while the blue line goes through a relatively uniform background part of
the cell, contrasting the inside of the organelles to the surrounding cytoplasm. It is
clear that there is a higher concentration of d6-DMSO inside those organelles than in
the surrounding cytoplasm. This demonstrates that d6-DMSO is not uniform in the
cell interior, preferentially pooling inside organelles within the cell. Other than a ~8%
increase in mass, the properties of d6-DMSO differ little from those of H6-DMSO. Thus,
we expect the same effect when cells are exposed to H6-DMSO, as the molar mass is not
significantly changed by deuteration.

94



Plants 2021, 10, 589

Figure 2. (A): Spontaneous Raman spectra of d6-DMSO (yellow), DMSO (purple, dashed), and the rice cells (green),
showing the shift in DMSO vibrational frequency upon deuteration away from significant peaks in the cell spectrum.
(B): Representative CARS microscopy image of rice cells imaged in resonance with the d6-DMSO stretching vibrational
mode (yellow trace in A). Signal from d6-DMSO appears yellow while places blocking the d6-DMSO signal appear blue.
(C): Expanded view of cell outlined in light blue in B. Parallel pink and dark blue line profiles bisect three organelles and
the relatively uniform space away from organelles, respectively. Both lines start 5 μm outside of the cell, a distance shown
with the small black line, and stretch, parallel, across approximately 40 μm. (D): Pixel intensity along pink and dark blue
line profiles from C as a function of distance along the line. Scale bars in C and D are 25 μm. Images artificially colored with
ImageJ LUT, mpl-viridis [29].

The CARS images collected of d6-DMSO indicate that DMSO is pooling in specific or-
ganelles within the live cells. On the basis of bright field microscopy experiments (shown in
SI), we suspect that the organelles preferentially taking-up DMSO are amyloplasts and/or
starch bodies. Additionally, there is evidence in the literature suggesting that DMSO inter-
acts with glucose and amylose, both components of starch [30,31]. An increase in DMSO
concentration in these organelles may increase the amount of protection afforded to the
organelles as DMSO is known to disrupt the hydrogen bond network of water and support
vitrification over ice crystallization. This result may also indicate that these organelles
are at a higher risk of damage from DMSO toxicity, as DMSO has been shown to cause
cell death [32] and, at high concentrations, is presumed to disrupt cell membranes [33,34].
Furthermore, the apparent sequestration of DMSO inside these organelles challenges the
assumption of equal DMSO distribution throughout the cell. The preferential localization of
the DMSO cryoprotectant has ramifications in all disciplines that use cryopreservation—an
unequal distribution of cryoprotectants in cells and tissues have different implications
depending on the specific system. In cells that do not contain these organelles, DMSO
uptake may be more uniform or different organelles may be preferentially sequestering the
cryoprotectant. Previous research on cellular responses to CPAs have made it obvious that
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assuming CPAs to work equally and effectively in all cell types is flawed [7,8], and this
result may partially explain the differences in cellular response seen in brightfield studies
like those in Figure 1.

3. Materials and Methods

3.1. Growth and Maintenance of Oryza sativa (Asian Rice) Cells
3.1.1. Rewarming Cells and Initial Plating

Rice callus cells were acquired from the United States Department of Agriculture
Agricultural Research Service (USDA-ARS) National Laboratory for Genetic Resources
Preservation in Fort Collins, CO. The cell line was originally produced by G. Schaeffer,
U.S. Dept. of Agriculture, Beltsville, MD in 1981 [35]. The rice cells used in this work were
originally cryopreserved by Finkle and Ulrich in 1981 using PGD (10% w/v polyethylene
glycol, 8% w/v glucose, and 10% w/v DMSO, [36]) and a slow-cool procedure. Rice callus
cells (A7 line) were removed from liquid nitrogen and immediately warmed in a 40 ◦C
water bath for 2 min until the solid cryoprotectant solution inside the vial was liquid. The
cryoprotectant solution and cells were then diluted with 0.5 mL of wash solution made with
30 g L−1 sucrose (Alfa Aesar, Ward Hill, MA, USA) and Murashige and Skoog basal plant
medium with vitamins (MS Media, M519; PhytoTechnology Laboratories, Lenexa, KS, USA)
in distilled water at 22 ◦C and incubated for 10 min before 1 mL of wash solution was added
at 22 ◦C. The solution was then allowed to sit for 10 min. The vial was then centrifuged for
1 min at 1000 rpm. The supernatant was removed with a pipette and 1 mL of wash solution
was added to the remaining cells and they were incubated at 22 ◦C for 10 min. The liquid
was removed from the vial with a pipette and the cells were scooped from the vial onto
a sterile filter paper and blotted to remove excess liquid. The semi-dry cells were then
plated onto solid modified MS Media (PT046; HiMedia Laboratories, Lincoln University,
PA, USA) supplemented with 1 mg L−1 each of 2,4-dichlorophenoxyacetic acid (2,4-D,
Sigma-Aldrich, St. Louis, MO, USA), indoleactetic acid (IAA, TCI America, Portland, OR,
USA), and kinetin (TCI America), 146 mg L−1 glutamine (Acros Organics, Geel, Belgium),
30 g L−1 sucrose, and 8 g L−1 agar (BD Diagnostics, Franklin Lakes, NJ, USA) at pH 5.7.
The plated cells were placed in a light-free container and were confirmed to be alive after
growth was visible (approximately 3 weeks after plating).

3.1.2. Cell Culture

The cells were grown as suspension cultures or as callus. For both suspension and
plated cultures, modified MS medium (PT046) was supplemented with 1 mg L−1 each of
2,4-D, IAA and kinetin, 146 mg L−1 glutamine, 30 g L−1 sucrose, and 8 g L−1 agar (removed
for suspension cells) at pH 5.7. After autoclaving, 10 mL of medium was placed in 6 cm
diameter Petri dishes and allowed to set for 30 min before being stored in the refrigerator.
Rice callus cells were transferred to new solid media every 4–6 weeks depending on growth
of the callus. When they were transferred, growth appearing the lightest in color was
selected from the callus with sterile tweezers and placed onto the new medium. The cells
were grown at room temperature in a closed drawer, maintaining constant darkness, and
used in experiments as necessary. Suspension cells were grown using the same formulation
of modified Murashige and Skoog medium, without the addition of agar. To grow cells in
suspension, approximately a gram of the lightest colored rice callus cells was removed from
plates and placed in Erlenmeyer flasks with 50 mL liquid media. Cells were culture grown
on a shaker continuously rotating at 140 rpm. The Erlenmeyer flasks with suspension cells
were wrapped in aluminum foil to ensure the cells would be grown in the dark. Suspension
medium was replaced every 1–2 weeks, and the cells were moved to new suspension
cultures at that time, depending on growth. When creating a new culture, flasks were
removed from the shaker and allowed to settle for about 10 min before excess media was
removed with a pipette. Cells were removed from the flask, blotted on sterile filter paper
to remove excess medium, and about 1 cm3 of cells was placed in a new flask.
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3.2. Cryoprotectant Solutions

For bright field images, 15% (w/v) DMSO in distilled water was used. For all CPA
exposures imaged with the CARS microscope, 15% (w/v) d6-DMSO (MilliporeSigma,
St. Louis, MO, USA) in distilled water was used. This is the concentration of DMSO found
in PVS2 (5) and was chosen for the broad applicability of DMSO to both animal and
plant cryopreservation.

3.3. Cell Imaging

Bright field images were acquired using an Olympus IX73 fluorescence microscope
(Olympus Corporation, Tokyo, Japan) in the Chemistry Department Cell Culture Facility
at Colorado State University. A rudimentary perfusion chamber was developed to image
cells as exposure to CPA solutions occurred. The rudimentary perfusion chambers were
made using a microscope slide, cover slip, and silicone grease, as shown in Figure 3. The
microscope slide was coated in 1% poly-L-lysine (Electron Microscopy Sciences, Hatfield,
PA) to immobilize the rice cells while solutions flowed through the chamber. The slide
was cleaned with methanol, then a large drop, enough to cover the entire area under the
coverslip, of poly-L-lysine was placed on the slide and allowed to set for 24 h. After setting,
the poly-L-lysine was rinsed away with distilled water and the slide was air dried and
immediately used for imaging the cells. Both cells grown on plates and suspension cultures
were used. Callus cells were suspended in a small amount of MS Media by placing a small
amount of friable callus in a vial with 1 mL of media and vigorously shaking. Suspension
cells were placed on microscope slides directly from the cellular suspension. After placing
the cells on the microscope slide, a 25 × 50 mm cover slip was placed onto the slide, creating
a wide channel through which CPA mixtures could be wicked. Approximately 0.5 mL of
the 15% DMSO solution was placed on the edge of the coverslip while a Kimwipe was
held to the other end. This created flow and images were acquired as the solution travelled
across the perfusion chamber and the CPA solution was allowed to sit in the chamber. This
was repeated five times with 15% DMSO in water and a total of 35 cells were clearly visible.
Of these cells, 8 appeared dead, 22 cells (61%) had a visible response to the solution, and
3 cells (8%) had a full plasmolysis/deplasmolysis cycle. A visible response was considered
a rapid shrinking and expansion where there was no visible plasmolysis. For more on the
number of cells responding to CPA mixtures, see the SI.

Figure 3. Rudimentary perfusion chamber showing plant cells in green, silicone grease in yellow, wicked solution in blue,
and Kimwipe in grey on a white microscope slide (outlined in solid black). 25 × 50 mm cover slip placed on top of grease
shown in blue dashed lines.

See Supporting Information for a CARS microscopy instrument description.

3.4. IKI Staining

Cells were stained with an iodine solution prepared with 100 mL distilled water, 1 g of
iodine chips (Fisher Scientific, Fair Lawn, NJ, USA), and 2 g KI (Fisher Scientific) for 1.5 to
5 minutes. After staining, the cells were rinsed with water before mounting and imaging.
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4. Conclusions

Using CARS microscopy, we visualized sequestration of d6-DMSO in organelles within
living rice suspension cells that were originally cryopreserved in 1981. After 37 years
of cryostorage, the cells were thawed in 2018, and grew vigorous, friable calli. Both
macroscopic signs of growth and generated autofluorescence within cells demonstrated
the viability after rewarming and cryoprotectant exposure experiments. These cells serve
as a model system for our first experiments demonstrating the value of direct visualization
of cryoprotectants in living systems. Localization of cryoprotectants like DMSO in cell
organelles may explain how these substances induce changes in cellular processes [14,32].
The nonuniform distribution of cryoprotectant in the cells implies that any assumption
of an equal CPA dispersion within a cell, and consequently equal protection afforded by
the CPA throughout the cell, is flawed. Continued investigation into the exact location of
various CPAs within a broad range of living cells and tissues will likely illuminate why
cellular response varies with CPA exposure, something applicable to both animal and
plant cells. The establishment of cellular responses to CPA exposure has the potential to
streamline development of cryopreservation protocols for newly endangered plant and
animal species, allowing goals such as those set by The Convention on Biological Diversity
to be more readily achievable, and enabling more species to be conserved as we face our
current climate crisis.
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Abstract: Cryopreservation is a useful tool for the long-term storage of plant genetic resources, and
different cryogenic procedures have recently been developed. The present study focused on the use of
the Droplet-vitrification (DV) and V cryo-plate protocol for the cryopreservation of Stevia rebaudianain
vitro-derived apical shoot tips and axillary shoot tips. A preliminary test showed that 90 and 120 min
PVS2 (Plant Vitrification Solution 2) treatment significantly reduced the regrowth of the explants
before immersion in liquid nitrogen (LN). For both procedures tested, the best osmoprotective
condition for obtaining a higher regrowth of cryopreserved explants occurred when explants were
PVS2 treated for 60 min. After direct immersion in LN, thawing and plating, the highest regrowth
recorded was 80% with DV and 93% with V cryo-plate. Moreover, shoot tips proved to be a more
suitable material for Stevia cryopreservation. A satisfactory vegetative regrowth was observed in the
subcultures following cryopreservation by DV and V cryo-plate cryogenic procedures.

Keywords: apical shoot tips; axillary shoot tips; droplet-vitrification; long-term conservation; PVS2
vitrification; V cryo-plate

1. Introduction

Stevia rebaudiana (Bertoni) is an herbaceous perennial plant of the Asteraceae family. Its
leaves produce diterpene glycosides (stevioside and rebaudiosides), and as stevioside is 300-
hundred-fold sweeter than sucrose, it is deemed to be a good natural sugar substitute [1,2].
In addition to its sweetening properties, it has various medicinal properties and actions. For
this reason, the Stevia plant is an extremely interesting crop for breeders who select varieties
with high diterpene glycosides content as well as for propagators and the target market.

S. rebaudiana is a self-incompatible plant and one of its limiting factors for large-scale
cultivation is its poor seed germination [3]. Moreover, plants from seed propagation
have a great variability in growth, maturity, and non-uniform plants, with considerable
variations in the sweetening level and composition [4,5]. The recent results suggest that
seed germination and stem cutting are not cost effective methods for higher biomass
production, while the micropropagation can be a promising technique [3].

In vitro conservation and cryopreservation are unconventional biotechnological tools
to preserve selected and valuable lines of S. rebaudiana, also taking into account the prob-
lems relating to its propagation by seed [2,3].

A protocol for in vitro conservation of S. rebaudiana under slow growth conditions
and mass micropropagation after the storage period was developed by Zayova et al. [6],
while the long-term storage, cryopreservation of shoot tips, was carried out using the
vitrification method by Shatnawi et al. [7]. Cryopreservation allows the storage of plant
material (i.e., seeds, shoot tips, dormant buds, zygotic, and somatic embryos and pollen)
at ultra-low temperatures in liquid nitrogen (LN; −196 ◦C) or in the vapour phase of LN
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(−165 ◦C to −170 ◦C) [8] and it is becoming a widely practised method for the long-term
storage of plant genetic resources [9–12]. An advantage of the cryopreservation is that
plant germplasm can theoretically be kept indefinitely in very little space and at low
cost, excluding the initial investment. Over the last 30 years, various cryopreservation
techniques have been developed using conventional slow freezing methods [13–15] as well
as several vitrification-based cryopreservation procedures (encapsulation-dehydration;
vitrification; encapsulation-vitrification [16–18], and more recently, droplet-vitrification
(DV) [19]. Two recent novel cryopreservation techniques have been identified and have
resulted in V cryo-plate [20] and D cryo-plate [21]. The DV uses aluminum foil strips, while
the most recent cryogenic procedure (D or V cryo-plate) uses aluminum cryo-plates.

The regrowth rate obtained in Stevia with the vitrification protocol by Shatnawi et al. [7]
was 68%. Continuous research and technological evolution have markedly improved the
cryogenic methodologies, allowing to enhance the recovery percentage of the species, as
has occurred over the years, for example, in Vitis spp. [22,23] and potato [24,25]. The aim of
this study was to assess the efficiency of the novel procedures, Droplet-vitrification and V
cryo-plate, in order to improve the S. rebaudiana cryopreservation protocol.

2. Results

2.1. Evaluation Plant Vitrification Solution 2 (PVS2) Tolerance

In this study, a preliminary experiment on apical shoot tips (AST) and axillary shoot
tips (AxST) to evaluate the effect of exposure duration and optimize temperature of PVS2
treatment showed that exposure to PVS2 induced time-dependent regrowth in both of the
explants assessed and that the temperature of the treatment can influence regrowth rates
(Figure 1). After 28 days of culture, the best regrowth rates were obtained for the explants
treated with PVS2 with exposure times ranging from 20 min to 60 min at 0 ◦C, and similar
trends were observed for AST and AxST. AST treated with PVS2 solution for 60 min at both
temperatures had 90% regrowth (Figure 1a), while in the AxST, the regrowth was 90% at
0 ◦C and 85% at 25 ◦C (Figure 1b). PVS2 treatments markedly affected regrowth potential
after 60 min, when a significant drop was observed, suggesting a toxic response to long-
term exposure to PVS2, furthermore regrowth was also affected by treatment temperature.
As regards the longer exposure time (120 min), the regrowth AST decreased significantly
up to 35% and 20% at 0◦ C and 25 ◦C, respectively, while for AxST the regrowth was
significantly lower, dropping to 5% at 25 ◦C.

In the two cryopreservation procedures described below, the PVS2 exposure times of
20, 30, and 60 min at 0 ◦C will be applied, given that longer incubation times and 25 ◦C
resulted in a low regrowth percentage even in explants without immersion into LN.

 
(a) 

Figure 1. Cont.
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(b) 

Figure 1. Effect of PVS2 treatment times on regrowth percentage (± SD) of S. rebaudiana apical shoot
tips (a) and axillary shoot tips (b) at 0 ◦C and 25 ◦C, after 28 days of culture.

2.2. Droplet-Vitrification Procedure

In the DV procedure, the effect of PVS2 treatment on the explants was more evident
after immersion in LN and the survival and regrowth percentage of S. rebaudiana depended
on PVS2 exposure time (Table 1). The survival rate was lower for all assessed exposure times
to PVS2 compared to controls. The post-thaw survival percentages of the cryopreserved
explants observed after seven days ranged from 6 to 87% for AST and 0 to 50% for AxST,
while the best survival rate was observed for apical shoot tips treated with PVS2 for 60 min
(87%). As regards the axillary shoot tips, 30-min and 60-min PVS2 incubation times showed
the same osmoprotection effect with 50% survival rate. From the data collected, it is evident
that 20 min PVS2 duration time was not osmoprotective for the explants, as none of the
axillary shoot tips survived and only 6% of apical shoot tips survived, while no regrowth
was observed after 28 days. Due to the lack of shoot development, this PVS2 time will
not be considered for evaluating biometric parameters in the subculture. At the end of
the experiment (28 days) the regrowth rate of the explants treated with PVS for 60 min
remained high, confirming a better apical shoot regeneration response (80%) with respect
to axillary shoot tips (50%). The explants that grew into normal shoots were used for the
subculture evaluation described below.

Table 1. Droplet-vitrification procedure: effect of different PVS2 exposure times on survival and regrowth of apical shoot
tips or axillary shoot tips after cryopreservation. Control (without any treatment).

Treatment
1 Survival Percentage

(7 days)
Regrowth Percentage

(28 days)

Apical Shoot Tips Axillary Shoot Tips Apical Shoot Tips Axillary Shoot Tips

Control 100.0 a 93.0 a 93.0 a 93.0 a
PVS2 20 min + LN 6.0 c 0.0 c 0.0 d 0.0 c
PVS2 30 min + LN 46.6 bc 50.0 b 43.0 c 46.6 b
PVS2 60 min + LN 87.0 ab 50.0 b 80.0 ab 50.0 b

1 Statistical analysis in each column was performed by ANOVA. Data followed by different letters are significantly different at p ≤ 0.05 by
Bonferroni’s test.

Shoots derived from DV cryopreserved explants after the first subculture showed
positive regrowth activity (Figure 2h), especially those obtained from initial explants
treated with PVS2 + LN for 60 min, which showed similar or slightly higher values to the
control (Table 2). As regards the cryopreserved shoots treated with PVS2 30 + LN, several
morphological parameters considered were significantly lower than the control group and
the PVS2 60 + LN treatment.
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Table 2. First subculture after droplet-vitrification procedure: morphological parameters of S. rebaudiana shoots, from
control and from cryopreserved apical shoot tips and axillary shoot tips. (Means ± SD).

Treatment
1 Shoot Length

(cm)
Shoots/Explants

(n◦)
Explants

with Shoot (%)

Apical
Shoot Tips

Axillary
Shoot Tips

Apical
Shoot Tips

Axillary
Shoot Tips

Apical
Shoot Tips

Axillary
Shoot Tips

Control 4.30 ± 0.48 ab 4.21 ± 0.64 a 0.96 ± 0.63 a 0.89 ± 0.73 a 78.0 a 68.0 a
PVS2 30 min + LN 4.00 ± 0.39 b 3.64 ± 0.44 b 0.84 ± 0.55 a 0.21 ± 0.42 b 77.0 a 21.0 b
PVS2 60 min + LN 4.90 ± 0.44 a 4.03 ± 0.39 ab 0.91 ± 0.58 a 0.80 ± 0.56 a 79.0 a 73.0 a

1 Statistical analysis in each column was performed by ANOVA. Data followed by different letters are significantly different at p ≤ 0.05 by
Bonferroni’s test.

 
Figure 2. Some steps of droplet-vitrification and V cryo-plate cryopreservation procedures of Stevia
rebaudiana. Droplet-vitrification: (a) PVS2 drops in aluminum foil; (b) explants placed into drops
of PVS2; (c) aluminum foil strip with explants, plunged in cryovial filled with LN; (d) thawing of
aluminum foil with explants in washing solution. V cryo-plate: (e) drops of sodium alginate in wells
of cryo-plate; (f) explants into wells covered with calcium chloride solution; (g) cryo-plate, after PVS2
treatment, placed in cryovial filled with LN; (h) cryopreserved shoots with DV procedure after first
subculture; (i) cryopreserved shoots with V cryo-plate procedure after second subculture.

2.3. V Cryo-Plate Procedure

The V cryo-plate procedure proved to be effective for apical shoot tips and axillary
shoot tips of S. rebaudiana. High viability was obtained except for the explants processed
with PVS2 for 20 min followed by LN exposure. In Table 3 we reported the survival and
regrowth percentages after 7 and 28 days of culture post thawing. AST gave the best
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response to the PVS2 treatments for cryopreservation while the AxST were more sensitive,
showing lower survival and regrowth ability. In particular, treatment with PVS2 for 60 min
provided better cryo-tolerance capability for the explants immersed in LN and showed the
highest regrowth rate at 28 days of culture (93% AST and 67% AxST). Since minimal or no
regrowth was observed from explants treated with PVS2 for 20 min + LN, this PVS2 time
was not considered for evaluating biometric parameters in the subcultures.

In the first subculture, the shoots from cryopreserved AST showed a more active
growth than the shoots from cryopreserved AxST (Table 4). Overall, no significant differ-
ences were observed among treatments and with the control, except for the shoot length
in AST derived from PVS2 30 min + LN, which had lower values. After 28 days all of the
shoots were subcultured into fresh proliferation medium.

Table 3. V cryo-plate procedure: effect of different PVS2 exposure times on survival and regrowth of apical shoot tips or
axillary shoot tips after cryopreservation. Control (without any treatment).

Treatment
1 Survival Percentage

(7 days)
Regrowth Percentage

(28 days)

Apical Shoot Tips Axillary Shoot Tips Apical Shoot Tips Axillary Shoot Tips

Control 97.0 a 95.0 a 93.0 a 93.0 a
PVS2 20 min + LN 10.0 b 0.0 c 3.0 c 0.0 c
PVS2 30 min + LN 87.0 a 64.0 b 70.0 b 46.0 b
PVS2 60 min + LN 93.0 a 69.0 b 93.0 a 67.0 ab

1 Statistical analysis in each column was performed by ANOVA, Data followed by different letters are significantly different at p ≤ 0.05 by
Bonferroni’s test.

Table 4. First subculture after V cryo-plate procedure: morphological parameters of S. rebaudiana shoots, from control and
from cryopreserved apical shoot tips and axillary shoot tips. (Means ± SD).

Treatment
1 Shoot Length

(cm)
Shoots/Explants

(n◦)
Explants

with Shoot (%)

Apical
Shoot Tips

Axillary
Shoot Tips

Apical
Shoot Tips

Axillary
Shoot Tips

Apical
Shoot Tips

Axillary
Shoot Tips

Control 4.52 ± 0.70 a 4.16 ± 0.37 a 1.00 ± 0.74 a 0.97 ± 0.75 a 78.0 a 71.4 a
PVS2 30 min + LN 4.00 ± 0.51 b 3.95 ± 0.42 a 0.90 ± 0.57 a 0.81 ± 0.70 a 77.0 a 66.6 a
PVS2 60 min + LN 4.37 ± 0.78 a 4.20 ± 0.48 a 0.93 ± 0.60 a 0.73 ± 0.52 a 78.6 a 70.0 a

1 Statistical analysis in each column was performed by ANOVA. Data followed by different letters are significantly different at p ≤ 0.05 by
Bonferroni’s test.

During the second subculture, the differences between the V cryo-plate cryopreserved
shoots derived from AST and AxST explants incubated in both PVS2 treatments disap-
peared, for all of the observed parameters (Table 5). However, it is evident that the shoots
from AST treated for 30 min and 60 min + LN, even if not significantly different, were
longer and produced a greater number of shoots per explant than those of the control,
showing good multiplication capacity (Figure 2i).

Table 5. Second subculture after V cryo-plate procedure: morphological parameters of S. rebaudiana shoots, from control
and from cryopreserved apical shoot tips and axillary shoot tips. (Means ± SD).

Treatment
1 Shoot Length

(cm)
Shoots/Explants

(n◦)
Explants

with Shoot (%)

Apical
Shoot Tips

Axillary
Shoot Tips

Apical
Shoot Tips

Axillary
Shoot Tips

Apical
Shoot Tips

Axillary
Shoot Tips

Control 6.69 ± 0.98 a 6.52 ± 0.88 a 1.50 ± 0.68 a 1.43 ± 0.81 a 100.0 a 93.3 a
PVS2 30 min + LN 7.19 ± 1.00 a 6.43 ± 1.10 a 1.53 ± 0.81 a 1.40 ± 0.81 a 96.6 a 83.0 a
PVS2 60 min + LN 7.21 ± 1.40 a 6.44 ± 1.50 a 1.56 ± 0.96 a 1.40 ± 0.96 a 93.3 a 83.0 a

1 Statistical analysis in each column was performed by ANOVA, Data followed by same letters indicate no significant difference at p ≤ 0.05
by Bonferroni’s test.
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In this study, phenotype biometric examination during in vitro subcultures, in both
DV and V cryo-plate, did not reveal any morphological abnormalities compared with the
control plants.

3. Discussion

In recent years, various biotechnological approaches have been used for conserving
endangered and medicinal species, providing conservation of pathogen free plant and
biodiversity. Their preservation is essential for plant breeding programs, for maintaining
biodiversity, and for utilization as resource of compounds to the medicinal, food, and crop
protection industries [26].

A protocol for in vitro conservation of S. rebaudiana under slow growth conditions
and mass micropropagation after six months of storage without subculturing, was devel-
oped by Zayova et al. [6], while cryopreservation to enable the long-term storage of shoot
tips was carried out using a vitrification method [7]. Several innovative procedures have
recently been implemented for cryopreservation in order to improve the explant physiolog-
ical state, pre-treatment conditions, time and conditions of the cryoprotectant treatments,
increase the cooling and warming rates, and the recovery medium to achieve successful
regrowth [12,27–30]. Droplet-vitrification and V cryo-plate are the recent cryogenic pro-
cedures available and, in this study, both methods have been applied and evaluated on
S. rebaudiana apical shoot tips and axillary shoot tips.

In order to implement an efficient cryopreservation protocol, it is essential that plant
cells can be cooled in LN and recovered without causing cell damage to maintain the cell
viability. The main cause of cell injury is the transition of water into ice crystals during
the cooling process [31]. To avoid the formation of ice crystals, cells and tissues have to
be adequately dehydrated and/or exposed to cryoprotectant solutions, before immersing
them in LN. PVS2 is the most widely used cryoprotectant solution with successful on
vitrification-based cryopreservation. It is also vital to carefully control dehydration step
and prevent injury by chemical toxicity or excessive osmotic stress during PVS treatment.
Possible toxic effects of the PVS2 and potential damage that may occur during vitrification
were studied in various species [32–34]. Our findings suggest that 90 min and 120 min
of PVS2 treatment, both at 0 ◦C and 25 ◦C, adversely affected the S. rebaudiana explants,
which led to a significant decrease in the apical shoot tips regrowth percentage and axillary
shoot tips, thus demonstrating that explants do not tolerate prolonged exposure to this
solution. While short exposure duration to PVS2 (20 min) was ineffective in achieving
osmoprotection on the tissues; 30 min and 60 min at 0 ◦C proved to be the best treatments
for achieving satisfactory regrowth of shoots tips and nodal segments following both DV
and V cryo-plate procedures. This is in line with the results reported for shoot tips of
S. rebaudiana, which showed 68% of regrowth when subjected to the PVS2 solution for
60 min at 0 ◦C using a vitrification technique [7] and is also in accordance with the results
obtained for other species. For example, the optimal PVS2 treatment time for Clinopodium
odorum shoot tip cryopreservation was 60 min at 0 ◦C using the V cryo-plate procedure [35].
However, the exposure time of the samples must be optimized for each species to assure
tissue protection, e.g., the optimal exposure time to PVS2 at 0 ◦C was 30 min for blackberry
apices and between 10 min and 30 min for cherry plums shoot tips [36], while in Limonium
serotinum shoot tip regeneration was highest after PVS2 treatment for 30 min at 0 ◦C [37].
For two potato cultivars cryopreserved by the droplet-vitrification procedure, exposure to
PVS2 for 40 min and 50 min at 0 ◦C gave the highest recovery rates, moreover apical buds
responded better than axillary buds [38]. Irrespective of the vitrification solution used,
the exposure time and temperature condition are fundamental and must be accurately
determined depending on the plant material since some solutions can be toxic and even
slight changes in treatment duration can have a dramatic impact on recovery [19].

The type of explant selected is also an important parameter for successful plant
cryopreservation, in addition to size, cellular composition, physiological state and growth
phase, which increase the probability of a positive response to various treatments before

106



Plants 2021, 10, 277

immersion in LN [9]. According to our cryopreservation data analysis, it seems that
cryopreservation conditions proved to be more suitable for Stevia apical shoot tips than for
axillary shoot tips. AST response is better for regrowth and in vitro subcultures, especially
when a PVS2 exposure period of 60 min + LN was applied. The PVS2-treated AST had a
better osmoprotective effect respect to AxST, both in DV (80% and 50%, respectively) and
in V cryo-plate, (93% and 67%). In additional, it also showed the higher sensitivity of AxST
compared to AST.

The DV procedure [19] is a method obtained by combining the vitrification procedure
with the droplet-freezing technique developed by Kartha et al. [39] in which explants are
placed in minuscule droplets of vitrification solution on aluminium foil strips, whereas
the V cryo-plate procedure [20,40] combines the encapsulation and droplet-vitrification
techniques, in which explants are placed on an aluminium cryo-plate and embedded in a
thin layer of calcium alginate gel.

The two cryopreservation techniques (DV and V cryo-plate), applied on S. rebaudiana
explants share the common trait of achieving higher cooling and warming rates compared
to other vitrification-based procedures, because the explants placed on aluminium foils or
cryo-plates, which are materials with high thermal conductivity, come into direct contact
with liquid nitrogen during cooling and with the washing solution during warming [41].
Ultra-rapid cooling is more easily achieved using aluminium foil strips or aluminium
cryo-plates rather than cryovials for immersing the explants directly into liquid nitrogen.
These upgrades, combined with the optimal PVS2 exposure time, increased the chances of
achieving a vitrified state during freezing in Stevia, resulting in superior regrowth after
cryopreservation using the DV and V cryo-plate methods compared to results obtained by
Shatnawi et coll. [7].

With respect to previous cryogenic methodologies, the simplicity is among the main
advantages of using DV, moreover the technique can be successfully replicated by the
technical staff [23]. The V cryo-plate method appears to be very systematic and time
saving [42]. Both procedures appear highly promising to use large scale.

The DV method was initially used for potato shoot tip cryopreservation [43], but only
a few years later its potential usefulness compared to other cryopreservation techniques
was reported for several species such as in Musa [44], Rosa spp. [45–47], potato [25,48],
taro [49], Lilium [50], Saccharum spp. [51], Thymus spp. [34], Mentha spp. [52], and Vitis
spp. [29,53,54]. According to our results, applying this method to Stevia, shoot regrowth
percentages of 80% and 50% were observed for cryopreserved AST and AxST, respectively.
Panis et al. [44] reported that in eight different genomic groups of Musa spp., droplet-
vitrification procedure increased regrowth by 23-46% compared to standard vitrification.
In our study this procedure resulted in an improvement of 23% compared to the traditional
vitrification method used by Shatnawi et al. [7] considering apical shoot tips as explants.
By histological observations conducted on cryopreserved potato and pineapple shoot tips,
some authors [55,56], concluded that droplet-vitrification caused the least injury to the
tissues, thus it led to a benefit, increasing the recovery of cryopreserved shoot tips.

The application of V cryo-plate method has been reported for a wide range of species:
strawberry [40], Dalmatian chrysanthemum [20], mint [42], mulberry [57], carnation [58],
blueberry [59], mat rush [60], and sugarcane [61]. The satisfactory regrowth rates of
cryopreserved potato shoot tips (96.7%) in V cryo-plate proved that it is a useful strategy
for preserving valuable potato germplasm [62]. Recently, the V cryo-plate method has been
successfully applied to grapevine germplasm [63].

Some authors have reported that the cryo-plate method is a user-friendly procedure
that minimizes the risk of shoot injury, and permits high and rapid cooling and warming
rates of treated materials, which improves recovery [21,59,64,65]. One of the various
advantages of using the V cryo-plate procedure is that the explants are attached to the
cryo-plates in alginate gel during the whole procedure, including thawing. Handling the
explants throughout the procedure is very quick and easy because only the cryo-plates are
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manipulated, therefore all laboratory personnel can carry out this procedure once they are
practiced at mounting the explants on the cryo-plates [20].

The V cryo-plate procedure increased the effectiveness of cryopreservation for S. re-
baudiana, thus resulting in superior regrowth, 93% in AST and 67% in AxST, compared to
the vitrification procedure used by Shatnawi et al. [7], who obtained a 68% shoot regrowth
rate. Moreover, the growth of the shoots recovered from V cryo-plate procedure, during
the subcultures was very dynamic and some evaluated parameters were slightly higher
than the control group, especially for shoots from AST treated with PVS2 + LN for 60 min.
However, after the second subculture, no significant differences were observed between the
explant types tested and the control shoots, thus proving the effectiveness of the procedure.

In conclusion, Stevia responded well to conservation in LN and applying innovative
approaches enabled us to increase the regrowth rate following cryopreservation, using both
DV and V cryo-plate. It demonstrated that these techniques are efficient for the long-term
storage of S. rebaudiana.

4. Materials and Methods

4.1. Plant Material and Culture Conditions

S. rebaudiana shoots (4–5 cm in length) were cultured on 100 mL of Murashige and
Skoog (MS) [66] medium with 1 mg L−1 indole-3-butyric acid (IBA), 0.1 M sucrose and
7 g L−1 plant agar, at pH 5.8 in glass culture vessels (500 mL), with 20 shoots per vessel. The
shoot cultures were maintained at 23 ± 1 ◦C under a 16 h photoperiod (40 μmol m−2 s−1).
The shoots were subcultured monthly on fresh medium of the same composition (standard
culture conditions).

4.2. Cold Hardening of In Vitro Shoot Cultures and Explant Preculture

S. rebaudiana shoot cultures (~4 cm in length with leaves) were transferred to 4 ◦C
in low intensity light (25 μmol m−2 s−1) 7 days after the last subculture and maintained
in hardening for 2 weeks before conducting cryopreservation experiments. Following
preconditioning, apical shoots tips and axillary shoot tips, (explants with size of 1 mm to
1.5 mm for DV and 1 mm to 1.5 mm × 1 mm for V cryo-plate), were excised aseptically
and placed in Petri dishes (9 cm Ø) containing hormone-free MS medium supplemented
with 0.5 M sucrose at pH 5.8 and precultured for 48 h at 4 ◦C in darkness. Then, they were
placed in loading solution (LS: MS liquid medium containing 2.0 M glycerol and 0.4 M
sucrose at pH 5.8) [67] for 20 min at room temperature.

4.3. Evaluation of the Explant Tolerance to PVS2

In order to evaluate the effect of exposure duration to PVS2 solution (PVS2 contains
0.4 M sucrose, 30% (w/v) glycerol, 15% (w/v) ethylene glycol and 15% (w/v) dimethylsul-
foxide in liquid MS medium, at pH 5.8) [17], the explants were incubated on sterilized PVS2
for 20, 30, 60, 90, or 120 min at 0 ◦C and 25 ◦C. The explants were then rinsed with Washing
Solution (WS: liquid MS medium, containing 1.2 M sucrose [17] at 25 ◦C for 20 min and
plated on proliferation medium (MS medium with 1 mg IBA, 0.1 M sucrose, 7 g L−1 plant
agar, pH 5.8) for recovery under standard conditions.

4.4. Cryopreservation of S. rebaudiana Explants

The DV and V cryo-plate procedures were applied to the apical shoot tips and axillary
shoot tips of S. rebaudiana (Figure 2).

4.4.1. Droplet-Vitrification (DV) Procedure

The apical shoot tips (AST) and axillary shoot tips (AxST) were kept in LS at room
temperature for 20 min and then placed into droplets of PVS2 (4 μL to 5 μL; each drop
containing one explant) on sterilised aluminium foil strips (~6 mm × 25 mm, Figure 2a,b)
in an open Petri dish at 0 ◦C and maintained under these conditions for 20, 30, or 60 min.
Following PVS2 exposure, the aluminium foil strips with the explants were immersed
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into 2 mL Nalgene® cryovials filled with liquid nitrogen (Figure 2c) and then plunged
into LN for at least 1 h. For thawing, the frozen aluminium foils were removed from
the cryovial and immersed immediately into Washing Solution at room temperature for
20 min (Figure 2d). Explants were placed on hormone-free MS and kept in the dark for at
22 ± 1 ◦C for 24 h and then transferred to standard culture conditions for recovery. The
control group was composed of explants without any treatment.

4.4.2. V Cryo-Plate Procedure

The aluminium cryo-plates (7 mm × 37 mm × 0.5 mm) with 12 wells (Ø 1.5 mm,
depth 0.75 mm) were used. Droplets of approximately 2 μL of sodium alginate solution (the
solution contains 2% (w/v) sodium alginate (Carlo Erba, Cornaredo, Milan, Italy; medium
viscosity) in calcium-free MS basal medium with 0.4 M sucrose, at pH 5.8) were poured
into the cryo-plate wells (Figure 2e). The explants were placed individually into each well
with a scalpel blade and fully immersed in one drop of sodium alginate solution (Figure 2f).
The calcium chloride solution (0.1 M calcium chloride in MS medium with 0.4 M sucrose,
at pH 5.8) was poured dropwise onto the section of the cryo-plates until the explants were
covered and then left for 15 min to achieve complete polymerization. The excess calcium
solution was removed by sucking it with a micropipette. The cryo-plates with explants
were placed in LS for 20 min at room temperature, the LS was then removed and the
cryo-plates were filled with PVS 2 for 20, 30, 60, min at 0 ◦C. After each PVS2 treatment, the
cryo-plates were transferred into 2 mL Nalgene® cryovials placed in LN (Figure 2g), and
then plunged directly into LN for at least 1 h. The cryo-plates with cryopreserved explants
were thawed by immersing them in 2 mL of WS solution for 15 min. For recovery, the
explants were placed on MS proliferation medium, in the dark for 24 h and then transferred
to the light conditions described above. The control group was composed of explants
without any treatment.

4.5. Data Collection and Statistical Analysis

In order to evaluate PVS2 incubation times, the explant regrowth percentage was
determined 4 weeks after the treatments, while for cryopreservation experiments, post-
thaw survival rate data (i.e., percentage of explants that maintained their green colour and
vigour) were recorded 7 days after transfer to proliferation medium, and the regrowth
rate (the percentage of explants forming shoots ≥1 cm) was recorded after 28 days. Each
experimental treatment was replicated three times with each replication containing 10 shoot
tips and nodal segments in the DV procedure and with 10 shoot tips and 15 nodal segments
in the V cryo-plate procedure. For both procedures the following biometric parameters
were recorded from regenerated cryopreserved shoots after the first subculture (28 days): (i)
mean number of shoots, (ii) mean shoot length, and (iii) percentage of explants with shoots.
In V cryo-plate procedure the biometric observations also involved the second subculture
(28 days) with 3 replicates, 10 explants per each replicate. The data collected were subjected
to one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test to
determine the significance level between means at 95% confidence level (p ≤ 0.05). The
percentage data were transformed in Arcsine before applying one-way ANOVA. The data
were statistically analyzed using Statgraphics Centurion XVI (Stat Point, Inc., Herndon,
VA, USA).
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Abstract: An optimized cryopreservation protocol for embryonic axes (EAs) of chestnut (Castanea
sativa Mill.) has been developed based on the encapsulation–vitrification procedure. EAs of mature
seeds were aseptically dissected and encapsulated in alginate beads with or without 0.3% (w/v)
activated charcoal (AC). Embedded EAs were dehydrated with Plant Vitrification Solution 2 for
different treatment times up to 120 min, followed by direct immersion in liquid nitrogen. Cryop-
reserved embryonic axes encapsulated with AC showed higher survival (70%) compared to those
encapsulated without AC (50%). Sixty-four percent of embryonic axes, from synthetic seeds with AC,
subsequently developed as whole plants. Plantlet regrowth was faster in AC-encapsulated EAs and
showed enhanced postcryopreservation shoot and root regrowth over 2 cm after five weeks from
rewarming. Results indicate that encapsulation–vitrification with activated charcoal added to the
beads is an effective method for the long-term preservation of Castanea sativa embryonic axes.

Keywords: activated charcoal; alginate; cryopreservation; European chestnut; zygotic embryo

1. Introduction

European chestnut or sweet chestnut (Castanea sativa Mill.), belonging to the genus
Castanea, is dominant in the mountainous forests of Western Georgia (150–1800 m), oc-
cupying the highest percentage of areas covered with forests (approx. 75%). Chestnut
forests are developed in both West and East Georgia, but to the West of the country, they
occupy larger areas. Chestnut trees generally extend from 100 m (Western Georgia) up to
900–1000 m a.s.l., reaching the absolute upper limit at 1400 m in sporadic locations of West
and East Georgia [1,2]. According to the official International Union for Conservation of
Nature (IUCN) list, Castanea sativa has been assessed as Least Concern [3,4]. Because of low
self-renewal and pathogenic diseases, the large massifs of chestnut forests in Georgia are
on the verge of destruction [5]. Therefore, sweet chestnut has been included in the Red List
of Georgia under state Vulnerable (VU), according to the IUCN Red List Categories and
Criteria [6,7]. The reason for including Castanea sativa in the Red List is the fragmentation
and decreased distribution range. Hereafter, the development of efficient conservation
measures is essential for both economic and wildlife protection commitments.

The ex situ conservation of chestnut in seed banks is limited due to nonresistance
to storage at low-temperature conditions of partially dehydrated recalcitrant seeds [8,9].
Medium- (by in vitro slow-growth storage) and long-term preservation techniques (by
cryopreservation in liquid nitrogen (LN)) are currently widely used for selected germplasm
collections of various woody perennials [10–12]. In chestnut, Janeiro et al. reported the
successful medium-term preservation of chestnut hybrid clones since the mid-1990s [13].
Castanea shoot cultures remained viable between 5 and 18 months of slow-growth storage
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at 4–8 ◦C [14–16]. Depending on storage conditions, up to 82% of explants survived and
resumed normal growth [17]. As for cryopreservation, this method has been broadly
used for the preservation of different biological materials of chestnut species and hybrid
clones, such as shoot tips [18,19], zygotic embryonic axes [8,20,21] and embryogenic cul-
tures [22–24], where desiccation and Plant Vitrification Solution 2 (PVS2)-based vitrification
techniques [25] have been practiced on naked explants. On the other hand, since its pro-
posal in the early 1990s [26,27], the use of dehydrated encapsulated explants (generally
named synthetic seeds) has become a valid alternative for the cryopreservation of many
plant species [28,29]. Following the “encapsulation–dehydration” method, a new variant,
termed “encapsulation–vitrification,” was proposed [27,30]. This method combines the
advantages of the vitrification and encapsulation of explants, greatly reducing the time
required to apply a protocol in comparison to the “encapsulation–dehydration” method.
So far, the “encapsulation–vitrification” technique has successfully been applied to the
cryopreservation of the shoot tips of several fruit crops [31–33] and embryogenic cell
suspensions of grapevine (Vitis spp.) [34].

The present study describes, for the first time, a protocol for the cryopreservation of the
excised embryonic axes (EAs) of Castanea sativa L. by using the “encapsulation–vitrification”
approach to evaluate its effectiveness in long-term conservation. Furthermore, the addition
of activated charcoal (AC) as a component of the artificial matrix of synthetic seeds to
diminish the polyphenol toxicity was tested with the aim to facilitate the optimization of
the tested new cryoprocedure.

2. Results

Effect of LS and PVS2 Treatments on Survival and Regrowth of Encapsulated EAs

Treatment of alginate-coated EAs with only a loading solution (LS, containing 2 M
glycerol and 0.4 M sucrose) for 60 min at 25 ◦C induced a small reduction of survival from
100% (control, nontreated and noncryopreserved) to 88.9% (time 0); however, treatment
with LS positively influenced the survival rate of noncryostored (LN−) encapsulated
EAs after treatment with PVS2. EA survival remained between 85.7% (30 and 60 min
of treatment) and 81.3% (90 min), with no significant differences in percentage values.
Only the survival of EAs treated for 120 min was reduced to 53.8% (Figure 1A). Similar
findings were observed with the regrowth rates of noncryopreserved encapsulated EAs.
EA regrowth remained in the range of 72.2% to 68.8% (30 and 90 min of treatment), and the
regrowth of EAs treated for 120 min was reduced to 46.2% (120 min) (Figure 1B). However,
only the loading treatment induced tolerance to ultrarapid cooling in LN, as survival
and plantlet regrowth of encapsulated EAs passed from nil to almost 16.7% and 8.3%,
respectively (Figure 1A,B, 0 treatment).

The PVS2 treatment duration significantly affected the survival of cryopreserved (LN+)
encapsulated EAs. The 30 min treatment with PVS2 induced the highest (50%) survival
of EAs. A further increase in PVS2 treatment time to 120 min resulted in a significant
decline of cryopreserved EA survival up to a minimum of 13.3% (Figure 1A). Referring to
the regrowth of plantlets, derived from “germinated” synthetic seeds, noncryopreserved
encapsulated EAs exhibited a decrease in regrowth, ranging from 91.6% in control plants
to 46.2% after treatment with PVS2 at 120 min (Figure 1B). Plantlet regrowth rates were
significantly reduced after cryogenic storage at –196 ◦C. The 30 min PVS2 treatment was the
most effective in inducing tolerance to ultrarapid cooling in LN, resulting in 50% plantlet
regrowth in postcryopreservation (Figure 1B). A further increase in PVS2 treatment time
yielded a significant reduction of cryopreserved EA regrowth up to a minimum of 13.3%
(Figure 1B).

Survival values were significantly different when EAs were encapsulated in alginate
beads containing 0.3% activated charcoal (AC) in the artificial matrix. The best results were
achieved after the 30 min treatment with PVS2 with a survival rate of 70% in cryopreserved
EAs, significantly higher than in non-AC beads (50%; Figure 2A).
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Figure 1. Percentages of survival (A) and plantlet regrowth (B) of encapsulated Castanea sativa embryonic axes (EAs) after
exposure to Plant Vitrification Solution 2 (PVS2) for increasing times, with (LN+) or without (LN−) subsequent immersion
in liquid nitrogen. EAs were encapsulated in WPM medium containing 2.5% (w/v) sodium alginate. Encapsulated EAs
were treated for 60 min with a loading solution (2.0 M glycerol, 0.4 M sucrose), followed by treatment with PVS2 at 0 ◦C for
30–120 min, prior to direct immersion in LN for 1 h. Control EAs received no LS and PVS2 treatments. Within each line
(LN− and LN+), data followed by different letters are significantly different at p ≤ 0.05 by LSD test (bars, SE of means).
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Figure 2. Effect of activated charcoal on the survival (A) and regrowth (B) of cryopreserved (LN+) chestnut embryonic axes
by encapsulation–vitrification. EAs were encapsulated in WPM solution containing 2.5% (w/v) sodium alginate with (AC+)
or without (AC−) 0.3% (w/v) activated charcoal in the artificial matrix. Encapsulated EAs were treated for 60 min with LS
(2.0 M glycerol, 0.4 M sucrose), followed by treatment with PVS2 at 0 ◦C for 30–120 min, prior to direct immersion in liquid
nitrogen for 1 h. Control EAs received no LS and PVS2 treatments. Within each exposure time, different letters indicate
significant differences between AC+ and AC− at p ≤ 0.05 by chi-squared test (bars, SE of means).

The presence of AC significantly influenced regrowth rates in EAs. The regrowth of
AC-encapsulated EAs after treatment with PVS2 for increasing times was in the range of
21.4% and 20.5% for 60 and 90 min of treatment, respectively, whereas it was 16.7% for
120 min of treatment, with no significant differences in percentage values (Figure 2B). In
comparison, treatment with PVS2 for 30 min yielded 64% regrowth, showing to be the best
recovery rate of AC-added cryopreserved encapsulated EAs, significantly higher than EAs
encapsulated without AC (50%, Figure 2B).

The shoot and root length data summarized in Table 1 also show the effect of AC on
the plantlet regrowth of encapsulated EAs subjected to various vitrification times with
PVS2, five weeks after cryostorage, rewarming and plating.

All surviving cryostored EAs produced roots and shoots, and their development
was clearly pronounced in both (AC−) and (AC+) synthetic seeds with the 30 min PVS2
treatment time (Table 1). Moreover, it is noteworthy that with AC added to the synthetic
seed, an appreciable shoot and root length was highlighted during postcryopreservation

115



Plants 2021, 10, 231

(Figure 3D), with 14.5 and 22.8 cm, respectively, after five weeks, whereas without AC,
the cryopreserved plantlets had 9.2 mm and 10.2 mm of the shoot and root length at
the same period. The germination of noncryopreserved synthetic seeds started after one
week of culture, and it was delayed up to four weeks after cryogenic storage in LN.
However, the regrowth initiation time was shorter in encapsulated explants containing AC,
i.e., 20 days in postcryopreservation (Figure 3C). After eight weeks of culture, all (AC+)-
derived plantlets showed well-developed roots and shoots that allowed their transfer in
greenhouse conditions (Figure 3D–F).

Table 1. Effect of activated charcoal (AC) on the plantlet regrowth of encapsulated Castanea sativa EAs subjected to various
dehydration times with PVS2 following immersion in LN evaluated 5 weeks after cryostorage, rewarming and plating.

PVS2 (min) Regrowth a (AC−) Regrowth a (AC+)

Shoot Length (mm) Root Length (mm) Shoot Length (mm) Root Length (mm)

0 4.0 b 5.2 b 5.0 c 6.3 c
30 9.2 a 10.2 a 14.5 a 22.8 a
60 6.5 b 8.8 a 8.7 b 9.8 b
90 5.9 b 8.9 a 8.3 b 10.4 b
120 4.9 b 7.8 a 7.9 b 9.5 b

a Mean of 90 plantlets tested. Data were recorded after 5 weeks of culture following cryopreservation. Statistical analysis in each column
was performed by ANOVA. Data followed by different letters are significantly different at p ≤ 0.05 by LSD test.

Figure 3. Plant regeneration from cryopreserved embryonic axes of Castanea sativa by encapsulation–
vitrification. (A) Excised embryonic axes (EAs) used for cryopreservation. (B) Encapsulated EAs in
2.5% sodium alginate with (AC+) or without (AC−) 0.3% (w/v) activated charcoal in the artificial
matrix. (C) Survived encapsulated (AC+) EAs after cryopreservation and 20 days of postculture.
(D) Primary plantlet development 2 weeks after survival assessment cryopreserved by encapsulation–
vitrification procedure. (E) Elongated root and shoot 8 weeks of postculture after cryopreservation.
(F) Plantlets established under greenhouse conditions 4 weeks after transfer to soil.
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3. Discussion

Synthetic seed technology, in addition to fulfilling needs related to micropropaga-
tion [35–39], can prove to be an efficient tool for the storage of rare and commercially
important species at low temperatures. It has the potential for the medium-term and
long-term preservation of plant explants encapsulated in synthetic seeds, without losing
viability after immersion in LN when cryopreservation is applied [26–28,40,41].

The “encapsulation–vitrification” cryoprocedure [27] has been used for the cryop-
reservation of the shoot tips of several woody fruit crops [28,31–33] and embryogenic cell
suspensions [34]. Although it requires a long treatment time compared to the vitrification
of naked explants, the encapsulation of plant germplasm makes for less damage to samples
during the vitrification procedures [42,43]. In our encapsulation–vitrification experiment
with chestnut EAs, after treatment with LS for 60 min, the 30 min exposure time of PVS2
showed the best regrowth rate (50%). Optimizing the time of exposure to PVS2 is most
important for producing a satisfactory level of regrowth after cryopreservation, and the
PVS2 osmoprotection effect can change among different species [28,44]. For example, the
duration of PVS2 treatment was up to 200 min in the encapsulated shoot tips of Dianthus
caryophyllus L [45].

In the following experiment, the addition of AC into synthetic seeds treated with the
same conditions positively affected plantlet initiation and regrowth from chestnut EAs, with
the concentration amended with 0.3% (w/v) AC. In a previous research, AC was added in
a culture medium to overcome the onset of browning, shortly after the excision of EAs, and
promoted their germination [21]. In another study, AC added in the artificial endosperm
of synthetic seeds containing somatic embryos of hybrid rice improved their germination
and conversion to plantlets [46]. Furthermore, the germination and root development of
encapsulated somatic embryos of Picea glauca and Picea mariana enhanced with the addition
of 0.05 gL−1 AC to the beads [47]. Therefore, as also shown in this study, AC represents
a component that can improve the development of explants even after their ultrarapid
cooling in LN. Indeed, the survival and regrowth rates of cryopreserved encapsulated EAs
were markedly increased when AC was included in the bead composition.

It is also noteworthy that the results obtained here showed an improvement in the sur-
vival and regrowth of cryostored chestnut EAs by 15% and 10%, respectively, in comparison
with a previous study concerning the vitrification procedure of naked EAs [21]. Although
the survival and regrowth rates of encapsulated (AC−) AEs were lower than the same
parameters obtained in a previous study by the “desiccation–one-step cooling” protocol
(70% and 64%, respectively) [21], it should be noted that the overall ratio between embryo
survival and plantlet regrowth appreciably improved with the presence of AC in synthetic
seeds. Thus, the survival/regrowth ratio of AC-encapsulated AEs after cryopreservation
was 91.4% versus 83% obtained by the “desiccation–one-step freezing procedure,” at the
best treatment times. Corredoira et al., [20] reported a 63.3% recovery applied to Cas-
tanea sativa zygotic embryos by the desiccation procedure, which was still lower than the
regrowth percentage obtained in our experiment with (AC+) encapsulation–vitrification.

The conversion of synthetic seeds into plants after germination is a fundamental aspect
of the success of the encapsulation–vitrification technique. In this study, the development
of cryopreserved encapsulated EAs with (AC+), after treatment with 30 min PVS2, was
faster by 6–7 days with respect to EAs encapsulated without AC. Furthermore, the root
and shoot length of (AC+) EAs achieved 22.8 mm and 14.5 mm, respectively, five weeks
after rewarming and plating, whereas the (AC−) EAs showed less development at the
same period (Table 1). Evident differences were also found in the postcryopreservation
initiation times of plantlet formation with respect to previous cryopreservation procedures
applied on EAs. Indeed, the plantlet development of cryopreserved EAs synthetic seeds
with (AC+) started two weeks earlier than naked vitrified EAs, where the full germination
of EAs (expressed as plantlet regrowth) required eight weeks and eight days earlier than
desiccated by dehydration–”one-step freezing” EAs [21]. Notably, even root and shoot
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elongation from encapsulated (AC+) EAs was considerably faster, exceeding 2 cm root and
1.5 cm shoot length in five weeks.

AC seems to play a role to keep nutrients within the artificial matrix, releasing them
slowly during the development of embryos. The absorption of detrimental polyphenolic
exudates released by encapsulated explants is also facilitated by AC [48].

4. Materials and Methods

4.1. Plant Material

Chestnut fruits were collected in Western Georgia at the beginning of October 2019
from the open-pollinated trees of Castanea sativa. Mature fruits were stored at 4 ◦C for a
maximum of 1 month until use in the cryopreservation trials. For the cryopreservation
experiments, the fruits were washed in 2% (v/v) household detergent and rinsed three
times under tap water. Then, the pericarp, seed coat and part of the kernel were removed.
The remaining embryo axes along with the part of the kernel were surface-sterilized by
successive immersion in 70% (v/v) ethanol with a few drops of Tween 20 for 2 min, followed
by decontamination with a 10% (v/w) solution of sodium hypochlorite (Sigma-Aldrich®,
Saint Louis, MO, USA) for 20 min. After being rinsed in sterile distilled water three times,
EAs, composed of the zygotic embryos along with 2–3 mm long cotyledon residuals, were
dissected from the seeds (Figure 3A).

4.2. Encapsulation

Dissected EAs were immersed in a calcium-free liquid woody plant medium (WPM) [49]
without plant growth regulators, supplemented with 2.5% (w/v) sodium alginate (Bioworld®,
Dublin, OH, USA) and 0.3 M sucrose. The mixture (including dissected EAs) was dropped
with a sterile pipette into WPM liquid medium containing 100 mM calcium chloride,
forming beads about 4–5 mm in diameter (Figure 3B). The drops with EAs were maintained
in the solution for 20 min to achieve polymerization.

In one specific experiment, 0.3% (w/v) activated charcoal (AC; Sigma-Aldrich, DARCO®,
Saint Louis, MO, USA) was added to the sodium alginate solution to assess its influence on
the survival and regrowth rate of encapsulated EAs after PVS2 treatment and subsequent
cooling. All operations were performed under sterile conditions. After the incubation
period in the complexion agent, the encapsulated explants were rinsed three times in sterile
distilled water.

4.3. Encapsulation–Vitrification Technique for EA Cryopreservation

Encapsulated EAs were transferred to LS containing 2.0 M glycerol and 0.4 M sucrose
for 60 min at 25 ◦C, followed by treatment with PVS2 [25] (30% w/v glycerol, 15%, w/v
DMSO, 15% w/v ethylene glycol in WPM medium containing 0.4 M sucrose) for 0, 30, 60,
90, 120 min treatment times at 0 ◦C. Then, synthetic seeds were placed in 2 mL cryovials (5
in each) and immersed in LN for 24 h (LN+). For rewarming, the cryovials were rapidly
immersed in a water bath at 40 ◦C for 2 min. Encapsulated EAs were rinsed in a washing
solution containing the WPM liquid medium and 1.2 M sucrose (two times of 10 min each,
at 25 ◦C), and then LN+ and LN− (synthetic seeds without cooling) samples were cultured
in test tubes (20 mm × 150 mm) in WPM supplemented with 30 g L−1 sucrose and 0.4 μM
6-benzylaminopurine (BAP). The medium was solidified with 6 g L−1 agar (PlantMedia™,
Dublin, OH, USA) and adjusted to pH 5.7 before autoclaving. Cultured tubes were main-
tained in a growth chamber at 24 ± 0.5 ◦C under a 16/8 h light/dark regime with an
irradiance of 40 μmol m−2 s−1 in cool-white fluorescent light. After 2 and 4 weeks, survival
and regrowth were recorded, respectively. After 8 weeks of in vitro culture, plantlets (i.e.,
“germinated” EAs) were washed thoroughly in running tap water; the root length was mea-
sured and transferred to plastic cups filled with a mixture of 100% sphagnum peat/perlite
at a ratio of 2:1. The plantlets were relocated for acclimatization in controlled chambers
at 23 ± 1 ◦C under 60 ± 5% moisture content and 16 h photoperiod with an irradiance of
40 μmol m−2 s−1 in cool-white fluorescent light over the following three weeks. After the
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emergence of new leaves, the plants were transplanted in bigger pots containing peat, soil
and perlite at a ratio of 1:2:1 and transferred to natural greenhouse conditions.

4.4. Data Collection and Statistical Analysis

The total number of embryos used for the experiment was 240. Each treatment,
with (AC+) or without (AC−)-activated charcoal, included 50 noncryopreserved (LN−)
encapsulated EAs (10 EAs for each condition from 0 to 120 min treatment time) and 50
cryopreserved (LN+) encapsulated EAs (10 EAs for each condition). Control EAs (20
for each, AC− and AC+ treatments), receiving no LS, PVS2 or LN treatment, were also
included. For a 0 h-min PVS2 treatment time, encapsulated EAs were only loaded in LS
solution and cryopreserved without PVS2 or directly cultured in test tubes for synthetic
seed “germination.” Each treatment consisted of 3 replicates, and all experiments were
repeated 3 times.

Survival was recorded after two weeks of culture and defined as the percentage of
the total number of encapsulated EAs, which showed initial normal germination and
development (i.e., root and shoot emission) or only root development. The regrowth of en-
capsulated EAs was assessed after four weeks of culture. Plant regrowth rate was estimated
as a percentage of whole plantlets (retaining normal shoots and roots ≥5 mm in length)
developing from encapsulated EAs relative to the total number of synthetic seeds cultured
after cryopreservation. Root and shoot length were recorded weekly. Statistical analysis of
percentages was performed by ANOVA (when comparing multiple treatments), followed
by the LSD test at p ≤ 0.05 for mean separation or chi-squared test (when comparing pairs
of treatments). Percentage data used in ANOVA were subjected to arcsine transformation
prior to analysis. The bars in the figures represent standard errors (SE) of means.

5. Conclusions

The present study has clearly demonstrated the feasibility of the long-term preserva-
tion of Castanea sativa germplasm by the encapsulation–vitrification of EAs. The acquisition
of suitable dehydration tolerance with PVS2 to survive after the cryopreservation of EA
synthetic seeds and their germination and regrowth under optimized conditions (AC+)
promoted growth by shortening the development times and limiting the loss of explants;
therefore, the overall performance of the cryopreserved EAs appears to be improved in
comparison with previous studies. The protocol described in this study will now be tested
on a wide range of chestnut cultivars and hybrid clones to achieve the practical long-term
cryopreservation of Castanea genus germplasm.
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Abstract: Many plants cannot vitrify themselves because they lack glassy state-inducing substances
and/or have high water content. Therefore, cryoprotectants are used to induce vitrification. A
cryoprotectant must have at least the following primary abilities: high glass-forming property,
dehydration strength on a colligative basis to dehydrate plant cells to induce the vitrification state,
and must not be toxic for plants. This review introduces the compounds used for vitrification
solutions (VSs), their properties indicating a modification of different plant vitrification solutions,
their modifications in the compounds, and/or their concentration. An experimental comparison is
listed based on the survival or regeneration rate of one particular species after using more than three
different VSs or their modifications. A brief overview of various cryopreservation methods using
the Plant Vitrification Solution (PVS) is also included. This review can help in alert researchers to
newly introduced PVSs for plant vitrification cryoprotocols, their properties, and the choice of their
modifications in the compounds and/or their concentration.

Keywords: cryoprotectant; ultra-low temperature; glassy state; toxicity

1. Introduction

The cryopreservation of plant genetic resources aims to ensure the long-term stor-
age of viable and genetically stable plant material at an ultra-low temperature using
liquid nitrogen (LN, −196 ◦C) or liquid nitrogen vapour (LNV, −165 to −190 ◦C). At
these temperatures, plant tissues are preserved in a state where cellular divisions and
metabolic activities are minimized [1,2], thus preserving the genetic integrity for a longer
duration [3,4]. The process of cryopreservation ensures the viability of plant tissues for a
theoretically unlimited period [5].

Vitrification—glass formation without crystallization [6,7]—is one of the basic prin-
ciples used in plant cryopreservation methods. Only a few plants can form a vitreous
state naturally [8]. Most plants cannot vitrify themselves because they lack glassy state
inducing substances and/or have high water content. The cryoprotectant used for vitrifica-
tion should have at least three primary abilities: a high glass-forming ability, dehydration
strength on a colligative basis to dehydrate plant cells to induce the vitrification state, and
the cryoprotectant concentration used must not result in excessive toxicity to the plants.
Despite the toxicity of Plant Vitrification Solution 2 (PVS2), it remains a highly effective
vitrification solution for plant shoot tip systems [9].

Vitrification cryoprotective solutions reduce the risk of damage of the organelle struc-
tures by avoid forming ice crystals [10]; this is achieved by increasing the cell viscosity to
the point at which ice formation is inhibited both inside and outside the cell [11]. Thus,
cryoprotective solutions protect cell membranes with a gelatinous fluid and can form a
glassy state in the cells, which helps plants survive at ultra-low temperatures. In addition,
they can prevent further lethal water loss and maintain the percentage of regeneration after
cryopreservation [12].
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Cryopreservation through the application of vitrification solutions was first reported
in plant cells [13–15]. Currently, the vitrification-based methods that use vitrification
solutions are considered the most widely applied for plant cryo-biologists [16,17]. There
are more than 800 papers on shoot tip cryopreservation using vitrification solutions in the
literature [18,19]. In addition, several vitrification solutions with different compositions
have been reported, but most of the vitrification-based protocols use only a few key
solutions [19–22].

Cryopreservation procedures are currently available for many essential plant
species [23–25]. For successful vitrification protocols using Cryo Protective Agent (CPA),
all the freezable water must be removed from the cells through the use of Plant Vitrification
Solution (PVS) before LN exposure. Furthermore, other steps are essential to the success
of cryopreservation protocols such as preconditioning, hardening, pre-loading, loading,
osmoprotection with various substances before cryopreservation [26,27] and unloading
after cryopreservation [28,29]. PVS treatment time, concentration, temperature, as well as
shoot tip size, age, its physiology are also very important [30]. All these points are beyond
the scope of this review.

The issues addressed by this review are the comparison of different PVSs, their differ-
ences in the concentration of the substances used, or the modification of their composition
graphically in tables for a quick orientation. Modification is a way to improve previously
used PVSs for new genotypes or genotypes with low regeneration rates. A case study on
13 different plant species using at minimum four different PVSs and their modifications
is listed. In addition, a brief overview of cryopreservation methods using the PVSs is
also included. We assume that this review will also help better select PVSs and their
modifications for plant cryopreservation progress.

2. Cryoprotective Substances

The successful cryoprotection by vitrification is based on eliminating the formation
of ice crystals and on reducing the toxicity of cryoprotective substances [31]. Cryopreser-
vation is a reversible process, as long as the optimal combination and concentration of
cryoprotective solution effective enough to form vitrified plant tissues are used. Vitrifica-
tion refers to the physical process of supercooling a liquid to low temperatures and finally
solidifying into a metastable glass without undergoing crystallization at a applied cooling
rate [32]. The basic characteristics of substances used in cryopreservation are summarized
in Table 1. The glass transition temperature tends to increase with increasing the relative
molecular mass as opposed to the melting point [33]. In this order, the most commonly used
cryoprotective substances are glycerol (Gly), dimethyl sulfoxide (DMSO), ethylene glycol
(EG), propylene glycol (PG), sucrose (Suc), and sorbitol (Sor), at different concentrations in
combination with MS medium [34] to allow sufficient dehydration of plant material and
also induce cryoprotective processes to the cells [35]. DMSO was later discovered to be an
active cryoprotective substance, the alkaline in the main, a good ligand, easily alkalized by
a strong base, and subject to deprotonation. Some key features of cryoprotective substances
are mentioned below and in the Table 1.

The cryoprotective substances are classified into several groups according to the way
of penetrating the cells: (a) small substances penetrating the cells through the cell wall
and plasma membrane, such as EG, PG, Gly and DMSO; (b) substances penetrating only
through the cell wall, e.g., oligosaccharides such as sucrose (Suc), sorbitol (Sor), mannitol
(Man), or amino acids such as proline (Pro), and relatively low molecular mass polymers
such as polyethylene glycol (PEG1000); (c) substances that do not penetrate through the cell
walls or the plasma membrane, such as relatively high molecular mass polymers (soluble
proteins, polysaccharides and, polyethylene glycol PEG 6000) [36–38].
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2.1. Substances That Can Penetrate through the Cell Wall and into the Protoplast
2.1.1. Glycerol

Gly was used as the first for mouse embryo cryopreservation [39]. Gly was also the first
cryoprotectant to see widespread use in human cryobiology [40]. Due to its higher relative
molecular mass and viscosity, it penetrates membranes [35,41,42], but slower than DMSO
and EG [42]. Gly occurs in plants in relevant quantities. Fifteen crop plants grown under
field conditions had leaf concentrations of Gly between 10 and 39 μg g−1 wet weight of
tissue [43]. Gly is a polar molecule, freely miscible with water and simple alcohols [44]. Gly
shows lower toxicity because it has a low ability to penetrate the membrane, which at high
concentrations can lead to osmotic shock [45]. Gly concentration used for cryopreservation
is dependent on the specific vitrification solution and ranges from 20% (weight in volume,
w/v) [46] to 50% (w/v) [47].

Table 1. Characteristics of commonly used vitrification solutions and their chemical and physical properties in PVS.

Substances
Abr. Mr Tm Tg Density

LD50g mol−1 ◦C ◦C g cm−3

1 2 3 4 5 6 7
Sulfoxides

Dimethyl sulfoxide [48] DMSO 78.13 18.45 −132.15 1.10 **
Diols

Ethylene glycol [49] EG 62.07 −13 −113.15 1.11 *
Propylene glycol [50] PG 76.06 −59 −100.65 1.4 **
PEG 8000 [51] PEG 8000 63 54.82 1.21 ***

Triols
Glycerol [52] Gly 92.09 19 −83.15 1.26 *

Polyalcohols
Sorbitol [53] Sor 182.17 111.5 −6 1.49 **

Monosaccharides
Glucose [54] Glu 164.16 147 22.85 1.4 *

Disaccharides
Sucrose [54] Suc 342.3 186 59.85 1.587 ***

Proteins
Bovine serum albumin [55] BSA 66.5 kDa 69.8 § -

Amide
Formamide [56] 45.04 2.55 - 1.13 *

Plant Vitrification Solutions
Plant vitrification solution 1 [46] PVS1 42.48 −41 −122 1.15 -
Plant vitrification solution 1 [57] PVS1 −155
Plant vitrification solution 2 [46] PVS2 37.51 −44 −119 1.14 -
Plant vitrification solution 2 [58] PVS2 −115
Plant vitrification solution 3 [47] PVS3 56.29 −35.4 −93.9 1.29 -
Plant vitrification solution 4 [59] PVS4 73.53 −33.9 −112 1.31 -
Plant vitrification solution N [58] PVSN - −50 −110 - -
Vitrification solution L [46] VSL 32.97 −41 −125 1.9 -
Vitrification solution L [46] VSL+ - −47 −121 - -

§—the glass transition is depending on the rate of cooling [60];. Abr.—abbreviation; Mr—relative molecular mass; Tg—glass transition
temperature; Tm—temperature of melting point equilibrium; LD50—median dose (dosis letalis media) * <5000, ** 5001–20,000, *** >20,001
mg kg−1, mL kg−1 (mouse, rat, rabbit). The data in columns 3–5 are from the citations mentioned in column No. 1 as upper index; data in
columns 6–7 are from the safety sheets.

2.1.2. Dimethyl Sulfoxide

Another common cryoprotectant is DMSO [61], which is used, like Gly, not only
for freezing both animal and plant tissues but also in the cryopreservation of microor-
ganisms [41]. DMSO enhances the passage of water molecules across the cell wall and
cytoplasmic membrane [62]. The uptake dynamics of DMSO, Gly, and sucrose during
dehydration of garlic shoot tips displayed a biphasic nature, with an initial rapid influx
followed by a slower, gradual increase in DMSO [63], Gly, and sucrose (Suc) [64]. Room
temperature increased the membrane permeability in contrast to a temperature close to
zero. The reverse efflux pattern during unloading was similarly temperature dependent.
DMSO is commonly used in combination with glycol-type compounds as this combination
interacts with water and biological materials slightly different way than these components

125



Plants 2021, 10, 2623

alone. DMSO is hydrophobic at higher temperatures, meaning it is less toxic at lower
temperatures, which leads to lower, slower, and easily controllable tissue dehydration and
oxidation of sulphide groups [65]. In addition, DMSO is an effective solvent and has a high
osmolality. In contrast, it is harmful and may cause somaclonal variability or mutagenesis.
Due to the persisting uncertainties regarding mutagenesis [66,67] or high acute and chronic
toxicity, as shown in the case of rhesus monkeys [68] and low order phytotoxicity, some
current cryobanks do not use vitrification solutions containing DMSO, as a precaution, not
denying the fact that DMSO can be an excellent cryoprotective substance.

2.1.3. Ethylene Glycol

EG acts as a dehydration substance before cryopreservation. Due to its low freezing
point, EG is used for its rapid penetration into the cells and its ability to block the ice
crystal formation. EG in cryoprotective solutions is usually used at a half concentration
in comparison with Gly [69,70]. EG is metabolized to oxalic acid, which increases the
acidity of the organism and it is harmful. The oxalic acid reacts with the calcium contained
mainly in the cell wall and forms insoluble calcium oxalate crystals stored in vacuoles [71].
High concentrations of the calcium oxalate, crystallized in various crystals, form raphides,
druses, or others [72]. EG is commonly used in combination with glycol-type compounds
as its combination interacts with water and biological materials [73].

2.1.4. Propylene Glycol

PG is also a commonly used liquid in the cryopreservation process. PG is metabolized
to oxalic acid in the metabolic process and acts like EG. However, as a cryoprotectant in
warm conditions, PG is non-toxic while EG is metabolized to toxic elements [74].

2.1.5. Polyethylene Glycol

PEG is a liquid or solid, depending on the molecular mass (which typically ranges
from 300 g mol−1 to 10,000,000 g mol−1). The chemical properties are almost the same, but
forms with different molecular mass (from 600 to 8000 g mol−1), and different physical
properties are usually used for cryopreservation [75]. PEG used for plant cryopreservation,
e.g., PEG 6000 normally has a concentration of 15% (w/v) [76].

2.2. Substances That Can Penetrate through the Cell Wall

High levels of carbohydrates and sugar alcohols occur in plants as natural, non-toxic
cryoprotective substances [77]. Monosaccharides are readily dissolved in cryoprotective
solutions and can vitrify plant tissues at a lower concentration level than disaccharides.
Therefore, the disaccharide sucrose is often used as an antifreeze agent. Compared to
cryoprotection using monosaccharide glucose, sucrose has a higher efficiency [78]. In
addition, carbohydrates contribute to the dehydration of samples and are added to the
cryoprotective mixture to increase the protection of the membrane integrity in a dehydrated
state [70,79,80].

2.2.1. Glucose

Glucose belongs to a group of monosaccharides that reducing sugar due to the pres-
ence of an aldehyde group, which is oxidized to a carboxylic acid group to form D-gluconic
acid [81]. On the contrary, reducing the aldehyde group of glucose to the primary alcoholic
group forms D-Glucitol, called sorbitol. D-Glucose monohydrate is produced in green
plants during the photosynthesis process, which is a fast and basic energy supply. Due to its
molecular size, it penetrates the cell membrane faster than sucrose, but in an experimental
comparison of plant regeneration after cryopreservation, sucrose, as well as the sugar
alcohol mannitol, proved to be more useful [69].
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2.2.2. Sorbitol

Sorbitol is used in cryopreservation because of its lower melting point [82]. It provides
less energy than sucrose (1 g of sorbitol gives up to 10,886 kJ of energy). Göldner et al. [83]
introduced a range of carbohydrates to increase the frost resistance of plants (Digitalis
lanata) used for plant pre-cultivation. They showed that the most damaged plant cells were
cultured on sorbitol and proline medium. In contrast, the smallest cell damage occurred
when sucrose was used. The concentration of 0.4 M and 0.8 M sorbitol in the pre-cultivation
embryogenic tissues of hybrid firs (Abies alba × A. cephalonica, Abies alba × A. numidica) has
been found acceptable for subsequent survival and regeneration of the plants [84]. High
levels of sugars and sugar alcohols are found in many polar plants, insects, fungi, etc., as
non-toxic cryoprotectants [85].

2.2.3. Sucrose

Sucrose, composed of fructose and glucose molecules, is the most widespread disac-
charide. It is easily hydrolyzable, dissociated by glycosidase invertase to the laevorotatory
glucose and dextrorotatory fructose. These translocated sugars are photosynthetically
metabolized in the Calvin cycle. Due to their molecular size, these carbohydrates are
preferable for the transport assimilated over long distances. Sucrose is energetically abun-
dant (1 g of sucrose provides 16,747 kJ of energy), and it acts as an energy source in
heterotrophic nutrition after plant rewarming during its regeneration. The disaccharide
sucrose is more effective than the monosaccharide glucose for vitrification [47,86–88]. Su-
crose is used to promote dehydration before and/or during cryopreservation. Sucrose
is normally membrane-impermeable and has low toxicity. The concentration of sucrose
used in cryopreservation processes varies from 5% (w/v) [46] to 50% (w/v) [47], but most
often 40% sucrose (w/v) [89,90] is used. For mint shoot tips, sucrose reduces the toxicity of
ethylene glycol and DMSO at 22 ◦C and Gly at 0 ◦C [65].

2.2.4. Amides

Amides are weak cryoprotectants compared to polyols (formamide is too weak to
vitrify itself, but can assist vitrification by other cryoprotectants). Adding methyl groups
increases the effectiveness of cryoprotectants [91]. Amides, compared to polyols, generally
have weak cryoprotective effects [45].

2.2.5. Bovine Serum Albumin (BSA)

BSA decreases the kinetic constant value determined for concentrated EG solutions.
However, BSA’s effect was small compared to that which could be produced by a slight
increase in EG concentration [92]. On the contrary, Rall [93] suggest that the inclusion of
BSA in vitrification solutions may be an effective means of increasing the stability of the
amorphous state of vitrification solutions.

3. Substances That Do Not Penetrate through the Cell Wall

Substances that do not penetrate through the cell wall are polymers with high molecu-
lar weight such as soluble proteins, polysaccharides, mucilage, PEG1000.

Turner et al. [94] proposed that the mode of action of polyalcohols (in our enumeration
Gly, mannitol, sorbitol) is not based on molarity, but rather on the total number of hydroxyl
(OH) groups present in the medium. Furthermore, based on their results, they propose
that the orientation of OH groups is a determining factor in effective cryopreservation [94].

The development of cryogenic technologies is facilitated by biophysical studies ca-
pable of monitoring glass stability during cryopreservation [33]. The glass transition
temperature of substances depends on the concentration of an aqueous solution, cool-
ing/warming rates, annealing temperature, and type of mixture. For example, three
different glass transitions were found in the subzero temperature range of −163, −138,
and −93 ◦C at 20% BSA (w/w) [60]. Sucrose has also glass transitions at the three differ-
ent temperatures ranges; Tg1 (−50 to −45 ◦C), Tg

′ (−36 ◦C), and Tg (−83 to −57 ◦C); all
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sucrose glass transitions are concentration-dependent and the first two are cooling rate-
independent [88]. The thermal analysis of plant vitrification solution: PVS1, PVS2, Towill’s,
Fahy’s, or Steponkus’ vitrification solutions reveals only a small water peak detected in
shoot tips after 120 minutes dehydration duration. Still, recovery of cryopreserved garlic
shoot tips exposure to these vitrification solutions was low (from 0 to 25%), in comparison
to 80% regeneration after PVS3 [95].

4. Vitrification Solutions and Modifications

Many PVS solution variations have been reported to be suitable for cryopreservation
of several plants. During their testing, a number of their successful modifications were
published. In this section, an attempt is made to give an overview of the most important of
them. The original Plant Vitrification Solution 1 (PVS1) was firstly used by Uragami [14]
for cultured cells and somatic embryos derived from the mesophyll tissue of asparagus
(Asparagus officinalis L.). The original composition of PVS1 is in Table 2.

Table 2. The concentration of substances of the original Plant Vitrification Solution numbered one (PVS1) uses Uragami [14].

PVS1 DMSO (%) Suc (%) Gly (%) EG (%) PG (%) PEG (%) Sor (%) Total (%) Plant
Uragami 7 22 15 15 9.1 68.1 Asparagus officinalis L. [14]
PVS1-M1 6 22 13 13 54 Malus sp. [96]
PVS1-M2 6 19 13 13 9.1 60.1 Porphyra yezoensis [94]
PVS1-M3 6 13.7 22 13 13 67.7 Allium sativum L. [97]
PVS1-M4 10 22 13 13 58 Dioscorea opposite [98]
PVS1-M5 7 22 15 15 59 Citrus madurensis [99]
PVS1-M6 31.1 18.4 15 64.5 Allium sativum L. [100]
PVS1-M7 7 15 22 30 74 Bletila strata [101]
PVS1-M8 5 13.7 13.7 32.4 Citrus madurensis [99]

DMSO—dimethyl sulfoxide, Suc—sucrose, Gly—glycerol, EG—ethylene glycol, PG—propylene glycol, PEG—polyethylene glycol
8000 m.w., Sor—sorbitol, Total—total concentration of all substances. Significant composition changes added or omitted substances
and/or modification in the concentrations of original PVS1 in % (w/v) used in plant cryopreservation. The shaded area expresses no
changes concerning the original PVS1.

The PVS1 was used in modifications PVS1-M1 to PVS1-M3 and PVS1-M8 with a
lower concentration of DMSO at a concentration up to 6% and in modifications PVS1-M4
with a higher concentration of DMSO (10%). Sucrose was not used in the original PVS1,
but it was used at a concentration of 13.7% (w/v) in the modifications (PVS1-M3 and
PVS1-M8). The Gly was in the modification PVS1-M2, PVS-M6, and PVS1-M8 in lower
concentrations and higher concentrations in the PVS1-M6 than in the original PVS1. EG
was used less concentrated (13% w/v) in (PVS1-M1 to PVS1-M4) and more concentrated
(PVS1-M7) in comparison with the original. PG was used less concentrated in PVS1-M1 to
PVS1-M3 and without change in modifications PVS1-M4 to PVS1-M8. Sorbitol was omitted
in PVS1-M1 and PVS1-M3 to PVS1-M8. These modifications were also used for shoot tip
cryopreservation e.g., Rauvolfia serpentine [102] and Cocos nucifera L. [103].

Among several PVSs, PVS2 (Table 3) and PVS3 (Table 4) are the most frequently used
vitrification solutions. The PVS2 was firstly used at a concentration of 60% [22]. The PVS2
in full-strength [13] (first row in Table 3) is also widely used. Several modifications of PVS2
with different substances and their concentration used have been published: DMSO was
used in a lower concentration, from 7.5 to 13% (w/v), in modifications PVS2-M2 to PVS2-M6
(Table 3). The exact concentration of sucrose (0.4 M) used in the original PVS2 was also in
modifications from PVS2-M1 to PVS2-M3 and in PVS2-M10. Sucrose was used in a higher
concentration from 15 to 34.2% (w/v) in the modifications from PVS2-M6 to PVS2-M9 and
no sugar was used in PVS2-M4 and PVS2-M5. Gly was used in the modification PVS2-M3,
PVS2-M6 in a lower concentration, and PVS2-M8 higher than in the original PVS2. The
concentration of EG was unchanged. PG was added in PVS2-M1 and PVS2-M2 at 15 and
7.5% (w/v), respectively. PEG 8000 was added in PVS2-M3 and PVS2-M10 as 3% (w/v)
solution and PVS2-M6 as 2% (w/v) solution. Instead of sucrose, sorbitol in PVS2-M5 was
added at 15% (w/v) (Table 3).
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PVS2-M1 is a widely used plant vitrification solution [104] in several cryoprotocols
for various plant species e.g., Photinia × fraseri Dress. [105], Allium sativum L. [95,106],
Rauvolfia serpentine [102], Cocos nucifera L. [103], Porphyra yezoensis [94], Mentha piperita
L. [65], Dioscorea spp. [15]. PVS2-M3 was used for cryopreservation of e.g. Prunus avium
L. [107], and PVS2-M6 was used for cryopreservation of Bromus inermis Leyss [46]. PVS2-M8
was used for cryopreservation of Clinopodium odorum [108].

Incubation time in PVS2 varies according to species, temperature conditions, shoot
tip size, pretreatment, preculture and, cryopreservation protocol. Therefore, there is no
generic time for PVS2. For example, in apple the droplet-vitrification method had the
highest regrowth percentage after 30–50 min PVS2 exposure at room temperature [109];
in potato droplet-vitrification had the highest regrowth percentage after 50 min PVS2
exposure at 0 ◦C [110]; in shallot droplet-vitrification had the highest regrowth percentage
after 40–60 min PVS2 exposure at 0 ◦C [111]; in grapevine droplet-vitrification had the
highest regrowth percentage after 90 min PVS2 exposure at 0 ◦C [112], and in yacon
droplet-vitrification had the highest regrowth percentage after 60 min PVS2 exposure at
0 ◦C [22,113]. DMSO and Gly penetrate the cell wall membrane and increase cellular
osmolality avoiding ice formation [7,38,114].

Volk and Walters [9] proposed according to their differential scanning calorimeter
measure that the PVS2 operates through two cryoprotective mechanisms: (a) it replaces
cellular water, and (b) it changes the freezing behaviour of any water remaining in the cells.
They expressed the theory that the penetration of some of the components (e.g., DMSO) of
PVS2 into the cell is essential to its cryoprotective efficacy. Significantly, the assumption
that the mode of action of PVS2 is primarily caused by osmotic dehydration cannot explain
its high effectiveness. Cell-penetrating constituents of PVS2 replace water as the cells
become dehydrated and prevent injurious cell shrinkage caused by dehydration [9].

Table 3. Composition and modification in concentration of substances of Plant Vitrification Solution 2 (PVS2) Sakai [13].

PVS2 DMSO (%) Suc (%) Gly (%) EG (%) PG (%) PEG (%) Sor (%) Total (%) Plant

Sakai § 15 13.7 30 15 73.7 Citrus sinensis [13]
PVS2-M1 13.7 30 15 15 73.7 Porphyra yezoensis [94]
PVS2-M2 7.5 13.7 30 15 7.5 73.7 Porphyra yezoensis [94]

PVS2-M3 12.5 13.7 25 15 3 * 69.2 Prunus salicina Lindley cv.
Methley x Prunus spinosa L. [115]

PVS2-M4 15 30 15 60 Malus [96]
PVS2-M5 15 30 15 15 75 Tetraclinis articulata (Vahl.) [116]
PVS2-M6 13 15 25 15 2 70 Guazuma crinita Mart. [117]

PVS2-M7 15 34.2 30 15 94.2 Poncirus trifoliata (L.) Raf. ×
Citrus sinensis (L.) Osbeck. [118]

PVS2-M8 §§ 15 22.5 37.5 15 52.5

Allium sativum L. and
Dendranthema grandiflora [61],
Rubus fruticosus L. and Prunus
cerasifera Ehrh [119]

PVS2-M9 §§§ 15 15 30 15 75 Guazuma crinita Mart. [13]
PVS2-M10 15 13.7 30 15 3 ** 76.7 Populus alba L. [120]

Important composition changes, added or omitted substances, and/or modification in the concentrations of original PVS2 in % (w/v) used
in the plant cryopreservation. All substances were dissolved in MS medium with 0.4 M of sucrose. The sucrose concentration in PVS2 was
approximately 0.15 M. The shaded area expresses no changes concerning the original PVS2. DMSO—dimethyl sulfoxide, Suc—sucrose,
Gly—glycerol, EG—ethylene glycol, PG—propylene glycol, PEG—polyethylene glycol, Sor—sorbitol, Total—total concentration of all
substances. § termed ‘100%’ of PVS2; §§ termed PVS2-A3 [61]; §§§—‘60%’ of PVS2; *—PEG 8000 m.w., **—PEG 4000 m.w.

The first use of PVS3 was reported on Asparagus officinalis L. by Nishizawa et al. [47].
The original PVS3 plant vitrification solution contained 50% to 50% (w/v) sucrose and Gly
(Table 4).

Table 4. The concentration of substances of the original Plant Vitrification Solution 3 (PVS3) [47]. Important composition
changes added or omitted substances, and/or modification in the concentrations of original PVS3 in % (w/v) used in
plant cryopreservation.

PVS3 DMSO (%) Suc (%) Gly (%) EG (%) Total (%) Plant

Nishizawa 50 50 100 Asparagus officinalis L. [47]
PVS3-M1 5 50 50 100 Porphyra yezoensis [94]
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Table 4. Cont.

PVS3 DMSO (%) Suc (%) Gly (%) EG (%) Total (%) Plant

PVS3-M2 50 30 80 Malus domestica Borkh. [69]
PVS3-M3 45 45 90 Kalopanax septemlobus [121]

PVS3-M4 40 40 80 Gentian, Wasabi, Malus [22,122]
Fragaria ananassa [123]

PVS3-M5 60 35 20 105 Asparagus officinalis L. [47]
DMSO—dimethyl sulfoxide, Suc—sucrose, Gly—glycerol, EG—ethylene glycol, Total—total concentration of all substances. The shaded
area expresses no changes concerning the original PVS3.

Sakai [119] and Benson [11,22] indicated 40% to 40% ratio like an original PVS3. We
label this ratio as modification 4 to the original PVS3; this modification is listed as PVS3-M4
in Table 4. Since the first description of PVS3, there have been many reports of vitrification
methods using PVS3. PVS3 was used for 136 different plant species till 2007 [22]. The
published modifications concern is lowering the concentration of sucrose, mostly in the
same ratio, e.g., [22,69,121], to Gly, e.g., PVS3-M3 [121] and PVS3-M4 [22]. PVS3 is the plant
vitrification solution without DMSO and EG in the original composition compared to PVS2;
curiously, the first modification, PVS3-M1, contains 5% (w/v) of DMSO in addition to the
basic substances. In PVS3-M2, there is only a change in Gly as a 30% (w/v) concentrated
solution [69]. PVS3-M5 contains 20% (w/v) of ethylene glycol in addition together with an
increase of the content of sucrose to 60% (w/v) and a decrease of glycerol to 35% (w/v).

The original PVS3 is also widely used in the cryopreservation of Lithodora rosmarinifolia
(Ten.) [122], Photinia x fraseri Dress. [105], Allium sativum L. [95], Rauvolfia serpentine [102],
Cocos nucifera L. [103], Bromus inermis Leyss [103], Porphyra yezoensis [94], Mentha piperita
L. [65], Dioscorea spp. [15], Malus [96] and other species, but somewhat less than PVS2, the
most frequently used vitrification solution [22].

The original PVS4 is without DMSO (Table 5). The two following modifications
(PVS4-M1) and PVS4-M2) are with the addition of DMSO. In PVS4-M1 there are only
two compounds, DMSO and Gly, at 5% (w/v); this low concentration of cryoprotectants
combined with a slow cooling rate (0.1–0.2 ◦C min−1) act rather as dehydration solution
than vitrification solution.

Table 5. Plant Vitrification Solution 4 (PVS4), Steponkus’, Towill’s and their modifications in concentration, composition,
and some omitted and added substances in % (w/v).

DMSO
(%)

Suc
(%)

Gly
(%)

EG
(%)

PEG *
(%)

Sor
(%)

BSA
(%)

CaCl2

(mM)
Total
(%)

Plant

PVS4 20.5 35 20 75.5 Various plants [124]
PVS4-M1 5 5 10 Malus [96]

PVS4-M2 ** 10 15 20 30 10 75 Citrus madurensis [99]
Bromus inermis Leyss [46]

PVS4-M3 *** 10 5 20 30 10 65 Bromus inermis Leyss [46]
Steponkus 43.5 16 6 65.5 Secale cereale L. [125]

Steponkus-M1 13.7 50 15 6 84.7 Allium sativum L. [126]
Towill 7.8 35 10 52.8 Mentha aquatica × M. spicata [127]

Towill-M1 10 35 5 50 Guazuma crinita Mart. [117]
Towill-M2 6.8 13.7 35 10 65.5 Allium sativum L. [126]

DMSO—dimethyl sulfoxide, Suc—sucrose, Gly—glycerol, EG—ethylene glycol, PG—propylene glycol, PEG—polyethyleneglycol, Sor—
sorbitol, BSA—bovine serum albumin, Total—total concentration of all substances. * PEG 8000 m.w., ** known also as VSL, *** known also
as VSL+ [46]. The shaded area expresses no changes concerning the original PVS.

The PVS proposed by Steponkus’ vitrification solution is without sucrose. Sucrose
is used in the first modification of Steponkus’ vitrification solution (Steponkus-M1) in
the concentration of 13.7% (w/v). The PVS proposed by Towill’s is slightly modified by
increasing the DMSO to 10% and decreasing PEG 8000 to a half. Sucrose is used in the
second modification of Towill’s vitrification solution (Towill-M2) in the concentration of
13.7% (w/v) together with 6.8 % (w/v) of DMSO influencing the regeneration up to 39% of
Allium sativum shoot tips [126].

Thermal analysis of PVSs revealed that increasing Gly concentration reduced en-
dothermic peaks, indicating the ice-blocking property of Gly [61]. Increasing sucrose
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concentration in PVSs also decreased endothermic enthalpies by decreasing explant mois-
ture content and increasing the influx of cryoprotectants [64]. Therefore, balancing the
Gly and sucrose concentration in the design of PVSs is also crucial to increase recovery.
A limitation of the use of PVS3 is the high osmotic stress increasing during the action;
therefore, induction of desiccation tolerance during preconditioning of samples is essential
if they are not inherently tolerant [61,128].

5. Comparison of Vitrification Solutions on Regeneration

Evaluation of different cryoprotectant solutions and their modification are ordered in
Table 6. There is a comparison of three or more different cryoprotective vitrification mixtures.

Table 6. Regeneration rate (%) after application of Plant Vitrification Solutions and their modifications (M1_M4 for details
see Tables 2–5). Three or more Plant Vitrification Solutions or their modifications at one particular species.

PVS1 PVS2 PVS3 PVS4 PVS5 VSL Steponkus Towill Fahy Plant
Mod. Mod. Mod. Mod. R/S **

0 M3 0 80 0 0 M1 0 M2 0 R Cocos nucifera L. [103]
11 M1 27 80 25 23 39 M2 11 R Allium sativum L. [126]
0 20 0 0 0 § 0 0 R Elaeis guineensis [129]
0 M1 0 M4 70 0 0 S Malus [96]

36 30 20 28 S Centaurea ultreia [130]
65 75 65 65 S Citrus madurensis [99]
55 32 80 S Gentian [46]
80 20 0 14 R Fraser Photinia [105]
18 M2 24 M1,M2 15 R Porphyra yezoensis [131]
34 49 25 R Solanum tuberosum L. [132]
0 M1 87 0 R Rauvolfia serpentina L. [102]

59 0 38 R Discorea [15]
92 M1 82 52 §§§§ 83 * S Ipomoea batatas [133]

§ according to Watanabe and Steponkus [134]; §§§§ 88% of PVS3; * PVS N (1 M sucrose + 15% glycerol + 14% ethylene glycol [133];
** R—stands for regeneration, regrowth, S—stands for survival after cryopreservation. The PVS3, PVS4, PVS5 [96], VSL [46], and Fahy’s
vitrification solution [31] are unmodified compared to other PVSs.

PVS3, PVS4, PVS5, and Fahy are without modification in Table 6, even though they
have several modifications (see Tables 3 and 4). Among the PVSs, PVS2 and PVS3 are the
most frequently used [104]. In some cases, PVS3 may be less toxic to plant species sensitive
to PVS2, such as Allium sp. [111]. Based on the results presented over the years and also
from Tables 2–6, it is evident that the optimum cryoprotectant solution treatment is species
or cultivar-specific. Furthermore, the PVSs exposure duration and temperature conditions
during incubation are related to the size of the shoot tip, as well as to the preculture and
pretreatment conditions [19,135].

The original composition is listed in the first row in each table (Tables 2–5) and its
modifications in concentration and/or in compounds used are followed. Sakai et al. [82]
were the first to report a PVS2-vitrification cryopreservation protocol for nucellar cells of
Citrus sinensis. The modifications of PVS2 were applied on other plants as presented in the
paper by Uragami et al. [14] and Maruyama et al. [117].

Modifications of PVS and its influence on the viability of explants have been reported.
Suzuki [46] in addition to the three original vitrification solutions (PVS1, PVS2, VSL)
(Table 6) presented the effect of 12 other combinations of cryoprotective substances on
gentian axillary buds. The best regeneration of 79.7% after liquid nitrogen treatment was
achieved with the original VSL. Cho et al. [99] used four original PVSs (PVS1, PVS2, VSL,
and VSL+) (Table 6). The best one for Citrus madurensis embryonic axes survival after liquid
nitrogen treatment was PVS2. Kim [61] modified the PVS2 in nine modifications and PVS3
in four modifications in concentrations of substances in the droplet-vitrification procedure.
The best one was the PVS3 without any modifications for shoot tips harvested from in vitro
conditions of Dendranthema grandiflora T. and garlic clove shoot apices of Allium sativum L.

6. Vitrification Solution and Cryopreservation Methods

Increased vitrification method efficiency was achieved by treating plants in a pre-
treatment and preculture steps before cryopreservation of plant shoot tips [22,89,136–139].
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Pretreatment/preculture increases tolerance to PVSs during the dehydration process. Pre-
treatment conditioning differs by species, and then preculture for some species is cru-
cial [140]. During pretreatments the sucrose intake mostly takes place, and increased
content of proline and other protective substances accumulates in the plant shoot tips while
growing in the carbohydrate enriched culture medium. The temperature during the incu-
bation of plants in PVSs is important for both toxicity and dehydration. The temperature
close to 0 ◦C for plants treated in PVS2 is crucial and had significantly lower lethality than
at 22 ◦C [65,141–143]. When the temperature is subsequently lowered, the penetrating
components of PVS2 cryoprotect the cells by restricting the molecular mobility of water
molecules and preventing them from nucleating ice crystals [11].

In PVSs vitrification-based methods, most or all of the freezable water is removed
by using highly concentrated and viscous cryoprotectant mixtures which, after rapid
cooling in LN, form a glass [11,144]. The amount of water in the cells is decreasing due
to an accumulation of these substances, and the central vacuole is divided into several
smaller ones.

Cryoprotective substances help ensure the stability of membranes and enzymes in subse-
quent dehydration by vitrification solutions and avoid the formation of ice crystals [145,146].
In this case, the samples are exposed to minutes–a few hours long treatment by several
cryoprotective substances before LN exposure. The effect of cryoprotective solution compo-
sition for plant regeneration was studied in different plant species [11,61,126,139,147,148].
The published results indicate the importance of PVS compositions, the vitrification pro-
tocol, pre-culture, regrowth media, and the application of an appropriate vitrification
technique to achieve optimum post-cryopreservation recovery [105,131].

With the combination of the composition of cryopreservation solution (15% DMSO +
3% sucrose) and subsequent slow cooling, a droplet-freezing method was developed for
cassava shoot tips [146].

The droplet-vitrification method is derived from the DMSO droplet methods proposed
by Kartha et al. [146], and Kaczmarczyk et al. [149] and Schaefer-Menhur et al. [150]. The
procedure is similar to the droplet method but with highly concentrated cryoprotective
solution PVS2 [104,147,150–152] or PVS3 either in original or in its modification PVS3-
M4 [122] or both PVS2 and PVS3 [97,113,126] before ultra-fast cooling. Rewarming of the
samples is usually done in unloading solution temperated in a 40 ◦C sterile water bath for
1–2 min. When using potentially phytotoxic DMSO, the cryoprotective mixture is washed
out in unloading solution temperated in a water bath with solutions of decreasing concen-
trations of sucrose or sorbitol as unloading solutions. This method was successfully applied
many of plant species and is widely used in genebanks for cryopreserving vegetatively
propagated crop collections [153,154].

Other cryopreservation methods use the PVS for inducing vitrification, such as
encapsulation-dehydration and encapsulation-vitrification method with PVS2, PVS3 [139,155]
foil-vitrification, droplet-vitrification, and droplet-freezing methods with PVS1, PVS2,
PVS3, and VSL [105]. In addition other methods use the vitrification solutions PVS2 and
PVS3 in V cryo-plate and D cryo-plate methods [27], PVS2 in cryo-mesh method [156,157],
and PVS2 in vacuum infiltration vitrification method (VIV) [158].

The determination of plant survival and regeneration level is done by a visual evalua-
tion of growing the plants in vitro conditions. The ratio of regenerated to the total number
of cryopreserved plants is expressed as a success of the cryoprotocol (see Table 6).

Cryoprotectants can change the biophysical properties of plant parts. Cryoprotec-
tants are selected based on their potential non-toxicity, high osmolality, and ability to
penetrate as a particular component of vitrification solution into the cell. A low survival
and regeneration of plants can also be caused by insufficient osmotic adjustment of plant
material, excessive shrinkage of cells in hypertonic conditions, the toxicity of the vitrifica-
tion solution, low penetration ability of the cryoprotective solution into the plant tissue,
low dehydration of the plant tissue and subsequent formation of intracellular ice crystals
during freezing [6]. During slow cooling, the sample may reduce its cell surface due to

132



Plants 2021, 10, 2623

the loss of cytoplasmic membrane, and the cell lysis can occur upon returning to a normal
state [64,79]. The toxicity of cryoprotective substances can be associated with the denatu-
ration of proteins, which are damaged either by low temperature or high cryoprotectant
concentration necessary for plant tissue vitrification. The strongest vitrification is achieved
with cryoprotective substances, which can bind hydrogen bonds to water molecules. They
make the interaction of hydrogen bonds water-water, which is the basis for forming ice
crystal structure. These substances can be bound by hydrogen bonds in proteins, causing
their denaturation [35]. Reduction of water bound to proteins can damage the cells. Dehy-
dration to the level of bound water is essential for successful cryopreservation without the
use of cryoprotective substances.

The following steps are recommended for cryopreservation of a new plant species.
First, the new PVS should be chosen from cryoprotective solutions close to the species
family with the highest regeneration ability. The second possibility is to use the PVS widely
used for most plants, e.g., PVS2, PVS3, etc. After choosing the PVS, it is necessary to test
the toxicity level following the growing test and level of dehydration [159] according to
their regeneration. If the thermal analysis is available, it will help a lot at this step [160].
The difference between the regeneration rate of control and ultra-low temperature treated
plants is the potential to improve regeneration by improved vitrification solution.

7. Conclusions

Cryopreservation methods allow long-term storage of genetically unique plant mate-
rial in the vitreous state at ultra-low temperatures of LN, which leads to the suppression of
all biochemical reactions. Vitrification solutions as a mixture of two to seven substances
induce a glassy state in plant tissues and prevent the ice crystal formation during the
cooling and warming process. The cryoprotective mixture toxicity can be reduced by an
appropriate combination or decrease in the concentration of cryoprotective substances
and/or physical condition, mainly low temperature at which those are applied. The best
cryoprotective solutions can reduce the toxicity of the vitrification mixture. Easier and
faster cryoprotectant penetration into the cells and tissue dehydration to the optimal level
for cryopreservation will increase the survival and regeneration of plants and extend
cryopreservation methods for other plant species and genotypes. The widely used vitrifica-
tion solutions meet these demands for high regeneration (over the minimum standard of
cryobank) after cryopreservation.
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119. Vujović, T.; Jevremović, D.; Marjanović, T.; Ružić, Ð. Cryopreservation of Serbian autochthonous plum ‘Crvena Ranka’ using
aluminium cryo-plates. Genetika 2021, 53, 283–294. [CrossRef]

120. Lambardi, M.; Fabbri, A.; Caccavale, A. Cryopreservation of white poplar (Populus alba L.) by vitrification of in vitro-grown shoot
tips. Plant Cell Rep. 2000, 19, 213–218. [CrossRef]

121. Shin, D.J.; Kong, H.; Popova, E.V.; Moon, H.K.; Park, S.Y.; Park, S.-U.; Lee, S.C.; Kim, H.H. Cryopreservation of Kalopanax
septemlobus embryogenic callus using vitrification and droplet-vitrification. Cryo Lett. 2012, 33, 402–410.

122. Barraco, G.; Sylvestre, I.; Iapichino, G.; Engelmann, F. Investigating the cryopreservation of nodal explants of Lithodora rosmarinifo-
lia (Ten.) Johnst., a rare, endemic Mediterranean species. Plant Biotechnol. Rep. 2012, 7, 141–146. [CrossRef]

123. Lee, Y.-Y.; Balaraju, K.; Song, J.-Y.; Yi, J.-Y.; Lee, S.-Y.; Lee, J.-R.; Yoon, M.; Kim, H.-H. Cryopreservation of in vitro grown shoot
tips of strawberry (Fragaria × ananassa Duch.) genetic resources by droplet-vitrification. Korean J. Plant Resour. 2019, 32, 689–697.

137



Plants 2021, 10, 2623

124. Sakai, A. Development of cryopreservation techniques. In Cryopreservation of Tropical Plant Germplasm: Current Research Progress
and Application; CGIAR: Montpellier, France, 2000; pp. 1–7.

125. Langis, R.; Schnabel, B.; Earle, E.; Steponkus, P. Cryopreservation of Brassica campestris L. cell suspensions by vitrification. Cryo
Lett. 1989, 10, 421–428.

126. Kim, H.-H.; Cho, E.-G.; Baek, H.-J.; Kim, C.-Y.; Keller, E.R.J.; Engelmann, F. Cryopreservation of garlic shoot tips by vitrification:
Effects of dehydration, rewarming, unloading and regrowth conditions. Cryo Lett. 2004, 25, 59–70.

127. Towill, L. Cryopreservation of isolated mint shoot tips by vitrification. Plant Cell Rep. 1990, 9, 178–180. [CrossRef]
128. Grospietsch, M.; Stodulkova, E.; Zamecnik, J. Effect of osmotic stress on the dehydration tolerance and cryopreservation of

Solanum tuberosum shoot tips. Cryo Lett. 1999, 20, 339–346.
129. Suranthran, P.; Gantait, S.; Sinniah, U.R.; Subramaniam, S.; Alwee, S.S.R.S.; Roowi, S.H. Effect of loading and vitrification

solutions on survival of cryopreserved oil palm polyembryoids. Plant Growth Regul. 2012, 66, 101–109. [CrossRef]
130. Mallon, R.; Bunn, E.; Turner, S.R.; Gonzalez, M.L. Cryopreservation of Centaurea ultreiae (Compositae) a critically endangered

species from Galicia (Spain). Cryo Lett. 2008, 29, 363–370.
131. Turner, S.R.; Senaratna, T.; Bunn, E.; Tan, B.; Dixon, K.; Touchell, D.H. Cryopreservation of Shoot Tips from Six Endangered

Australian Species using a Modified Vitrification Protocol. Ann. Bot. 2001, 87, 371–378. [CrossRef]
132. Halmagyi, A.; Deliu, C.; Coste, A.; Keul, M.; Cheregi, O.; Cristea, V. Vitrification of potato shoot tips for germplasm cryopreserva-

tion. Contrib. Bot. 2004, 39, 187–193.
133. Shevchenko, N.; Mozgovska, A.; Bobrova, O.; Bashtan, N.; Kovalenko, G.; Ivchenko, T. Post-Thaw Survival of Meristems from In

Vitro Sweet Potato (Ipomoea batatas (L.) Lam.) Plants. Biol. Life Sci. Forum 2020, 4, 43. [CrossRef]
134. Watanabe, K.; Steponkus, P.L. Vitrification of Oryza sativa L. cell suspensions. Cryo Lett. 1995, 16, 255–262.
135. Folgado, R.; Panis, B.; Sergeant, K.; Renaut, J.; Swennen, R.; Hausman, J.-F. Unravelling the effect of sucrose and cold pretreatment

on cryopreservation of potato through sugar analysis and proteomics. Cryobiology 2015, 71, 432–441. [CrossRef]
136. Dumet, D.; Grapin, A.; Bailly, C.; Dorion, N. Revisiting crucial steps of an encapsulation/desiccation based cryopreservation

process: Importance of thawing method in the case of Pelargonium meristems. Plant Sci. 2002, 163, 1121–1127. [CrossRef]
137. Matsumoto, T. An approach to enhance dehydration tolerance of alginate-coated dried meristems cooled to −196 ◦C. Cryo Lett.

1995, 16, 299–306.
138. Reed, B.M. Cryopreservation—Practical considerations. In Plant Cryopreservation: A Practical Guide; Springer: Berlin/Heidelberg,

Germany, 2008; pp. 3–13.
139. Sakai, A.; Engelmann, F. Vitrification, encapsulation-vitrification and droplet-vitrification: A review. Cryo Lett. 2007, 28, 151–172.
140. Volk, G.M.; Shepherd, A.N.; Bonnart, R. Successful Cryopreservation of Vitis Shoot Tips: Novel Pre-treatment Combinations

Applied to Nine Species. Cryo Lett. 2019, 39, 322–330.
141. Benelli, C.; Carvalho, L.; EL Merzougui, S.; Petruccelli, R. Two Advanced Cryogenic Procedures for Improving Stevia rebaudiana

(Bertoni) Cryopreservation. Plants 2021, 10, 277. [CrossRef]
142. O’Brien, C.; Hiti-Bandaralage, J.C.A.; Folgado, R.; Lahmeyer, S.; Hayward, A.; Folsom, J.; Mitter, N. First report on cryopreser-

vation of mature shoot tips of two avocado (Persea americana Mill.) rootstocks. Plant Cell Tissue Organ Cult. (PCTOC) 2021, 144,
103–113. [CrossRef]

143. Sharma, S.; Parasher, K.; Mukherjee, P.; Sharma, Y.P. Cryopreservation of a Threatened Medicinal Plant, Valeriana Jatamansi
Jones, Using Vitrification and Assessment of Biosynthetic Stability of Regenerants. Cryo Lett. 2021, 42, 300–308.

144. Fahy, G.M.; Macfarlane, D.R.; Angell, C.A.; Meryman, H.T. Vitrification as an approach to cryopreservation. Cryobiology 1984, 21,
407–426. [CrossRef]

145. Kim, H.-H.; Lee, J.-K.; Yoon, J.-W.; Ji, J.-J.; Nam, S.-S.; Hwang, H.-S.; Cho, E.-G.; Engelmann, F. Cryopreservation of garlic bulbil
primordia by the droplet-vitrification procedure. Cryo Lett. 2006, 27, 143–153.

146. Kartha, K.; Leung, N.; Mroginski, L. In vitro Growth Responses and Plant Regeneration from Cryopreserved Meristems of
Cassava (Manihot esculenta Crantz). Zeitschrift für Pflanzenphysiologie 1982, 107, 133–140. [CrossRef]

147. Ellis, D.; Skogerboe, D.; Andre, C.; Hellier, B.; Volk, G. Implementation of garlic cryopreservation techniques in the national plant
germplasm system. Cryo Lett. 2006, 27, 99–106.

148. Tanaka, D.; Niino, T.; Isuzugawa, K.; Hikage, T.; Uemura, M. Cryopreservation of shoot apices of in-vitro grown gentian plants:
Comparison of vitrification and encapsulation-vitrification protocols. Cryo Lett. 2004, 25, 167–176.

149. Kaczmarczyk, A.; Shvachko, N.; Lupysheva, Y.; Hajirezaei, M.-R.; Keller, E.R.J. Influence of alternating temperature preculture on
cryopreservation results for potato shoot tips. Plant Cell Rep. 2008, 27, 1551–1558. [CrossRef] [PubMed]

150. Schaefer-Menuhr, A.; Schumacher, H.-M.; Mix-Wagner, G. Long-term storage of old potato varieties by cryopreservation of
meristems in liquid nitrogen. Landbauforsch. Voelkenrode 1994, 44, 301–313.

151. Martinez-Montero, M.E.; Martinez, J.; Engelmann, F. Cryopreservation of sugarcane somatic embryos. Cryo Lett. 2008, 29,
229–242.

152. Senula, A.D.; Keller, E.R.J.; Sanduijav, T.; Yohannes, T. Cryopreservation of cold-acclimated mint (Mentha spp.) shoot tips using a
simple vitrification protocol. Cryo Lett. 2007, 28, 1–12.
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Abstract: Recent development and implementation of crop cryopreservation protocols has increased
the capacity to maintain recalcitrant seeded germplasm collections via cryopreserved in vitro mate-
rial. To preserve the greatest possible plant genetic resources globally for future food security and
breeding programs, it is essential to integrate in situ and ex situ conservation methods into a cohe-
sive conservation plan. In vitro storage using tissue culture and cryopreservation techniques offers
promising complementary tools that can be used to promote this approach. These techniques can be
employed for crops difficult or impossible to maintain in seed banks for long-term conservation. This
includes woody perennial plants, recalcitrant seed crops or crops with no seeds at all and vegetatively
or clonally propagated crops where seeds are not true-to-type. Many of the world’s most important
crops for food, nutrition and livelihoods, are vegetatively propagated or have recalcitrant seeds.
This review will look at ex situ conservation, namely field repositories and in vitro storage for some
of these economically important crops, focusing on conservation strategies for avocado. To date,
cultivar-specific multiplication protocols have been established for maintaining multiple avocado
cultivars in tissue culture. Cryopreservation of avocado somatic embryos and somatic embryogenesis
have been successful. In addition, a shoot-tip cryopreservation protocol has been developed for
cryo-storage and regeneration of true-to-type clonal avocado plants.

Keywords: vitrification; ex situ conservation; long-term conservation; embryogenic; shoot tips;
plant biodiversity

1. Introduction

Globally plants are recognized as a vital component of biodiverse ecosystems, the
carbon cycle, food production and the bioeconomy. An estimated 7000 species of plants
provide food, fiber, fuel, shelter and medicine [1]. Plant genetic diversity is the foundation
of crop improvement [2] and a primary target of conservation efforts. The two major
approaches to conserve plant genetic resources are ex situ and in situ conservation [3]. In
situ conservation involves the designation, management and monitoring of target taxa
where they are encountered [4]. It protects an endangered plant species in its natural habitat.
In situ techniques are described as protected areas, e.g., genetic reserve, on-farm and home
garden conservation. Ex situ conservation involves the sampling, transfer and storage of
target taxa from the collecting area [4]. Ex situ techniques include seed, in vitro (tissue
culture and cryopreservation), DNA and pollen storage; field gene banks and botanic
garden conservation. In vitro storage using tissue culture and cryopreservation techniques
can deliver valuable tools to achieve a positive conservation outcome for genetic resources.

The majority of conservation programs focus on seed storage [5]. Many of the world’s
major food plants produce orthodox seeds which undergo maturation drying and are
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tolerant to extensive desiccation and can be stored dry at low temperature [6]. Seed storage
under dry and cool conditions is the most widely adopted method for long-term ex situ
conservation at relatively low costs [7]. About 45% of the accessions stored as seeds are
cereals, followed by food legumes [15%], forages [9%] and vegetables [7%] [8]. However,
seeds of many woody perennial plants are recalcitrant, e.g., Juglans spp. (walnut) [9],
Hevea brasiliensis (rubber tree) and Artocarpus heterophyllus (jackfruit) [10]. Thus, they are
difficult to maintain in seed banks. Additionally, seed-based conservation efforts miss
clonal lineages that form the foundation of woody perennial agriculture [9]. Crops such
as Persea americana Mill. (avocado), have recalcitrant seeds that are shed at relatively high
moisture content, thus cannot undergo drying to facilitate long-term storage [6,11]. In
addition, species that are seedless, e.g., Musa spp. (edible banana); or crops vegetatively
propagated as their seeds are not true-to-type, e.g., Manihot esculenta (cassava), Malus
domestica Borkh (Apple). and Citrus spp. (citrus); are not storable through seeds. Field,
in vitro and cryopreserved collections provide an alternative [7].

Field gene banks maintain living collections [12]. They are advantageous as phys-
iological attributes and characteristics of the accessions such as plant habit, yield, tree
height and disease resistance can be evaluated periodically [13]; however, there are several
limitations posed; high maintenance cost, intensive labor and land requirements, pressure
of natural calamities, risk of biotic and abiotic stresses as well as funding sources and
economic decisions limiting the level of accession replication to maintain genetic diversity.

Tissue culture maintains plant material collections employing growth retardants [14],
reduced light [15] or reduced temperature [16] to achieve slow growth, normally in sterile
conditions. Plant germplasm storage via these methods has been increased with more
in vitro protocols being developed for a vast number of plant species [17–19]. These
approaches are used for large-scale micropropagation, reproduction purposes including
embryo rescue, ploidy manipulations, protoplast fusions and somatic embryogenesis
and are appropriate tools for short- and mid-term storage of plant genetic resources [7].
These methods allow for physical evaluation of material, rapid multiplication and plant
establishment when needed, still, very costly to maintain due to space, consumables and
labor inputs [20].

Plant cryopreservation (storage at −196 ± 1 ◦C) is a technique whereby plant tissues
are preserved at ultra-low temperatures without losing viability [21]. It is the most relevant
technology that provides safe long-term conservation of biological material as it maintains
ex vivo biological function, does not induce genetic alterations [22] and provides long-term
stable storage. Thus, it serves as an ultimate back-up of plant accessions for long-term
storage, and material is generally not withdrawn from cryotanks unless it is necessary to
use for research such as genetic manipulations [23] or in vitro culture [24]. A wide range
of plant tissue can be cryopreserved, e.g., pollen, seeds, shoot tips, dormant buds, cell
suspensions, embryonic cultures, somatic and zygotic embryos and callus tissue [25,26].
Recent uses of cryopreservation including cryotherapy to eradicate pathogens, such as
phytoplasmas, viruses and bacteria in plants [27,28] is gaining a lot of attention [23].
Samples are normally given a short exposure to LN and surviving cells are regenerated from
meristematic tissue which is pathogen free [28]. Cryotherapy has been used successfully in
eradicating virus infections in several species with economic importance, such as Prunus
spp. (plum), Musa spp. (banana), Vitis vinifera (grape), Fragaria ananassa (strawberry),
Solanum tuberosum (potato), Rubus idaeus (raspberry) and Allium sativum (garlic) [28]. This
review will look at conservation approaches for woody plants, focusing on avocado as a
case study.

2. Field Repositories of Woody Crops

Field based germplasm conservation maintains living plants and serves as a source
of plant genetic variation. Plants represented in these collections are current and historic
cultivars, breeding material, landraces and sometimes wild relatives [9]. All of these are
important to maintain for future development of new cultivars with superior growth
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characteristics or resistance to pest and diseases. Field repositories have the advantage that
researchers can physically evaluate and characterize the accessions for parameters such
as yield, tree height and disease resistance [29,30]. Table 1 summarizes some examples of
woody crops that are held as field repositories. However, the field repositories require an
adequate area of land and continuous maintenance as well as on-going funding. They are
also vulnerable to loss from natural disasters and damage caused by pests and diseases.
This makes it important to potentiate field germplasm conservation with other methods
which address some of these concerns.

Table 1. Some examples of field repositories maintaining living collections of economically impor-
tant crops.

Country Field Repositories Genus/Species Reference

USA USDA—Geneva NY,
Davis CA, Riverside CA

Malus domestia Borkh. (apple)
Vitis vinifera L. (grape)

Actinidia deliciosa (kiwifruit)
Diospyros spp. (persimmon)

Ficus carica L. (fig)
Juglans spp. (walnut)

Olea europaea L. (olive)
Pistacia vera L. (pistachio)

Punica granatum L. (pomegranate)
Citrus spp. (citrus)
Prunus spp. (plum)

[31]

USA Tropical Botanical
Garden Artocarpus altilis (breadfruit) [32]

Germany German Fruit Gene bank

Malus spp. (apple)
Prunus avium (cherry)

Prunus domestica (plum)
Rubus spp. (raspberry)

[12,33]

United
Kingdom National Fruit Collection

Malus domestica Borkh. (apple)
Prunus domestica (plum)
Pyrus communis L. (pear)

Prunus avium (cherry)

[34]

3. In Vitro Conservation

Different in vitro storage methods are employed depending on the storage dura-
tion required [17,35], i.e., in vitro culture for short- and medium-term storage and cry-
opreservation for long-term storage. Many reviews have been carried out to determine
success [35–38] and standards established for managing field and in vitro germplasm gene
banks [39,40]. These standards ensure effective, safe and efficient conservation of genetic
resources. Due to the success of in vitro conservation techniques, many in vitro gene banks
have been established nationally and internationally [41,42] (Table 2).

Table 2. Some examples of cryo-storage gene banks maintaining collections of economically important crops.

Country Gene Bank Genus/Species Accessions Held Reference

France Institute of Research Development Coffea spp. (coffee) ~500 [12]

Columbia International Centre for Tropical Agriculture Manihot esculenta (cassava) 5690 [43]

Japan National Institute of Agrobiological Sciences Morus spp. (mulberry)
Juncus effusus (rush)

~1000
50 [12]

Japan Shimane Agriculture Research Centre Wasabi japonica M. (Japanese
horseradish) 40 [12]

USA National Clonal Germplasm Repository

Malus spp. (apple)
Pyrus spp. (pear)

Rubus spp. (raspberry)
Vitis spp. (grape)

6073
131
57

1405

[44,45]

Belgium Bioversity International Transit Centre Musa spp. (banana) 1600 [7]
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4. Plant Cryopreservation of Somatic Embryos and Shoot Tips

Cryopreservation of plants covers the entire plant kingdom from herbs and vines to
shrubs and trees. The growth may be annual, biennial or perennial and the climate arctic;
temperate, sub-tropical or tropical. A range of responses can occur within these groups and
they are not always useful groupings for evaluating cryopreservation strategies [46]. The
choice of material used, depends on the conservation goal, e.g., seeds and embryos capture
species diversity; whereas shoot tips and dormant buds capture specific genotypes [47]. The
most commonly used material to cryopreserve is apical meristems. They are at less risk of
genetic variations due to their organized structure and are made up of small unvacuolated
cells generally having a small vascular system [48]. In species that are recalcitrant and
maintained in living field repositories, long-term cryopreservation storage of shoot tips
can offer an alternative back-up as compared to seed storage which is only short-term [24].

Cryopreservation has several steps: (1) initial excision of the germplasm; (2) desicca-
tion or pre-culture on osmotic media to reduce water content; (3) cryoprotection through
exposure to cryoprotective agents; (4) cryopreservation in LN; (5) re-warming; and (6)
unloading of cryoprotective agents and recovery of germplasm after cryopreservation [49].
The most critical step of cryopreservation is avoiding the intracellular and extracellular
water that can lead to damage of cells during freezing [21]. Crystal formation, without
extreme reduction of cellular water, can only be prevented though ‘vitrification’ i.e., the
physical process of transition of an aqueous solution into an amorphous and glassy state
(non-crystalline state) [50].

4.1. Methods to Reduce Water Content

Concentrated intracellular solute is a pre-requisite for successful cryopreservation and
can be achieved with the following methods (Table 3) either individually or in combina-
tion [50–53].

Table 3. Methods to reduce water content.

Dehydration Method Uses

Desiccation
(1) Air drying of explants in laminar flow hood or using flow of

compressed air.
(2) Dehydration of explants in a desiccator with silica gel.

Cryoprotectants

(1) Penetrating cryoprotectants, e.g., dimethyl sulfoxide (DMSO)
and glycerol act by replacing intracellular water.

(2) Non-penetrating cryoprotectants, e.g., sucrose,
polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG),

display different osmotic potential inside and outside the cells.

Freeze-induced dehydration
Preferential freezing of extracellular water by slow cooling at a

rate of 0.5–2 ◦C per min creates a hypotonic surrounding for the
cell, resulting in outflow of cellular water.

Pre-conditioning of donor
plant or explant

Including DMSO abscisic acid, sucrose, polyols or proline in the
pre-culture medium or low temperature treatment to induce

tolerance to dehydration and freezing.

Cryopreservation protocols using vitrification solutions typically involve a two-step
cryoprotection process: (1) loading sometimes called osmoprotection is achieved by incu-
bation in loading solution; and (2) dehydration using vitrification solution [52]. Loading
solutions are commonly used to improve permeation of the cryoprotectant through cell
membrane, it also induces tolerance to dehydration, which will be imposed by vitrification
solutions. A common loading solution used is 2 M glycerol + 0.4 M sucrose [52]. Vitri-
fication solutions contain chemicals that are high in concentration, e.g., ethylene glycol,
glycerol and DMSO which have been reported as toxic to plant tissue [54]. It is therefore
important to establish minimum exposure time to vitrification solutions in order to dehy-
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drate tissue sufficiently to undergo cryopreservation and avoid damage effects to plant
tissue [55,56].

Application of cryoprotectants is the most widely used method in cryopreservation
protocols. Cryoprotectants that are penetrating in nature are able to reduce cell water at
temperatures sufficiently to minimize the damaging effect of the concentrated solutes on
the cells [57]. Whereas non-penetrating cryoprotectants osmotically “squeeze” water from
the cells during the initial phases of freezing at temperatures between −10 and −20 ◦C [57].
Many authors have developed mixtures of cryoprotectants (Table 4) since the discovery
of their benefits in protecting cells during the cryogenic process [54,58–61]. The most
commonly used cryoprotectants for plant cells are PVS2 [59] and PVS3 [58].

Table 4. Some examples of cryoprotectants used for plant tissue.

Cryoprotectant Composition

PVS1 30% w/v glycerol, 15% w/v EG, 5% w/v sucrose, 15% w/v DMSO [61]

PVS2 30% w/v glycerol, 15% w/v DMSO, 15% w/v EG and 15% sucrose [59]

PVS3 50% w/v glycerol and 50% w/v sucrose [58]

PVS4 35% w/v glycerol, 20% w/v EG and 20.5% M sucrose [62]

VSL+ 20% w/v glycerol, 10% w/v DMSO, 30% w/v EG, 15% sucrose and 10 mM CaCl2 [63]

VSL 20% w/v glycerol, 10% w/v DMSO, 30% w/v EG, 5% sucrose and 10 mM CaCl2 [63]

Steponkus 50% w/v EG, 15% sorbitol, 6.0% bovine serum albumin, 13.7% sucrose [64]

Towill 35% EG, 6.8% w/v DMSO, 10% PEG 8000 and 13.7% sucrose [65]

Fahy 20% DMSO, 20% formamide, 15% propylene glycol [66]

4.2. Cryopreservation Methods

Presently there is no one method of cryopreservation that can be applied to a diverse
range of plant species. Many cryopreservation methods (Table 5) have been developed
for shoot tips and somatic embryos depending on the plant species used [17]; namely,
vitrification, droplet-vitrification, encapsulation-vitrification, encapsulation-dehydration,
dehydration, pre-growth, pre-growth-dehydration and D-cryoplate and V-cryoplate, a
modification of the encapsulation-vitrification and droplet-vitrification [52,67,68].

Table 5. Some examples of cryopreservation methods, techniques and applications used.

Method Technique Application Survival/Recovery Reference

Vitrification

Pre-culture of cultures on basal
medium supplemented with

cryoprotectants, pre-treatment with
loading solution, dehydration with

PVS, rapid freezing rewarming.

Cocoa secondary somatic
embryos

74.5% survival with 5- day pre-culture
on 0.5 M sucrose followed by 60 min

dehydration in PVS2 treatment for 1 h
at 0 ◦C.

[69]

Droplet-
vitrification

Resembles vitrification in all steps with
only difference that materials are

cryopreserved on foil strips in drops of
vitirification solution.

Hancornia speciosa Gomes
(rubber tree) shoot tips

43% regrowth with pre-culture on
basal + proline (0.193 M) for 24 h in the
dark at 25 ◦C and PVS2 15 min at 0 ◦C.

[70]

Encapsulation-
vitrification

Sodium alginate beads are formed and
explants are encapsulated in them and

dehydrated in PVS before freezing.

Olea europaea (olive)
somatic embryos

Parkia speciosa Hassk.
(stink bean) shoot tips

64% regrowth after 4 day pre-culture in
sucrose; PVS2 treatment for 3 h
treatment and rapid freezing.

Pre-culture on MS + trehalose (5% w/v)
for 3 days; PVS2 for 1 h at 0 ◦C.

[71]

[72]
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Table 5. Cont.

Method Technique Application Survival/Recovery Reference

Encapsulation-
dehydration

Sodium alginate-encapsulated cultures
are dehydrated osmotically with high
concentrations of sucrose for 1–7 days

and/or desiccated in an air current
before slow cooling to –80 ◦C and then

immersed in LN.

Olea europaea (olive)
somatic embryos

Prunus armeniaca (apricot)
shoots

40% regrowth following 4 days of
sucrose pre-growth, desiccation and

freezing.
Recovered after treated with 0.5 M
sucrose for 2 days followed by air

dehydration for 2 h and frozen in LN.

[71]

[73]

Dehydration

Samples are dehydrated by either air
current, silica gels, or incubation with

cryoprotectant, followed by rapid
freezing or two-step freezing.

Juglans nigra (walnut)
embryo axes

Dried in a laminar flow hood until
5–15% moisture content and 100%

recovery after LN.
[74]

Pre-growth
and

pre-growth-
dehydration

Samples are cultured on media
containing cryoprotectants such as

DMSO, dehydrated and then frozen
slowly or rapidly.

Garcinia mangostana L.
(mangosteen) shoot tips

50% MS + sucrose (0.6 M) + 5% DMSO
for 2 days [75]

V-cryoplate

Modification of
encapsulation-vitrification and

droplet-vitrification. Dehydration is
performed using vitrification solution

PVS2.

Morus alba (mulberry)
shoot tips

87% regrowth, 13 lines pre-cultured at
25 ◦C for 1 day on MS medium
containing 0.3 M sucrose. PVS2

solution for 30 min at 25 ◦C.

[76]

D-cryoplate

Modification of
encapsulation-vitrification and

droplet-vitrification. Dehydration is
achieved using the air current of the

laminar flow cabinet or silica gel.

Diospyros kaki (persimmon)
shoot tips

Average 87% regrowth, 10 lines
1–3 months cold acclimatization, 3 ◦C
pre-cultured on 0.3 M sucrose, 2 days
at 25 ◦C, laminar flow 30 min at 25 ◦C.

[77]

4.2.1. Vitrification

Vitrification can include the pre-culture of samples on medium supplemented with
sucrose, then treated with a loading solution normally high in sucrose molarity [52] (e.g., a
mixture of sucrose and glycerol), dehydration with a vitrification solution such as PVS2 or
PVS3, rapid cooling, rewarming, and plant recovery by removing cryoprotectants [78].

4.2.2. Droplet-Vitrification

Droplet-vitrification is a modification of vitrification [79]; treating explants with load-
ing (usually 2 M glycerol and 0.4 M sucrose) and vitrification solutions; cooling them
ultra-rapidly in a droplet of vitrification solution either PVS2 or PVS3 placed on an al-
foil strip [49] with a droplet of cryoprotectant added before immersion in LN. The alfoil
strip helps with the ultra-rapid cooling (about 4000–5000 ◦C min−1) and re-warming
(3000–4500 ◦C min−1) of samples due to the good conductivity of thermal current of alu-
minum [80]. The removal of the cryoprotectant is achieved during re-warming stage by
using an unloading solution usually with high level of sucrose 1.2 M, then transferred to
recovery and regeneration media [25,55]. Droplet vitrification combines the use of highly
concentrated vitrification solutions with ultra-fast cooling and re-warming rates [81] shown
to be critical for survival [82]. For high success in survival and recovery of shoot tips after
LN it is vital that samples are sufficiently dehydrated by the vitrification solution in order
to vitrify while rapidly cooling in LN [83].

4.2.3. Encapsulation-Vitrification and Encapsulation-Dehydration

Encapsulation-vitrification and encapsulation-dehydration have been successfully
applied to cryopreserve shoot tips of woody species of crops, such as, Malus (apple) [84,85],
Pyrus (pear), Morus (mulberry) [84], Vitis (grape) [86] and Poncirus trifoliata × Citrus sinensis
(Chinese bitter orange) [87,88]. Dissected shoot tips or somatic embryos are suspended
in a solution of sodium alginate. Beads (4–5 mm in size) are then formed using a trun-
cated pipette tip and pipetted into a solution of CaCl2 where they are allowed to set for
30 min [52]. For encapsulation-vitrification, once beads are formed with explant inside,
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they are then dehydrated in PVS solutions such as PVS2 or PVS3 prior to immersion in LN.
Although encapsulation is time-consuming, it eases manipulation due to alginate beads
being relatively large in size [52]. For the encapsulation-dehydration technique instead of
dehydration with PVS solutions beads are dehydrated in a laminar flow hood or under
silica gel before immersion in LN [52].

4.2.4. Dehydration

Of all the methods explained, dehydration is the simplest, as it involves just the
dehydration of explants followed by direct immersion in LN. Embryonic axes or zygotic
embryos extracted from seeds are mainly used. Desiccation is usually achieved by the
air current of a laminar airflow cabinet or over silica gel. Dehydration using a vitrifica-
tion solution removes intracellular water from cells and permits intracellular solution to
undergo phase transition from liquid phase into an amorphous phase upon rapid cool-
ing [52]. Cryoprotectant mixtures are commonly used as vitrification solution, such as
PVS2 and PVS3.

4.2.5. Pre-Growth and Pre-Growth-Dehydration

In pre-growth and pre-growth-dehydration, explants are first exposed and grown on
media containing cryoprotectants, dehydrated by air under a laminar flow cabinet or with
silica gel, and then frozen rapidly. Depending on the plant species optimal conditions can
vary greatly.

4.2.6. D-cryoplate and V-cryoplate

D-cryoplate and V-cryoplate use special aluminium cryoplates which have been
developed (length 37 mm, width 7 mm and a thickness of 0.5 mm with 10 wells). An
alginate solution containing 2% (w/v) sodium alginate in calcium-free MS basal medium
with 0.4 M sucrose is poured over the cryo -plate. Samples are placed in wells and more
sodium alginate solution is poured over the top to cover them. In V-cryoplate, dehydration
is performed using the vitrification solution PVS2, while in D cryo-plate, dehydration
is achieved using the air current of the laminar flow cabinet or silica gel [89]. After
dehydration cryo-plates are immersed in LN. The main advantages of V-cryoplate and
D-cryoplate is that handling of specimens is easy and quick because only the cryo-plates
are manipulated [89].

5. The Avocado Case

5.1. Background

Avocado (Persea americana Mill.), a high-value fruit found in almost all tropical and
sub-tropical regions of the world [90,91] belongs to the plant family Lauraceae [92], genus
Persea [93]. Mexico is thought to be the center of origin of the species [94]. The genus Persea
has about 400 to 450 species consisting of the currently often recognized genera Alseodaphne
Nees, Apollonias Nees, Dehaasia Blume, Machilus Nees, Nothaphoebe Blume, Persea Mill. and
Phoebe Nees. There are eight sub-species of P. americana including P. americana var. nubigena
(Williams) Kopp, P. americana var. steyermarkii Allen, P. americana var. zenymyerii Schieber
and Bergh, P. americana var. floccosa Mez, P. americana var. tolimanensis Zentmyer and
Schieber, P. americana var. drymifolia Blake, P. americana var. guatemalensis Williams,
P. americana var. americana Mill. [91,95]. Genetic diversity within the genus Persea, the
sub-genera Persea and Eriodaphne and the species P. americana is large and is threatened by
the progressive loss of tropical and sub-tropical forests [95]. This genetic diversity can serve
as a resource in crop improvement [96–98] and plays an important role both ecologically
and culturally.

The three recognized ecological races of P. americana [99]; are the Mexican race, P. amer-
icana var. drymifolia, adapted to the tropical highlands; the Guatemalan race, P. americana
var. guatemalensis, adapted to medium elevations in the tropics; and the West Indian
race, P. americana var. americana, adapted to the lowland humid tropics [100]. The ability
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of the three main races to withstand cold conditions varies; the West Indian race cannot
tolerate temperatures below 15 ◦C, the Guatemalan race can tolerate cooler temperatures
of −3 to −1 ◦C, and the Mexican race withstands temperatures as low as −7 ◦C exhibit-
ing the highest cold tolerance [101–103]. They have distinctive characteristics; e.g., plant
habit, leaf chemistry, peel texture, fruit color, disease and salinity tolerance [104]. The
Guatemalan and Mexican races and their hybrids are very important for conservation and
future breeding programs [97]. Cultivars classified as pure Guatemalan and Mexican races
and Mexican × Guatemalan hybrids have been shown to have more diversity than those
of pure West Indian race and Guatemalan × West Indian hybrid cultivars [97]. In Mexico
and Central America, avocado trees grow under highly varied ecological conditions and
natural selection over thousands of years has produced vast populations [97]. This serves
as an essential source of varied attributes that are not among horticulturally available
items [105].

The main avocado sold throughout the world, ‘Hass’, is a medium sized pear-shaped
fruit with dark purplish black leathery skin [106]. Its commercial value is due to its superior
taste, size, shelf-life, high growing yield, and in some areas, year-round harvesting [107].
The precise breeding history of ‘Hass ’ is unknown however, it is reported to be 61%
Mexican and 39% Guatemalan [108]. This finding is supported by a study that analyzed
the complete genome sequences of a ‘Hass’ individual and a representative of the highland
Mexican landrace, Persea americana var. drymifolia; as well as genome sequencing data
for other Mexican individuals, Guatemalan and West Indian accessions [108]. Analyses of
admixture and introgression highlighted the hybrid origin of ‘Hass’, pointed to its Mexican
and Guatemalan progenitor races and showed ‘Hass’ contained Guatemalan introgression
in approximately one-third of its genome [108]. In Australia, ‘Hass’, represents 80% of total
production [109] with 2019/20 producing 87,546 tonnes of avocados, an increase of 2%
more than the previous season’s 85,546 tonnes [109]. This increased consumer demand is
due to its popularity as a healthy food; often referred to as a superfood due to its beneficial
nutrients, vitamins, minerals, fiber and healthy fats [110,111]. Consumer market value of
Australian fruit sold domestically was worth ~$845 m in 2019/20 [109].

Due to the vast range of climates and conditions in our eight major avocado grow-
ing regions, avocados are produced all year round [109]. Avocado trees propagated by
seed, take approximately 4–6 years to bear fruit, in some cases they can take 10 years to
come into bearing [111]. Avocado trees are partially able to self-pollinate. Their flowers
behave in synchronous dichogamy, flowers are perfect, bearing both male and female
parts, however the periods of maleness and femaleness are temporarily distinct to enhance
the likelihood of outcrossing [112,113]. The resultant progeny is highly heterozygous in
the desirable parent tree characteristics [114]. New cultivars are normally derived from
chance seedlings or mutations due to the difficult nature of breeding programs, which are
costly, time-consuming and under threat of abiotic and biotic stresses. Nevertheless, the
avocado industry’s goal is to preserve superior cultivars for commercial production. Thus,
to meet this goal, avocado is propagated clonally through grafting with breeding programs
based on both scion and rootstock cultivars. The threat of Ambrosia beetle species and
its symbiont fungus Laurel Wilt disease to the avocado field gene banks and commercial
industry in Florida, California, and Israel is a glaring example of a biotic stress that could
destroy the industry [115]. For scion cultivars the focus is on high yield [116], extending
harvest season, regular bearing tendencies and disease resistance e.g., Anthracnose [117],
Cercospora spot [118] and Verticillium wilt [117]. Rootstocks are often selected for dwarf
size [119], salinity tolerance, adaptation to alkaline soil [119,120] and pest and disease
resistance [120] such as Phytophthora cinnamomi Rands and Rosellina necatrix [121]. Clonal
rootstocks are thought to be the only rootstocks for the future for achieving sustainable
productivity gains [122–124]. These influence the total productivity of the plant in terms
of yield and health. Rootstocks from Mexico, ‘Orizaba 3’, ‘Antigua’ and ‘Galvan’, show a
universal adaptation to multiple soil stress problems. The last two, also, have tolerance
to P. cinnamomi [96]. Many breeding programs have concentrated on the development of
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new rootstocks such as ‘Dusa’, ‘Bounty’ and ‘Velvick’ [125] to help the industry overcome
these threats [126]. ‘Dusa’s popularity has increased significantly since the mid-2000s. It is
a common standard against which other P. cinnamomi tolerant rootstocks are compared in
international breeding programs. It has been reported to bear fruit even under heavy P. cin-
namomi disease pressure and has higher yields than many other rootstocks [127]. ‘Bounty’
is often selected for its P. cinnamomi tolerance and ability to survive in wet soils [127].

5.2. Avocado Conservation
5.2.1. Global Germplasm Repositories

Field living germplasm collections (Table 6) and (Figure 1), are currently the most used
conservation method, but funding and threats from natural calamities; pest and diseases
are a problem.

Table 6. Avocado germplasm maintained as field repositories throughout the world.

Country Germplasm Repositories No. of Accessions References

USA The Huntington San Marino CA 56 Persea americana accessions
4 wild Persea spp (6 accessions) [128]

USA Riverside University CA
~230 avocado scion accessions [129]

~15 wild Persea spp.
~246 avocado rootstock accessions [129,130]

USA National Genetic Resources Program, Miami, Florida P. americana (167 accessions) and P. schiedeana
(1 accession) [44,131]

USA The Sub-Tropical Horticulture Research Station, Miami,
Florida ~400 avocado accessions [132]

Mexico National Research Institute of Forestry and Livestock
in Guanajuato

500 accessions belonging to P. americana: Mexican and
Guatemalan races. Related species: P. schiedeana, P.

cinerascens, P. floccosa, P nubigena
[133]

Mexico State of Mexico of the Fundación Salvador Sanchez
Colin-CICTAMEX, S.C.

800 accessions of avocado and related species.
Mexican, Guatemalan, West Indian races, P. americana

var. costaricensis race materials.
[133]

Mexico Coatepec Harinas and Temascaltepec; State of Mexico

Wild relatives: Beilschmiedia anay, B. miersii, P.
schiedeana, P. longipes, P. cinerascens, P. hintonni, P.

floccosa, P. tolimanensis, P. steyermarkii, P. nubigena, P.
lingue, P. donnell-smithii, P. parvifolia, P. chamissonis,

Persea spp.

[133]

Ghana University of Ghana Forest and Horticultural Crops
Research Centre

110 local land races and 5 varieties from South Africa
(‘Hass’, ‘Fuerte’, ‘Ryan’, ‘Ettinger’ and ‘Nabal’ [134]

Israel Volcanic Centre in Bet Dagan 194 trees, propagated from 148 accessions [96]

Spain The Experimental Station ‘La Mayora’ in Malaga 75 avocado accessions [132,135]

Cuba N/A 210 genotypes [132]

Chile N/A 4 botanical breeds of P. americana: var. drymifolia, var.
guatemalensis, var. jacket and var. costaricencis [132]

Australia Maroochydore Research Station 46 avocado accessions [136]

Nigeria 8 avocado accessions [137]

Brazil Brasilia, in the Federal District, depending on the
Embrapa Research Institute 30 avocado accessions [138]

Brazil Conceicao do Almeida and Juazeiro collections, both in
the Bahia State 22 avocado accessions [138]

Brazil Piracicaba, in the Sao Paulo State 33 avocado accessions [138]

Brazil Jaboticabal, in the Sao Paulo State 7 avocado accessions [138]
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Figure 1. One of the 56 avocado accessions being maintained in The Huntington Botanical Gardens
[in San Marino, California USA] living germplasm collection.

5.2.2. Cryopreservation of Avocado Somatic Embryos

To preserve global avocado diversity; development of improved technologies for avo-
cado conservation, breeding/improvement and propagation is essential. In vitro somatic
embryogenesis has direct importance to these objectives [139,140]. Somatic embryogenesis
is the process by which somatic cells give rise to totipotent embryogenic cells capable of
becoming complete plants [141]. Somatic embryogenesis can be a robust tool to regenerate
genetically clonal plants from single cells chosen from selected plant material, or genetically
engineered cells [142]. Somatic embryogenic cultures are generally highly heterogeneous
since they consist of embryos at different developmental stages [143]. Though heterozy-
gous in nature when regenerated using zygotic embryos as explants, cryopreservation of
avocado somatic embryos offers an attractive pathway to conserve avocado germplasm. Re-
covery of plantlets from somatic embryos and clonal multiplication in vitro is an essential
step for commercial application of this technology to crop improvement [144].

Somatic embryogenesis in avocado was first achieved using immature zygotic em-
bryos of cv ‘Hass’ [145]. Studies have reported that the embryogenic capacity of avocado
was highly genotype dependent [146]. To improve somatic embryogenesis previous studies
have shown that several factors are vital for success, (1) composition of media, (2) hor-
mone type and concentration, (3) type and concentration of gelling agent and (4) light
intensity [147]. Morphogenic competence of somatic embryos has been reported to be
lost 3–4 months after induction depending on the genotype [145,148]. In addition, the
main factor limiting conversion of somatic embryos into plantlets is incomplete matura-
tion [149]. Studies have found that there are two types of regeneration that occur after
maturation; unipolar (only shoot apex or root) and bipolar (both shoot apex and root).
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Shoots regenerated from unipolar embryos can either be rooted or rescued using in vitro
micrografting [150]. Studies have shown that the percentage of high-quality bipolar em-
bryos from avocado somatic embryos was extremely low at 2–3% and was genotype
dependent [145,150,151]. This low rate of somatic embryo conversion is currently the
main bottleneck in avocado regeneration via somatic embryogenesis [144]. A study de-
scribed an in vitro induction and multiplication system for somatic embryos of avocado,
across four cultivars, which remained healthy and viable for 11 months, on a medium
used for mango somatic embryogenesis [139]. Furthermore for one of the cultivars, culti-
var ‘Reed’, a two-step regeneration system was developed that resulted in 43.3% bipolar
regeneration [139].

Cryopreservation of avocado somatic embryos has been successful for various culti-
vars (Table 7). The effect of cryogenic storage on five avocado cultivars (‘Booth 7’, ‘Hass’,
‘Suardia’, ‘Fuerte’ and ‘T362’) using two cryopreservation protocols (controlled-rate freez-
ing and vitrification) was investigated [152]. In terms of controlled-rate freezing, three out
of five embryogenic cultivars were successfully cryopreserved with a recovery of 53 to 80%.
Using vitrification, cultivar ‘Suardia’ showed 62% recovery whereas ‘Fuerte’ had only a 5%
recovery. When the droplet-vitrification technique was used, two ‘Duke-7’ embryogenic
cell lines showed viability ranging from 78 to 100% [153]. Protocols employed in both
studies cannot be applied in general to multiple cultivars and optimization of loading
sucrose concentrations and plant vitrification solution 2 (PVS2), temperature and times
need more intensive research.

Table 7. Summary of successfully applied cryopreservation techniques to avocado somatic embryos.
* Recovery is defined as any somatic embryo clump which was proliferating into new callus clumps.

Cryopreservation Technique Cultivars * Recovery Percentages

Vitrification

‘Suardia’ 62%
‘Fuerte’ 5% [152]

‘A10’ 91%
‘Reed’ 73%

‘Velvick’ 86%
‘Duke 7’ 80% [144]

Slow freezing
‘Suardia’ 60–80%

‘T362’ 4–53%
‘Fuerte’ 73–75% [152]

Droplet vitrification

‘A10’ 100%
‘Reed’ 85%

‘Velvick’ 93% [144]
Two lines of ‘Duke 7’ 78–100% [153]

5.2.3. Shoot-Tip Cryopreservation of Avocado

Cryopreservation is a secure and cost-effective method for long-term storage of av-
ocado. It provides a high degree of genetic stability in maintaining avocado collections
for the long-term compared to other conservation methods. Shoot-tip cryopreservation
conserves ‘true-to-type’ avocado plant tissue. It is ideal for preserving a core selection of
avocado genotypes, for example, with superior characteristics, disease and pest resistance,
rarity, drought and salinity tolerance. In one study, it was shown that axillary buds of
Mexican and Guatemalan races were viable through fluorescein diacetate staining after
dehydration with sterile air and being treated with cryopreservation solutions; however,
shoot regeneration was not achieved with the cryopreserved material [154]. Another study,
showed that dehydration at 60 min with sterile air and 30 min in PVS4 at 0 ◦C produced
normal plant development and 100% survival was obtained after 30, 45 and 60 days [155].
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5.2.4. Critical Factors Identified for Successful Cryopreservation of Avocado Shoot-Tips

Although still cultivar-dependent, in vitro protocols have been established for multi-
ple cultivars of avocado [111] advancing cryopreservation of avocado. Droplet vitrification
can be considered as a “generic” cryopreservation protocol for hydrated tissues, such
as in vitro cultures [49,156]. Vitrification-based procedures offer practical advantages in
comparison to classical freezing techniques and are more appropriate for complex organs
e.g., avocado shoot tips, which contain a variety of cell types, each with unique require-
ments under conditions of freeze-induced dehydration [157]. A problem associated with
cryopreservation is formation of lethal ice crystals. To overcome this vitrification makes
use of the physical phase called ‘vitrification’, i.e., solidification of a liquid forming an
amorphous ‘or glassy’ structure [7] to avoid ice crystal formation of a watery solution.
Glass is viscous and stops all chemical reactions that require molecular diffusion, which
leads to dormancy and stability over time [158]. Samples can be vitrified and rapidly super-
cooled at low temperatures and form in a solid metastable glass with crystallization [66].
For procedures that involve vitrification, cell dehydration occurs using a concentrated
cryoprotective media and/or air desiccation and is performed first before rapid freezing
in LN [157]. It is important that cells are not damaged or injured during the vitrification
process and are vitrified enough to sustain immersion in LN [24]. As a result, all factors
that affect intracellular ice formation are avoided [157].

Oxidative stress is a common and often severe problem in plant tissue [159,160] of
most woody plant species, such as avocado. Therefore, it is important to optimize regrowth
conditions of extracted avocado shoot tips to prevent browning when developing an
in vitro cryopreservation protocol. Browning of cell tissue takes place as the cytoplasm and
vacuoles are mixed and phenolic compounds readily become oxidized by air, peroxidase or
polyphenol oxidase. Oxidization of phenolic compounds inhibit enzyme activity and result
in darkening of the culture medium and subsequent lethal browning of explants [161].
The antioxidant ascorbic acid (ASA) or vitamin C (ASA) occurs naturally in plants, in
plant tissue and meristems [162]. It has many roles in a plant’s physiological processes
but mainly in its defense against oxidative damage resulting from aerobic metabolism,
photosynthesis, pollutants and other stresses caused by the environment [163]. Wounding
of avocado tissue can lead to an increase in reactive oxygen species (ROS) within the shoot
therefore affecting the viability. ROS are highly reactive molecules and have been shown
to cause damage in cells. Many molecules are considered as ROS, some of which include
oxygen-free radical species and reactive oxygen non-radical derivatives [48]. The most
common ROS species found in plants are superoxide (O2

−), hydroperoxyl (OOH), hydroxyl
radical (OH) and singlet oxygen (O2) [48]. ASA has an important role in the detoxification
of ROS species both enzymatically or non-enzymatically [164]. It can do this by scavenging
a singlet oxygen, hydrogen peroxide, superoxide and hydroxyl radical [163].

It has been reported by several authors that the addition of antioxidants can help in-
crease the viability of plants by suppressing browning which leads to shoot tip
death [83,165–169]. By maintaining a higher antioxidant level protection improved post
cryopreservation [166]. It has been reported that in Actinidia spp. (kiwifruit) the addition
of ASA in regrowth media improved the survival after cryopreservation by reducing lipid
peroxidation [83]. The addition of ASA to pre-culture media, loading solution, unloading
solution and regrowth media significantly increased regrowth of shoot tips of Rubus spp.
(raspberry) [168]. A recent study found treating Persea americana cv ‘Reed’ (avocado), with
varying concentrations of different antioxidants (ASA, polyvinylpyrrolidone [PVP], citric
acid and melatonin) reduced browning caused when extracting shoot tips. The type of
antioxidant and concentration had an effect on viability, vigor and health of the shoots [170].

Avocado is highly susceptible to osmotic stresses imposed by cryoprotectants which
are high in osmolarity. Cold sensitive species such as avocado are likely to be positively
responsive to vitrification treatments during cryopreservation if optimizations are done
carefully [171]. In order to improve on tolerance to cryoprotectants and increase permeation
of the cryoprotectant through the cell membrane and induce tolerance to dehydration
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caused by vitrification solutions, a pre-step called ‘loading’ is used [52]. Loading is achieved
by incubating tissues for 10−20 min in solutions composed of glycerol and sucrose [48].
This loading step is particularly useful for plant species, that are sensitive to direct exposure
to cryoprotectants due to dehydration intolerance and osmotic stresses [48]. However, use
of loading solution alone for avocado shoot tips is not adequate to induce tolerance to
cryoprotectants, and other pre-treatments/pre-culture such as osmotic conditioning with
sugars and cold acclimatization are necessary [172].

Pre-culturing shoot tips with a high sugar enriched media has been reported previ-
ously by several authors [173–175] to increase the viability post-cryopreservation by better
pre-conditioning the shoot. Also, time of incubation in pre-culture solutions was critical
to ensuring survival and high regrowth rates [55,176]. There have been attempts to use
alternative sources of sugar in pre-culture media, such as, sorbitol or mannitol [177–180],
glucose and fructose; all have shown no negative effects on post-cryopreservation sur-
vival [181]. However, most researchers prefer to use sucrose as the sugar source when
adding to pre-culture media [181]. Sucrose has been found to be more beneficial in pre-
culture as compared to sorbitol and mannitol as these two sugars were unable to support
regrowth of olive somatic embryos [182]. However, when 0.2 M sorbitol was combined with
5% DMSO it was an effective cryoprotectant for embryogenic tissue of Pinus roxburghii Sarg.
(chir pine) [183]. Sucrose is an excellent glass former and is able to stabilize membranes
and proteins [184]. Sucrose stimulates the production of other elements such as proline,
glycine betaine, glycerol and polyamines, which have colligative as well as non-colligative
effects [185,186]. Of the above-mentioned sugars [187], glycerol [188], proline [189] and
glycine betaine [190] have proved their cryoprotectant ability, whereas polyamines are
known for their antioxidant properties. Therefore, these compounds play a vital role in
protecting the cells during cryopreservation. It has also been shown that pre-culturing in
high sucrose media enhances the acclimatization process to low temperature and stimulates
osmotic dehydration [47].

Water availability and temperature are influenced by environmental variables and
are major determinants of plant growth and development [191]. Most tropical and sub-
tropical species have little to no freezing tolerance, however, temperate plant species
have evolved some form of cold tolerance [191,192]. It has been shown in temperate
plants that they have the genetic ability to increase cold tolerance significantly when
exposed to environmental cues that signal the arrival of winter [193]. Many plants can
increase their tolerance to the cold by exposure to lower temperatures, generally with
temperatures below 10 ◦C [193]. This process is referred to as cold hardening or cold
acclimatization (CA) and requires days to weeks for full development [50,193,194]. Several
biochemical, physiological and metabolic functions are altered in plants by low temperature
as well as gene expression [195]. Expression of cold induced genes include those that
control the function of cell membranes to stabilize and protect themselves against freezing
injury [196]. Freezing tolerance can be increased by 2–8 ◦C in spring annuals, 10–30 ◦C
in winter annuals and 20–200 ◦C in tree species [193]. Cold acclimatization can help
improve the regrowth rates of in vitro plants, improve regeneration rates [197]. Cold
acclimatization has been used as an in vitro pre-treatment on donor plants before shoot
tip extraction [198] in developing cryopreservation protocols in plants such as Malus
domestica Borkh (apple), Malus sieversii (Ledeb.) (wild apple) and Phoenix dactylifera (date
palm) [199,200]. Cold acclimatization with or without ABA significantly improved the
survival of Rubus spp. [201]. Abscisic acid (ABA) pre-treatment alone could not increase the
survival of plants grown under warm conditions after cryopreservation, but the survival
tripled when cold acclimatization was combined with ABA pre-treatment [201]. High
sucrose (0.3 M) or low temperature (10 ◦C) incubation treatments primed in vitro plants of
cvs ‘Reed’ and ‘Velvick’ shoot tips to tolerate cryoprotectant (PVS2) treatments but was
cultivar-specific [202].
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6. Conclusions

Field living germplasm collections are currently the only conservation method for
avocado, but funding and threats from natural calamities; pest and diseases are a prob-
lem. Cryopreservation is an invaluable tool that could be utilized in conjunction with
field repositories to securely preserve this important horticultural crop. There have been
significant improvements within the cryopreservation platform to preserve Persea spp.
germplasm [202–204]. Studies have shown that cryopreservation of somatic embryos offers
usefulness in conserving Persea germplasm biodiversity [144,152,153]. An important factor
for somatic embryos is that regeneration can be achieved after exposure to LN to ensure
that protocols can be effectively applied for conservation programs [176]. Cryopreservation
of somatic embryos is valuable as it is readily retrievable for further biotechnology ma-
nipulations as well as storage of biotechnology products such as genetically transformed
lines [23,205].

To date, although cultivar-dependent, in vitro multiplication protocols have been
established for maintaining multiple avocado cultivars in tissue culture from mature
glasshouse cuttings [111]. This can be used to supply new plants to avocado farmers,
meeting a critical issue that is preventing the expansion of industry, the shortage of available
avocado trees. Twenty thousand in vitro plants can be maintained in a 10 sqm tissue culture
room saving on land, fertilizer, pesticides promoting an environmentally sustainable and
efficient method of multiplication of avocado plants.

Development of the in vitro shoot-tip cryopreservation protocol was highly dependent
on the availability of this reliable in vitro multiplication and regeneration protocol. For
the first time studies [202–204] have shown that in vitro cryopreservation using droplet-
vitrification for mature material of two avocado cultivars have been successful. Correctly
treating avocado shoot tips with the ideal pre-treatment before LN is vital for a successful
outcome [202]. It was identified that the use of 100 and 250 mg L−1 of ASA can effectively
reduce browning of freshly extracted avocado shoot tips [170,202]. High sucrose and cold
pre-treatments are effective in increasing survivability following cryoprotectant incubation
of avocado shoot tips. While pre-treatments are effective for avocado, the type of pre-
treatment needed and the degree of effectiveness was cultivar-specific [202]. This can be
directly linked to the genetics of the two cultivars which display varying tolerance to cold
and salinity in their natural growing environments; namely, cv ‘Velvick’ from West Indian
race (no cold tolerance) and cv ‘Reed’ from Guatemalan race (moderate cold tolerance) [204].
The type of cryoprotectant and exposure time to the cryoprotectant was also essential in
obtaining morphologically normal and vigorous plants [204]. Avocado shoots that survived
LN grew into full plants ready for rooting after 24 weeks [204]. Cultivar ‘Reed’ shoots were
successfully rooted [206] and after 8 weeks, plantlets were ready to be acclimatized in a
University of Queensland glasshouse (Figure 2). These plants will be screened for growth
parameters and yield in a field trial at Duranbah, Queensland. Shoot tips from cv ‘Velvick’
are currently in the rooting stage.

In vitro multiplication and in vitro cryopreservation protocols provide another set
of tools that can be used to preserve global avocado diversity to improve conservation
germplasm collections, breeding and propagation. Somatic embryogenesis, cryopreser-
vation of somatic embryos and shoot tips, have the ability to be adapted to lead to the
establishment of a global Cryo-Bank conserving avocado biodiversity and offering a source
of disease-free genetic material. They provide useful tools for further optimization of the
species and other woody plant species facing similar challenges in conservation. Shoot
tip cryopreservation is ideal for preserving a core selection of avocado genotypes, for
example, with superior characteristics, disease and pest resistance, rarity, drought and
salinity tolerance. Shoot tip cryopreservation of avocado is a major breakthrough and this
work can pave the way for storing a core collection of Persea spp. for true-to-type avocado
shoot tip preservation.
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Figure 2. Shoot tips of cv ‘Reed’ treated with VSL and revived from LN growing in a glasshouse.
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