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Abstract: The conservation of plant genetic resources is fundamental for the
development of agriculture. The development of efficient cryopreservation
protocols has become an effective tool to preserve cells, tissues and organs
of different plant species. We sought here to develop an efficient method of
cryopreservation of Eucalyptus grandis employing the V cryo-plate technique.
This experiment examined the exposure of shoot tips to three different cryopro-
tectants (PVS2, PVS3, and PVS4). The cryoprotectants PVS2 and PVS4 proved to
be more efficient among the cryoprotectants tested, as 44.4% of the shoot tips
immersed in those solutions survived, and 31.1% generated new shoots. Ethylene
glycol was found to be a key compound for the successful cryopreservation of
shoot tips, in light of its low toxicity as compared to other cryoprotective com-
pounds. Thus, the methodology developed here represents an effective method
for the conservation of E. grandis germplasm through cryopreservation and the
use of the V cryo-plate technique.
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INTRODUCTION

The genus Eucalyptus comprises more than 700 species, subspecies, varieties,
and natural hybrids, and many of them have been introduced throughout the
world, mainly in tropical and subtropical regions (Grattapaglia and Kirst 2008,
Gongalves et al. 2013). The large-scale planting of Eucalyptus taxa reflects their
rapid growth, high productivity, and the multiple uses of their woods, and has,
in turn, generated large investments by companies that use wood products in
industrial processes (Grattapaglia and Kirst 2008).

Due to the great commercial importance of eucalyptus products, companies
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maintenance of genetic material. Cryopreservation, therefore, presents itself as a technique potentially capable of
minimizing damage caused by prolonged exposure to environmental vagaries (Rao 2004).

Cryopreservation involves storing plant material at ultra-low temperatures, such as in liquid nitrogen (-196 °C), a
condition in which metabolic activities cease and no genetic alterations occur in the cryopreserved material (Engelmann
2004). That technique can complement other existing preservation methods and serve as a backup for broad genetic-
based breeding programs, for the maintenance of superior clones during field trials, and the maintenance of endangered
species (Padayachee et al. 2009, Carneros et al. 2017, Gross et al. 2017, Li et al. 2018, Bettoni et al. 2019). Additionally,
cryopreservation requires only minimum space for genotype maintenance, is a relatively low-cost technique, has a low
incidence of contamination, and limits somaclonal variation (Engelmann 1992, Pukacki and Juszczyk 2015, Ahn and
Choi 2017).

Despite the many advantages of cryopreservation, viable protocols that can guarantee good rates of regeneration
of the material after cryopreservation are not yet available for most species, thus limiting its application for long-term
germplasm conservation (Funnekotter et al. 2017). Several factors can influence plant recovery afterimmersion in liquid
nitrogen, including the age of the mother plant that provided the explant, resistance of tissues during dissection, the
type of cryoprotectant solution employed, the time of exposure to it, and the specific cryopreservation techniques to
be employed (Sakai and Engelmann 2007, Uchendu and Reed 2008, Melo et al. 2011, Engelmann 2014).

Plant explants can be cryopreserved using encapsulation-dehydration or vitrification techniques. The high applicability
of the vitrification technique in several crops, as well as its rapid implementation, have led to numerous variations of
this method, such as droplet-vitrification (Panis et al. 2005), encapsulation-vitrification (Fabre and Dereuddre 1990),
vacuum infiltration vitrification (Nadarajan and Pritchard 2014), and the use of cryo-plates (Yamamoto et al. 2011). The
use of aluminum cryogenic plates facilitates the handling of shoop tips, avoiding minimal injuries and optimizing the
explant cooling and heating process, which will result in high survival rates and shoot tips development. This is because
the shoot tips are fixed to the plate, facilitating their manipulation in the cryopreservation process (Gupta 2014). The
cryo-plate method stands out as being simple (which facilitates the large-scale storage of cryopreserved explants)
and for its regeneration percentages that reach 90% for some species (Yamamoto et al. 2011, Yamamoto et al. 2012,
Engelmann 2014, Pettinelli et al. 2017). There are still no reports, however, of the cryopreservation of any Eucalyptus
taxa using the cryo-plate technique.

Plant Vitrification Solutions (PVS) represent the most commonly used cryoprotective solutions. They serve the function
of removing and replacing the water inside the cells before the freezing process, while avoiding excessive dehydration
—although all PVS have different modes of action that reflect their individual chemical compositions (Gross et al. 2017,
Volk and Caspersen 2017). One of the most commonly used components in PVS solutions is ethylene glycol, as it easily
permeates cell membranes and has low toxicity (Turner et al. 2001, Volk et al. 2006).

We therefore sought to develop an efficient method for the cryopreservation of Eucalyptus grandis shoot tips using
the cryo-plate technique by testing shoot tips of different origins, evaluating different cryoprotectant exposure times,
and determining the most efficient cryoprotectant solution.

MATERIAL AND METHODS

Explant origins

We used shoot tips originating from 30-day-old seedlings that had been germinated in vitro. To obtain the shoot
tips, E. grandis seeds were disinfected in 70% ethanol for 30 seconds, immersed in a 2.5% sodium hypochlorite solution
with two added drops of commercial detergent, and then shaken for 20 minutes. The seeds were then triple rinsed
with sterile distilled water in a laminar flow chamber and the excess water was removed using sterile filter paper. The
seeds were subsequently inoculated for germination onto 40 mL of semisolid MS medium (Murashige and Skoog 1962),
supplemented with 30 g L' of sucrose and 4.0 g L of agar (adjusted to pH 5.8). The seeds were kept illuminated for 20
days and were allowed to germinate, after which their shoot tips were removed.

The shoot tips (1-2 mm) were excised while being viewed under a stereo microscope (in a laminar flow chamber) and
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were maintained in MS medium, plus 30 g L of sucrose and 4.0 g L of agar (pH 5.8) until initiating the cryopreservation
process.

Cryopreservation using the cryo-plate technique and different cryoprotectants

The shoot tips were subjected to a dehydration pre-treatment to remove some of the cellular water before the freezing
step. To that end, the shoot tip was held for 24 hours in each of two semisolid MS media with high concentrations of
sucrose (0.25 M and 0.5 M), in the dark at 26 + 2 °C.

To encapsulate the shoot tip, a 3% alginate solution containing 30 g L sucrose in calcium-free MS medium was
pipetted into each cryo-plate well. The aluminum cryo-plates used were 7 mm x 37 mm x 0.5 mm, with 10 wells each
(well diameters 1.5 mm, depth 0.75 mm). One shoot tip was then placed in each cryo-plate well and covered with 3.0
UL of a 100 mM calcium chloride solution. The shoot tips became encapsulated within 30 minutes and adhered to the
cryo-plate.

The cryo-plates containing the shoot tips were then immersed in a loading solution (2 M of glycerol and 0.4 M
of sucrose in MS medium) for 15 minutes at room temperature, and subsequently immersed in the cryoprotectant.
Three different cryoprotectants, PVS2, PVS3, and PVS4, were used (Table 1), and incubated at 0 °C for 60 minutes. The
cryo-plates were then transferred to 2.0 mL cryo-tubes containing liquid nitrogen and those were immersed in liquid
nitrogen for one hour.

After one hour, the cryo-plates were removed from the liquid nitrogen and immediately immersed in a recovery
solution (MS medium containing 1.2 M of sucrose), where they remained for 15 minutes at room temperature. Then, to
start the shoot tip rehydration process, the cryo-plates were placed in liqguid WPM medium (supplemented with 50 g L*
of sucrose, 100 mg L* of ascorbic acid, 0.5 mg L' of BA, and 0.02 mg L of NAA [at pH 5.8]) to remove possible residues
from the previous solution. After that washing, the shoot tips were removed from the cryo-plates, inoculated into Petri
dishes containing WPM semi-solid medium (Lloyd and McCown 1981) with 30 g L* of sucrose, and held under low light
for five days in a growth room (photoperiod of 16 hours of light, at 26 + 2 °C). They were then transferred to direct light,
where they remained during the regeneration process.

Table 1. Composition of the cryoprotectants used in the treatments

Cryoprotectant Composition” Reference

MS Medium, 0.4 M Sucrose, 30% Glycerol,
15% DMSO (dimethyl sulfoxide), 15% Ethylene glycol

PVS3 MS Medium, 0.5 M Sucrose, 50% Glycerol Nishizawa et al. (1993)

MS Medium, 0.6 M Sucrose, 35% Glycerol,
20% Ethylene Glycol

PVS2 Sakai et al. (1990)

PVS4 Sakai (2000)

* All cryoprotectants had their pHs adjusted to 5.8.

Experimental evaluations

Survival percentages were evaluated 15 days after cryopreservation; shoot tip regeneration was evaluated after 30
days. The culture medium was renewed at that time, using the same formulation.

After 60 days, the regenerated shoots were transferred to glass jars containing the same WPM medium used in the
plates, and the numbers of shoots per shoot tip were counted. After 90 days, the shoots were then transferred to other
jars containing semisolid WPM medium, supplemented with 0.01 mg L* of BA, 0.1 mg L' of NAA, 0.1 mg L? of IBA, 20
g L of sucrose, and 4 g L of agar (at pH 5.8), for the elongation of the aerial part and rooting.

Statistical analyses

A completely randomized design (CRD) was used in the experiment, which tested different cryoprotectants, with
each repetition using 24 shoot tips, totaling 72 shoot tips per treatment. The data from the experiments were subjected
to analysis of variance, and means were compared using Tukey’s test at a 5% level of significance, employing SISVAR
software (Ferreira 2008) for the statistical tests.
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RESULTS AND DISCUSSION

Cryopreservation is currently the only safe and economical means of long-term conservation of genotypes (Dixit et
al. 2005). However, several factors can interfere in that process and in the recovery of material after freezing.

In order to improve the survival and regeneration rates of the shoot tip, and establish cryopreservation as a viable
alternative for the preservation of E. grandis, three cryoprotectants (PVS2, PVS3, and PVS4) were tested in this experiment.
Shoot tip from 30-day-old seedlings were used as explants, and the exposure time to the cryoprotectants was 60 minutes.
Our results indicated that the different PVS solutions influenced the survival and regeneration percentages of the shoot
tips, as well as subsequent shoot formation (Table 2). The cryopreservation steps and shoot tip regeneration data are
summarized in Figure 1.

The cryoprotectants tested that had the highest survival percentages were PVS2 and PVS4, with 45.5% and 43.33%
survival, respectively. Much lower shoot tip protection efficiency was obtained with PVS3, as none of the shoot tips
exposed to that cryoprotectant survived after immersion in liquid nitrogen, although many of the shoot tips exposed
to PVS3 for 60 minutes were able to survive (62.22%) and regenerate (53.33%), but not those that had been immersed
in liquid nitrogen (LN").

In terms of the numbers of shoots produced (except for the shoot tips exposed to PVS3, which generated no shoots),
the shoot tips exposed to all of the treatments regenerated multiple shoots, even those that had been immersed in
liquid nitrogen. After regenerating shoots, the cryopreserved explants held in an environment that promoted elongation
developed aerial parts and were able to subsequently root in vitro (Figure 1) — indicating that the cryopreservation
method allows the regeneration of E. grandis mini-cuttings.

The cryoprotectant PVS3 proved to be the least efficient in protecting shoot tips during cryopreservation. PVS3
contains a high concentration of glycerol as compared to PVS2 or PVS4 (Table 1), but that component was not sufficient
to guarantee apex survival. Glycerol has been shown to be effective in protecting some explants (Turner et al. 2001, Ellis
et al. 2006, Volk et al. 2006), although it causes plasmolysis during cryopreservation in others (Volk and Walters 2006,
Volk and Caspersen 2017), an effect due to its high molecular weight and significant viscosity (which makes it difficult
to penetrate into the cells) (Kim et al. 2009).

The success of the cryopreservation of plant materials will depend on the combination of several compounds that
can prevent further explant dehydration and facilitate vitrification during direct immersion in liquid nitrogen (Brison
et al. 1995, Bekheet et al. 2020). It has been shown that the addition of DMSO and ethylene glycol to cryoprotectant
solutions can increase the stability of the vitreous state of the water in the cell membrane, thus reducing intracellular ice
formation (Turner et al. 2001, Kreck et al. 2011, Malajczuk et al. 2013). Both DMSO and ethylene glycol are penetrating
cryoprotectants that show more rapid permeability through cell walls and the protoplast than compounds such as
sucrose and glycerol (Tao and Li 1986, Volk et al. 2006). Additionally, ethylene glycol has low toxicity and, when used in
combination with high concentrations of sucrose, improves the formation of the vitreous state in the cells and so favors
greater explant survival (Turner et al. 2001, Oliveira et al. 2003). DMSO is present in PVS2, and ethylene glycol is present
in both PVS2 and PVS4 at similar concentrations, indicating that the latter was essential for the success of E. grandis

Table 2. Cryopreservation of E. grandis seedling shoot tips using different cryoprotectants (PVS2, PVS3, and PVS4)

Treatment % Survival % Regeneration N. Shoots
Control 8l.11a 72.22a 45a
PVS2 LN- 61.11a 47.77 ab 34a
LN* 45.55b 28.88b 22a
PVS3 LN- 62.22 a 53.33 ab 32a
LN* 0.00 ¢ 0.00 ¢ Ob
PVS4 LN- 52.22 ab 42.22b 18a
LN* 4333 b 33.33b 10a

* Means followed by the same letters do not differ statistically by Tukey’s test (p<0.05).
Control: shoot tips subjected to pre-treatment with sucrose; LN" = shoot tips exposed to cryoprotectants, but not immersed in liquid nitrogen; LN* = shoot tips subjected
to all stages of cryopreservation.
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Figure 1. Cryopreservation of E. grandis shoot tips. (A) 30-day-old seedlings of E. grandis (4.5 cm) as the source of cryopreserved
shoot tips; (B, C) Regeneration of shoot tips in the control treatment after 30 and 60 days, respectively; (D, E, F) Regeneration of shoot
tips exposed to the cryoprotectants PVS2, PVS3, and PVS4 (respectively) after 30 days of cryopreservation; (G) 60-day-old shoots
after cryopreservation using the cryoprotectant PVS2; (H) Shoots in the elongation medium for 90 days, after cryopreservation using
the cryoprotectant PVS2; (1) Mini-cuttings rooted in rooting medium after cryopreservation using PVS2 and subsequent exposure to
shoot-elongation medium.

cryopreservation. Shoot tips that were treated with those two cryoprotectants showed high survival and regeneration
rates as compared to those treated with PVS3, and even formed new rooted plants.

In addition to the chemical compositions of the cryoprotectants, the temperature maintained during their
inoculation (0 °C) will also influence root tip protection. Low temperatures enhance the cryoprotectant efficiencies
of solutions containing high toxicity components, such as PVS2, as low temperatures will reduce the speed at which
the solution penetrates the cells and thus minimize its toxic effects. Ideal temperatures can vary, however, as slightly
higher temperatures will favor the penetration of less toxic cryoprotectants and thus increase cell protection rates.

The efficiencies of the cryopreservation of PVS2 and PVS4 had been demonstrated in other species (Kaya et al. 2013,
Bustam et al. 2016, Kaya and Souza 2017, Tahtamouni et al. 2017, Volk et al. 2018, Uchendu et al. 2019, Bettoni et al.
2019), with survival rates similar to, or higher than, those seen with E. grandis. A study using Cannabis sativa likewise
evaluated the efficiency of PVS2, PVS3, and PVS4 as cryoprotectants, and the explants exposed to PVS3 showed the
lowest regeneration percentages (Uchendu et al. 2019).

Most of the shoot tips in the present study that were exposed to PVS3 for 60 minutes, but not immersed in nitrogen
(LN"), survived and regenerated; it is therefore most probable that the shoot tips that had been immersed in liquid
nitrogen (LN*) did not survive due to negative effects of the very low temperature —and not because of some toxic effect
of that cryoprotectant. That hypothesis could be tested by increasing the exposure time of the root apices to PVS3, and
then assessing any improvements in its cryoprotective capacity.
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In addition to optimizing some of the key parameters for cryopreservation success, this work was the first to use cryo-
plates for the cryopreservation of eucalyptus. The cryo-plate method unites two different approaches with numerous
advantages when compared to other vitrification techniques, including: reduced handling of the explants; faster
procedures; explant protection via dehydration with cryoprotectants; cryopreservation of large numbers of samples
simultaneously; and high survival and regeneration rates (Yamamoto et al. 2012, Engelmann 2014, Niino et al. 2014,
Arizaga et al. 2017, Pettinelli et al. 2017).

A study using the cryo-plate technique with date palms revealed that, when combined with sucrose pre-treatment
steps, the regrowth intensities of cryopreserved explants increased greatly, with rates close to 90% (Salma et al. 2014),
as sucrose initiates the process of explant dehydration and thus avoids osmotic shocks and improves recovery after
exposure to liquid nitrogen (Engelmann 2014, Salma et al. 2014). Additionally, cryopreservation using cryo-plates reduces
direct contact of the explants with the vitrification solutions, as the alginate capsule formed around the explants helps
protect them from direct exposure to those very toxic solutions (Sakai and Engelmann 2007, Pettinelli et al. 2017). The
combination of those strategies makes this a viable cryopreservation alternative, especially for sensitive plants.

All the advantages cited above, together with the good survival and regeneration rates obtained with PVS2 and
PVS4, make the cryo-plate methodology described in this work a viable alternative for the conservation of E. grandis
germplasm. Our results also indicate ethylene glycol as a key compound in the success of cryopreservation techniques
with eucalyptus shoot tips.

CONCLUSION

The cryo-plate technique was shown to be a viable methodology for the cryopreservation of E. grandis shoot tips,
provided that adequate explant sources and cryoprotectants are used. Cryoprotectants PVS2 and PVS4 proved to be
efficient in cryopreservation, with high percentages of regeneration and shoot production, as well as the subsequent
formation of rooted mini-cuttings in vitro. Those high rates were associated with the cryoprotective capacity of ethylene
glycol and its low toxicity.
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