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Advances in cryopreservation of
Syzygium maire (swamp maire,
maire tawake) zygotic embryos,
a critically endangered tree
species endemic to New Zealand

Karin van der Walt™!, Jayanthi Nadarajan®', Liya Mathew?,
Jean C. Bettoni** and Juliana A. Souza®®

*Otari Native Botanic Garden, Wellington City Council, Wellington, New Zealand, ?New Cultivar
Innovation, The New Zealand Institute for Plant and Food Research Limited, Palmerston North, New
Zealand, *Independent Researcher, Videira, Brazil

Introduction: Syzygium maire is a threatened Myrtaceae tree species endemic to
New Zealand. Due to its highly recalcitrant seed, cryopreservation is the only
viable long-term ex situ conservation option for this species. Our previous
attempts to cryopreserve the embryonic axis (EAs) of S. maire were
unsuccessful but did provide a better understanding of desiccation behavior,
biochemical composition, oxidative status, and ultrastructural changes
associated with desiccation in EAs.

Methods: We incorporated this knowledge with biophysical information to
investigate two advanced cryopreservation technologies: a droplet vacuum
infiltration vitrification (DVIV) method and a novel metal-mesh vacuum
infiltration vitrification (MVIV) method using Plant Vitrification Solution 2 (PVS2)
for cryopreservation of the EAs.

Results: The PVS2 treatment at room temperature (~20°C) proved phytotoxic
with extended PVS2 incubation significantly reducing EA survival. No EAs
survived cryopreservation using DVIV, however MVIV resulted in post-
cryopreservation survival of up to 19% following PVS2 incubation for 20 min.
Biophysical thermal analysis using Differential Scanning Calorimetry revealed a
15-fold reduction in ice crystallization following incubation in PVS2 for 20 min or
more, with all freezable water removed after 60 min incubation.

Discussion: These results present a significant advance in being able to
successfully cryopreserve S. maire EAs. The findings from this study will aid the
development of cryopreservation protocols for other extremely recalcitrant
seeded species, many of which are threatened with extinction due to climate
change, plant pathogens, and habitat destruction.

KEYWORDS

differential scanning calorimetry, recalcitrant, Myrtaceae, myrtle rust, plant vitrification
solution 2 (PVS2), vacuum infiltration vitrification (VIV)
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1 Introduction

Syzygium Gaertn. is the largest genus in the Myrtaceae family
and with more than 6000 species, it is the tree genus with the most
species globally (POWO, 2023). The Pacific region is considered the
center of diversity for Syzygium which originated in Australia-New
Guinea, diversifying eastwards to the Pacific and westwards to India
and Africa (Low et al, 2022). S. aromaticum (glove), commonly
used as a spice, is the best-known species in the genus while S.
aqueum, S. cumini, S. jambos, S. malaccense, and S. samarangense
are widely cultivated for their fruits (Nair, 2017). Medicinal
properties have been formally studied for at least 24 Syzygium
species and there is anecdotal evidence of medicinal or traditional
use for many more species in Africa, Australia, and India (Goyal
and Ayeleso, 2019). Moreover, natural compounds such as
phenolics, oleanolic acid, betulinic acid and dimethyl cardamonin
associated with Syzygium species have been found to inhibit the
proliferation of cancer cells (Chua et al., 2019).

Although most Syzygium species are considered tropical or sub-
tropical, one species, S. maire, is endemic to the temperate regions
of New Zealand (Dawson et al., 2011) where it grows in coastal or
lowland riparian forests in waterlogged ground or on the margins of
streams (Dawson et al., 2011). S. maire is a glabrous tree up to 16 m
high with smooth, grey-brown bark often flaking in irregular
shards. Pneumatophores or the specialized aerial root systems
adapted for oxygen uptake in plants growing in swamps, or
muddy environments, are common on S. maire (Figures 1A, B).
The white flowers, produced in clusters of up to 35 in number on
terminal racemes, are approximately 90 to100 mm in diameter. The

FIGURE 1
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fruits are fleshy berries developing over 8 to 11 months turning
bright red when mature (Figure 1C). Although polyembryony
(multiple embryos arising within the embryo sac of the zygotic
proembryo) is characteristic of many Syzygium species (Shii et al,,
20115 Sivasubramaniam and Selvarani, 2012), S. maire generally
bears a single embryo (Figure 1D).

Despite the ecological (van der Walt et al., 2021b), commercial
(Nair, 2017) and pharmaceutical (Chua et al., 2019) values of
Syzygium species, their conservation is largely limited to in situ
conservation such as nature reserves and living collections. Living
trees are vulnerable to climate change (Fernandez et al., 2023) and
invasive plant pathogens such as Austropuccinia psidii (Myrtle
Rust) (Beresford et al., 2020), making ex situ conservation using
techniques such as seed banking essential. Seed banking is an
effective ex situ method for the long-term preservation of plant
genetic resources and an efficient form of conservation for plant
genetic diversity (Nadarajan et al., 2023). However, all studies
published to date report that Syzygium species shed their seeds
with high moisture contents (> 44%), and the seeds are sensitive to
desiccation (van der Walt et al., 2021b; Sharanya et al., 2022) with
post-harvest seed lifespan limited to less than six months
(Anandalakshmi et al., 2005; Coelho de Aratjo et al., 2008)
suggesting banking of S. maire seed is impossible.

The long-term storage of desiccation sensitive or recalcitrant
seeds remains a challenge for many species (Wesley-Smith et al.,
2001), and although embryo cryopreservation is an option, its
application is complicated by their heterogeneous tissues,
chemical composition, and high metabolic activity (Berjak and
Pammenter, 2008; Nadarajan and Pritchard, 2014). Despite the

Zygotic
embryo

2mm

Syzygium maire grows in muddy, waterlogged habitat (A) and commonly produces pneumatophores (specialized aerial root system as indicated in
blue arrows) (B) to aid in oxygen uptake. The red fleshy berries (C) mature in summer with usually a single embryo per seed (D).
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low or lack of tolerance to desiccation in recalcitrant species, if
material is to be cryopreserved, it is essential that excess water is
removed to prevent the formation of lethal ice crystals during
freezing (Fuller et al., 2004; Reed, 2008). This presents additional
challenges for developing successful cryopreservation protocols for
highly recalcitrant seeds.

In a previous study, we investigated the effectiveness of rapid
desiccation for the cryopreservation of S. maire zygotic embryonic
axis (EAs) (van der Walt et al., 2022). We found that desiccation to
moisture contents (MC) below 0.2 g H,O per g dry matter (g/g) was
required to remove all freezable water, but this proved lethal to the
EAs. Another indirect method to remove freezable water from the
cells through an osmotic process is the use of permeable/colligative
cryoprotectants, such as Plant Vitrification Solution 2 (PVS2), to
achieve vitrification or a glassy state in plant cells (Sakai, 2004). We
previously investigated the use of PVS2 for the cryopreservation of
S. maire EAs, comparing the novel droplet vacuum infiltration
vitrification (DVIV) method with conventional droplet vitrification
(DV) (van der Walt et al,, 2021a). Our study showed that DVIV
treated embryos had better survival and regeneration formation
than DV for non-cryopreserved treatments. However, neither
method resulted in embryo survival following cryopreservation,
possibly attributable to insufficient removal of all freezable water
using the PVS2 incubation times tested (3, 6, 9, and 12 min at room
temperature (~20°C)). One way to evaluate the efficacy of
cryoprotectants in removing all freezable water, and therefore
achieving a glassy state, is through biophysical thermal analysis
using differential scanning calorimetry (DSC) (Nadarajan and
Pritchard, 2014). Water quantity can be calculated as the energy
or enthalpy changes in the form of heat absorbance or release using
DSC. In addition, water phase transitions i.e., ice crystallization and
melting can be monitored in DSC analyzed samples as a function of
time and temperature (Benson et al., 1996; Benson, 2008b). This
enables optimization of the dehydration treatment time
with cryoprotectants i.e., when all the freezable water has
been removed (Benson, 2008a) and correlation of post-
cryopreservation survival with water thermal transitions (Volk
and Walters, 2006).

Given the lack of post-cryopreservation survival in our previous
studies, this study aimed to further investigate fundamental
principles of S. maire EA cryopreservation. We followed a two-
phased approach. In the first year, we further optimized the DVIV
method by increasing PVS2 incubation times and assessed its
impact on EA survival and regeneration before and after exposure
to liquid nitrogen (LN). In the second year, we evaluated modified
cryopreservation solutions and a different growth media and
designed a novel metal-mesh vacuum infiltration vitrification
(MVIV) method to allow rapid permeation of the cryoprotectant
followed by rapid cooling and warming of the EAs. To gain insight
into the mechanism of cryoprotection for each PVS2 exposure time,
water thermal properties were analyzed using a DSC. We measured
the size and temperature of exothermic and endothermic events
within the EAs treated with PVS2. We aimed to reveal the optimal
timing window for PVS2 cryoprotectant incubation of S. maire EAs
with input from DSC thermal analysis.
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2 Materials and methods

2.1 Seed material, embryo excision,
and sterilization

For the DVIV experiment in year 1, mature S. maire fruits were
collected in March 2022 from Midhirst in central North Island of New
Zealand (39°17'55.02” S; 174°11'16.56” E). For the MVIV experiment,
in Year 2, the fruits were collected from the same location in March
2023. In both years, collected fruits were placed in sealed plastic bags,
transported to the laboratory, stored at 5°C and used within 24 h of
collection. Prior to embryo excision, fruits were surface sterilized by
immersion in 50% commercial bleach (]anola®, 4% sodium
hypochlorite as active ingredient) for 5 min and rinsed three times
with tap water. Excision of EAs (c. 3-5 mm in size) followed the
procedures described by van der Walt et al. (2022). Following excision,
for DVIV experiments, EAs were sterilized by immersion in 5 g/L
sodium dichloroisocyanurate (NaDCC) (Sigma Aldrich, USA) solution
for 10 min then rinsed three times using sterile distilled water, while for
MVIV, EAs were sterilized by immersion in 5 g/L NaDCC solution for
20 min followed by 1 min in 70% ethanol and then rinsed three times
using sterile distilled water. Surface sterilized EAs were used for all the
cryopreservation experiments.

2.2 Experiment 1: droplet vacuum
infiltration vitrification cryopreservation

2.2.1 Cryopreservation solutions and
growth media

Solutions used for the cryopreservation protocol included loading
solution (LS), PVS2 and washing solution (WS). The LS consisted of
Murashige and Skoog (1962) (MS) macronutrients and micronutrients
supplemented with 2.0 M glycerol and 0.4 M sucrose. The PVS2 was
made up of MS macronutrients and micronutrients supplemented with
0.4 M sucrose, 30% w/v glycerol, 15% w/v ethylene glycol and 15% w/v
dimethyl sulfoxide (DMSO) (Sakai et al., 1990). The WS was made
with MS macronutrients and micronutrients supplemented with 1.2 M
sucrose. The growth medium (GM) comprised MS macronutrients and
micronutrients supplemented with 30 g/L sucrose and 10 mL/L
antibiotic antimycotic solution (AAS) (Sigma Aldrich, USA),
solidified with 7.5 g/L agar. All solutions and media were adjusted to
pH 5.8 prior to autoclaving.

2.2.2 PVS2 treatment and DVIV cryopreservation
EAs were placed in LS at room temperature (20 + 2°C) for 20 min
followed by incubation in PVS2 for 0 (control), 3, 6, 9, 12, 20, 40 or
60 min. PVS2 incubation was also done at room temperature under
vacuum at 381 mm (15 in) Hg (50 kPa) applied using a single stage
vacuum pump (Aitcool VP 130, China) and 5 L stainless steel vacuum
chamber. These PVS2 treated EAs were transferred onto aluminium
foil strips (length 60 x width 10 mm) (10 EAs per strip), each EA was
covered with a drop of fresh PVS2 and then plunged into LN (+LN).
After 60 min in LN, aluminium foil strips containing the EAs were
transferred into WS pre-warmed to 40°C in a sterile glass beaker and
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held in water bath (set at 40 + 2°C) for 2 min and then maintained for
18 min at room temperature. For -LN (without immersing in LN), the
aluminum strips containing EAs were transferred into WS for 20 min
at room temperature following PVS2 incubation immersing in LN.
Following the WS step, EAs from +LN and -LN treatments were
blotted dry on a filter paper, transferred to GM, and incubated in a
growth chamber at 12:12h cycle of 15/25°C in the dark for 1 week
before exposure to a 12-h photoperiod at a photosynthetic flux density
of 40 umols™" m™2 provided by cool-white, fluorescent tubes at same
temperature. The ability of EAs to survive and regenerate following
various PVS2 incubation times and LN exposure (+LN and -LN) was
determined. The survival and regeneration assessments were
conducted for both non-cryopreserved (-LN) and cryopreserved
(+LN) EAs. EAs were considered to have survived when they
remained green for 2 weeks following freezing and considered
regenerated when the EAs showed radicle emergence (>5 mm) and
the first cotyledonary leaves development thus forming a full plantlet.
The survival and regeneration assessment were made weekly post-
culture on GM. The workflow of this experimental procedure is

summarized in Figure 2.

2.3 Experiment 2: metal-mesh vacuum
infiltration vitrification cryopreservation

2.3.1 Cryopreservation solutions and growth
media

The LS consisted of half-strength Woody Plant Medium
(McCown and Lloyd, 1981) (WPM) macronutrients and MS
micronutrients supplemented with 1.6 M glycerol and 0.4 M
sucrose. The PVS2 was made up of WPM macronutrients and

10.3389/fcosc.2023.1269881

MS micronutrients supplemented with 0.4 M sucrose, 30% w/v
glycerol, 15% w/v ethylene glycol and 15% w/v DMSO. The WS
composed of half-strength WPM macronutrients and MS
micronutrients supplemented with 1.2 M sucrose. The sodium
alginate (BDH Chemicals limited, England) (3% (w/v)) solution
consisted of WPM macronutrients without CaCl,, MS
micronutrients, 2 M glycerol and 0.4 M sucrose. The calcium
chloride solution consisted of WPM macronutrients without
CaCl,, MS micronutrients 10 mL/L AAS and 11 g/L CaCl, 2 M
glycerol and 0.4 M sucrose. The GM comprised of WPM
macronutrients and MS micronutrients, supplemented with 2 mg/
L zeatin, 1 mg/L copper sulphate, 20 g/L sucrose and solidified with
4 g/L Gelrite. The pH was adjusted to 5.8 prior to filter-sterilization
of all solutions and autoclaving of GM, and 0.2 g/L AsA was
supplemented after respective sterilization.

2.3.2 PVS2 treatment and MVIV cryopreservation
For MVIV, a 80 mm diameter sterile stainless-steel mesh with
pore sizes of 1 mm? (Supplementary Figures 1A, B) was placed over
a 90 mm deep Petri dish. Ten drops (1 ml each) of sodium alginate
solution, spaced 1-cm apart, were placed on the mesh and topped
with a drop of calcium chloride solution. A single EA was placed on
to the semi-formed bead and allowed to polymerize for 15 min
under reduced light by covering the mesh with aluminium foil to
avoid direct exposure to lights during this process. The mesh
containing 10 EAs, each in its own bead, was submerged into LS
in a deep Petri dish for 20 min at room temperature. The mesh was
then transferred to PVS2 solution at room temperature in a deep
Petri dish and incubated for 0 (control), 20, 40 or 60 min under
vacuum as described above, thereafter the mesh containing the EAs
was plunged into LN. After 60 min in LN, the mesh containing the

. ,i,, — — — ] — N eeaasanaan =4 S | — 4 8
) Asasannnns 0000000000 i — R r s
, LS treatment PVS2 incubation EAs mounted i isie:i:‘fomen Thawing in Plated on MS
(20 min) under vacuum on aluminium q (60 min)g washing solution based GM
(0-60 min) foil strips (20 min)
A Embryo
excision and
sterilization
|
MVIV | A
1 _— —
—
® B
EA attachment LS treatment PVS2 incubation Freezingin Thawingin Plated on
on metal-mesh (20 min) under vacuum liquid nitrogen washing solution WPM based
using calcium- (0-60 min) (60 min) (20 min) GM

alginate (15 min)

FIGURE 2

Droplet vacuum infiltration vitrification (DVIV) and metal-mesh vacuum infiltration vitrification (MVIV) methods for cryopreservation of Syzygium
maire embryonic axis (EAs). LS, loading solution; PVS2, Plant Vitrification Solution 2; GM, growth medium; MS, Murashige & Skoog Medium; WPM,

Woody Plant Medium.
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EAs was transferred to warm (40 + 2°C) WS as described in DVIV
cryopreservation. For -LN, the mesh containing EAs were
transferred into WS for 20 min at room temperature following
PVS2 incubation without immersing in LN. The EAs from +LN and
-LN were carefully detached from the mesh and were then blotted
dry using sterile filter paper before transferring to liquid GM. They
were incubated in a growth chamber at 12:12 h cycle of 15/25°C in
the dark for 2 weeks before transfer to a 12-h photoperiod at a

photosynthetic flux density of 40 umols 'm >

provided by cool-
white fluorescent tubes. The survival and regeneration assessments
were conducted as previously described for both non-cryopreserved
(-LN) and cryopreserved (+LN) EAs. The workflow of this

experimental procedure is summarized in Figure 2.

2.4 Differential scanning calorimetry

Thermal behavior in EAs incubated in PVS2 for both the DVIV
and MVIV methods was determined using a Perkin-Elmer
differential scanning calorimeter (DSC 8500) (Shelton, USA),
calibrated for temperature and heat flow with zinc (melting point
419.5°C) and indium (melting point 156.6°C). One EA per
treatment (control, LS and various PVS2 exposure times) was
blotted dry and hermetically sealed into a (60 uL volume)
stainless steel capsule (sample pan) using an O-ring with the aid
of a Perkin-Elmer Universal Crimper (Shelton, USA). EA weight
was measured using a micro-balance (Model: XPR6UDS5; Mettler-
Toledo, Switzerland), and the EA was subjected to calorimetric
assessment within 5 min of sample preparation. EAs were cooled
from 25°C to —100°C and held for 1 min before rewarming to 25°C
at a rate of 10°C min . Exothermic- and endothermic-heat changes
were derived from the crystallization and melt endotherm during
the cooling and warming cycles. The onset temperature of the
transition was determined as the temperature at which the tangent
of the sharpest portion of the first peak intersected the baseline. The
onset, peak and end temperatures were calculated using PYRIS
software (Version 13.2). The areas of melt and crystallization peaks
were calculated from the area above the baseline and expressed in
millijoules (m]). The enthalpies for these transitions are presented
as joule per gram of sample weight (J/g). Calorimetric data were
collected from three replicates per treatment.

2.5 Statistical analysis

All experiments involved 7-12 EAs for each treatment (average
9.9), repeated four times (a total of 35-41 EAs per treatment,
average 39.7). Survival and regeneration assessment results were
analyzed using logistic regression, followed by Fisher’s protected
LSD (least significant difference) test for significantly different
means (at p < 0.05). ANOVA followed by Tukey’s HSD (honestly
significant difference) test was used to investigate differences in
onset of melt temperature, freeze temperature and enthalpy of the
melt. ANOVA assumptions were checked by visual inspection of
residual plots. Enthalpy of melt data were log-transformed before
analysis to equalize variances. All statistical analysis was performed
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at 0.05 level of significance, and results are expressed as mean + SD.
Statistical analysis was conducted using XLStat Software version 1.3
(2021) and SAS/STAT version 14.2.

3 Results

3.1 Experiment 1: EA survival and
regeneration following droplet vacuum
infiltration vitrification cryopreservation

EA survival and regeneration (-LN) were not affected by
exposure to PVS2 for up to 12 min (Figure 3). However, exposure
to PVS2 for longer than 20 min significantly reduced survival and
regeneration following 60-min exposure (Figure 3). There was no
survival in EAs exposed to cryopreservation (+LN).

3.2 Experiment 2: EA survival and
regeneration following metal-mesh
vacuum infiltration vitrification
cryopreservation

Survival percentages of non-cryopreserved EAs (-LN)
decreased from c. 90% to 43%, 27% and 10% as the PVS2
exposure time was increase from 0 (control) min to 20, 40 and
60 min respectively (Figure 4). Freezing in LN (+LN) resulted in a
further reduction in survival (Figure 4). Highest post-
cryopreservation (+LN) survival (c. 19%) was noted for 20-min
PVS2 treatment. Although EAs incubated in PVS2 for 20 and
40 min, remained green for up to 2 weeks after cryopreservation
(+LN) (Figure 5), they subsequently succumbed to contamination,
preventing the assessment of EA regeneration.

3.3 Differential scanning calorimetry

DSC thermograms were used to analyze critical
cryopreservation parameters relating to onset/end temperatures
for ice nucleation and melting events as well as enthalpies of ice
crystallization and melting in the EAs subjected to DVIV and
MVIV treatments. Substantial ice crystallization and melting
transitions were observed on the DSC thermogram of untreated
EAs (Figures 6A, B, 7A, B). For DVIV treatments, exothermic or ice
crystallization events were detected during the cooling phase
between -2°C and -23.9°C (Figure 6A; Table 1), while
endothermic or ice melting events were observed in the warming
phase between —1.7°C and 19.4°C (Figure 6B; Table 1). Similarly, in
MVIV treatments, exothermic events were detected between —7°C
and -30.5°C (Figure 7A; Table 1), while endothermic events were
observed in the warming phase between —11.1°C and -18.3°C
(Figure 7B; Table 1). The onset temperature for ice crystallization
was lowered from —2°C in the control to —5°C in both DVIV-LS
and MVIV-LS with the lowest ice crystallization onset temperature
c. —15.5°C recorded for 40-min PVS2 exposure in both DVIV and
MVIV (Table 1). The smallest ice melt enthalpies were recorded in
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FIGURE 3

Mean percent survival and regeneration of Syzygium maire embryonic axes (EAs) following incubation in Plant Vitrification Solution 2 (PVS2) for O
(control) =60 min using the droplet vacuum infiltration vitrification (DVIV) method and no liquid nitrogen exposure (—LN). Error bars are + SD (all
n=4). Means with the same letter do not differ significantly (5% LSD comparisons).

EAs treated with DVIV (~1.8 mJ) and MVIV (~8.8 m]J), both for 40-
min treatment, while no thermal activity was detected following
60 min for both DVIV and MVIV (Figures 6B, 7B; Table 1).

4 Discussion

There is no published protocol for the successful
cryopreservation of zygotic embryos of any Syzygium species. This
study compared the effectiveness of DVIV and a novel MVIV method
for the cryopreservation of S. maire EAs by optimizing the PVS2
exposure time. Despite the risk of phytotoxicity, the application of

100 -
90 1

Survival (%)

Control 20 min

cryoprotective agents such as PVS2 is vital for the development of a
successful cryopreservation protocol for desiccation sensitive
materials (Funnekotter et al., 2015). The survival and regeneration
capacity of plant material exposed to concentrated vitrification
solutions will depend not only on the type of plant tissue used but
also on the composition of the vitrification solution, exposure time
and temperature, and subsequent freezing (Xia et al., 2014; Bettoni
et al, 2021). Droplet vitrification has been reported to increase
explant post-cryopreservation survival through increased thermal
conductivity resulting from the small amounts of cryoprotective
agents used and the presence of aluminium foil (Le et al, 2019).
Despite the advantage associated with droplet vitrification, effective

WLN(-)

BLN (+)

60 min

40 min

MVIV PVS2 treatment time

FIGURE 4

Survival of non-cryopreserved (-LN) and cryopreserved (+LN) Syzygium maire embryonic axis (EAs) using the metal-mesh vacuum infiltration
vitrification (MVIV) following treatment with Plant Vitrification Solution 2 (PVS2) for O (control), 20, 40 or 60 mins (-LN) and after (+LN). Error bars
are 95% confidence limits. Values followed by the same letter do not differ significantly (Fisher's 5% LSD; n = 4).
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FIGURE 5

8 (H) weeks of culture on growth medium respectively.

Syzygium maire embryonic axes (EAs) following cryopreservation in liquid nitrogen (+LN) using the metal-mesh vacuum infiltration vitrification
(MVIV) method. EAs treated in Plant Vitrification Solution 2 for 0 (Control; A), 20 (B), 40 (C) or 60 min (D) remained green for 2 weeks post-
cryopreservation (+LN). Whereas embryos treated with droplet vacuum infiltration vitrification (DVIV) for 20 min (E) and 60 min (F) in PVS2 turned
brown within a few minutes following the cryoprotectant treatment and freezing in LN. Non-cryopreserved control EAs regenerating after 4 (G) and

vitrification is still dependent on extended incubation times in PVS2
that could lead to phytotoxicity (Volk et al., 2013; Nadarajan and
Pritchard, 2014).

The application of vacuum infiltration vitrification (VIV) is
postulated to eliminate the pressure differential of the air spaces
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found in live plant tissue, and facilitate a 10-fold reduction in PVS2
exposure time as reported for Arabidopsis thaliana, Carica papaya,
Passiflora edulis and Laurus nobilis embryos (Nadarajan and
Pritchard, 2014; Lukic et al, 2022). In our previous study, it was
found that combining the droplet technique with VIV ie., DVIV
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Representative Differential Scanning Calorimetry (DSC) cooling (A) and warming (B) thermograms for a Syzygium maire embryonic axis (EA) following
droplet vacuum infiltration vitrification (DVIV). Treatments consisted of control (no treatment; solid dark blue line), 20 min incubation in loading
solution (LS) (broken light green line) and 20 min LS solution followed by Plant Vitrification Solution 2 treatment for 3 min (blue dotted line), 6 min
(solid purple line), 9 min (broken dark grey line), 12 min (broken blue line), 20 min (broken purple line), 40 min (solid green line) and 60 min (black
dotted line). Samples were scanned at +10°C min~* from —100°C to 25°C. Thermogram is only showed for temperature range from —=79°C to 25°C

to highlight the significant thermal events.

method, resulted in survival and regeneration of c. 95% of the EAs
before cryopreservation for the PVS2 incubation times tested i.e., 3—
12 min in S. maire EAs. This is in contrast to the EAs treated with a
conventional vitrification technique, where survival and regeneration
dropped to c. 50% and 40% after 60 and 90 min PVS2 treatments
respectively (van der Walt et al,, 2021a). In this study, extending the
PVS2 incubation time for the DVIV cryopreservation, to 40 or 60
mins, showed a significant reduction on EA survival (~70% and 60%
respectively) and regeneration before cryopreservation (~60% and
30% respectively) (Figure 3). However, none of the EAs survived
exposure to LN following use of the DVIV method, irrespective of the
PVS2 incubation time tested. Based on previously published records
(Nadarajan and Pritchard, 2014; van der Walt et al., 2021a) and our
observation, application of vacuum infiltration cryopreservation is
recommended for highly recalcitrant and heterogeneous tissues such
as S. maire embryos.

In comparison, EAs in DVIV have higher survival than EAs in
MVIV for the same PVS2 treatment time without the LN exposure
(-LN). This could be due to the stress during the surface

Frontiers in Conservation Science

sterilization procedure for the EAs in the MVIV method where
the additional 70% ethanol treatment and the extended NaDCC
treatment might have contributed to the low survival. In addition,
for MVIV EAs, any residual PVS2 trapped inside the calcium-
alginate encapsulation matrix covering part of the EAs after the
washing treatment could be leading to low survival. In DVIV EAs
(where the embryos do not have this alginate barrier), the PVS2
would have been washed off quickly during the unloading
treatment. Hence, the EAs in MVIV may need a longer washing
treatment to remove the cryoprotectants from the tissues, possibly
washing for at least 30 min and by replacing with fresh washing
solution in intervals as recommended by Ming-Hua and Sen-Rong
(2010) and Kulus (2020). Furthermore, we noticed autoclaved
PVS2 solution used in the DVIV had a lower pH (c. 3.2; (pH
dropped during autoclaving) compared with filter sterilized PVS2
solution (pH 5.8) used in MVIV; this too could have resulted in
low survival of EAs in MVIV prior to cryopreservation and needs
further investigation, particularly if S. maire are acidophile
in nature.
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Representative Differential Scanning Calorimetry (DSC) cooling (A) and warming (B) thermograms for Syzygium maire embryonic axis (EA) following
metal-mesh vacuum infiltration vitrification (MVIV). Treatments consisted of control (no treatment) (solid dark blue line), 20 min incubation in loading
solution (LS) (broken light green line) and 20 min LS solution followed by Plant Vitrification Solution 2 treatment for 20 min (broken purple line), 40
min (solid green line) and 60 min (black dotted line). Samples were scanned at +10°C min™* from —100°C to 25°C. Thermogram is only showed for
temperature range from —=79°C to 25°C to highlight the significant thermal events.

In contrast to DVIV, the EAs cryopreserved after PVS2
incubation for 20-60 min, using the novel MVIV method,
survived (remained green and vigorous) for up to 2 weeks post-
cryopreservation (+LN). This is a significant advancement as our
previous trials did not result in green EAs after LN exposure. We
postulate that regeneration of the embryos would have been
possible if they had not succumbed to contamination. Overall, the
MVIV technique is showing promising results compared with
DVIV for the cryopreservation of S. maire EAs. There may be a
range of reasons for this as discussed below.

The DVIV method requires direct handling of the individual
EAs using forceps at each step of the protocol (i.e., during excision,
transfer onto LS and PVS2 solutions, placement on aluminum foil
strip, removal from WS and plating; Figure 2) as compared with the
MVIV method where EAs are handled in batches and remain
attached to the base of the metal wire mesh using the calcium-
alginate matrix as adhesive from their excision until being plated in
GM (Figure 2). It is likely that direct handling caused additional
stress and mechanical damage to EAs, especially following freezing
when the tissues are more likely to be fragile. In fact, the importance
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of sample handling in cryopreservation has led to the designing of
specialized metal containers and cryo-plates (Marques et al., 2015;
Salma and Engelmann, 2017). In addition, the thin film of calcium-
alginate matrix that encapsulates the EAs in the MVIV method may
protect explants that are sensitive to direct exposure to
cryoprotectants (Tanaka et al, 2004) and from physical damage
by forceps during manipulation of naked tissues (Benelli et al,
2013). We postulate that the incorporation of calcium-alginate
encapsulation in the MVIV method not only minimized the
damage of EAs but also facilitated the attachment of EAs to the
metal-mesh to provide high thermal conductivity which is crucial
during cryopreservation.

Due to the large size of zygotic embryos of recalcitrant seeds in
general, their cryopreservation usually involves a reduction in
explant size to facilitate cryoprotectant uptake (Nadarajan and
Pritchard, 2014). Usually, this involves excision of the embryonic
axis. However, such a procedure may initiate a burst of reactive
oxygen species as reported previously in our research on S. maire
embryos (van der Walt et al., 2021a), and in embryos of Castanea
sativa (Roach et al, 2008), with further oxidative stress during
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TABLE 1 Cooling and warming thermodynamic properties of Syzygium maire embryonic axes (EAs) following no treatment (control), submersion in loading solution (LS) for 20 min using the droplet vacuum
infiltration vitrification (DVIV) or metal-mesh vacuum infiltration vitrification (MVIV) and EAs submersed in LS followed by Plant Vitrification Solution 2 (PVS2) treatment for 3, 6, 9, 12, 20, 40 or 60 min using DVIV
and 20, 40 or 60 min using MVIV.

PVS2 Embryo Cooling Warming
Treatment Weight
Onset Temperature of End Temperature of Area of Enthalpy of Onset End Area of = Enthalpy
Crystallization (°C) Crystallization (°C) Crystallization =~ Crystallization = Temperature = Temperature Melt of Melt
(mJ) (J/9) of Melt (°C) of Melt (°C) (mJ) (J/9)
Control 37+01° 20+ 17 -19.1 +0.3* 3844 + 03" -102.1 + 0.4° 6.1+ 09% 194 + 1.7 3722 + 98.9 + 7.6
23.7%
DVIV-LS 32+ 08 5.0 + 4.4 213 +22° -266.6 * 634" -84.3 + 4.5 42+ 6.6% 18.7 + 1.0° 198.0 + 63.4 + 11.7%°
39.2%0¢
MVIV-LS 32+0.8° -54+ 4.4% -21.3 + 2.2 -265.6 + 647 -83.8 + PN/as 2.8 + 7.4 18.8 + 0.9°7 2440+ 761 +8.5°
78.1%°
DVIV-3 min 47 +12° 7.5 + 4.6%° -20.8 + 1.6 -305.3 + 100.3* -64.8 + 9.4 2.1+ 6.5 17.6 + 0.4° 176.6 + 80.5 + 72.1%°
22‘7bcd
DVIV-6 min 43 +3.0° 12,5 + 2,15 -20.6 + 2.6 2224 + 613 -51.0 + 10.1° 217 +3.2% 16.6 + 0.4° 79.6 + 184 + 9.4%
39.1cde
DVIV-9 min 42 +05° 112 + 3.6 217 £3.1° 2520 + 87.3% -59.5 + 14,5 03 +08° 169 + 0.5 160.0 + 374 + 17.4%
84.0bcde
DVIV-12 min 42 +0.2° 8.8 + 1.3 -23.9 + 3.9° -182.2 + 106.7%° -42.5 +22.9° 32+ 55% 184 + 1.8° 150.3 + 34.9 +23.6%
106.25<d
DVIV-20 min | 3.5 + 0.3* 7.0 + 2.3% -23.8 + 13% 413 +21.5° -11.8 + 6.3¢ 134 +03° 183 + 0.1° 244 + 6.9 + 2.7°
9.8de
MVIV-20 35+03% -7.0+ 23 -23.6 +2.92 377222 -10.8 + 6.5¢ -5.2 + 11.6° 18.3 + 0.082 40.6 + 115 +
min 19.4%%¢ 573
DVIV-40 min 5.0 + 1.8 -15.5 + 0.5 236+ 3.7 436 +53.8" 74 +68 128 +0.7° 169 + 0.8° 95+87° | 18+15°
MVIV-40 49 +1.8° -155 + 0.5° -30.5 + 6.4 -52.7 + 43.1P -9.5 + 4.8° -11.0 + 1.3° 15.0 + 4.1° 488+ 88+
min 39.0°%¢  3.g%c
DVIV-60 min 3.6 + 0.5 ND ND ND ND ND ND ND ND
MVIV-60 3.6+ 05" ND ND ND ND ND ND ND ND
min

ND, Not Detected; MVIV treatments are highlighted in grey.
Means within a column with the same letter do not differ significantly at P < 0.05 based on a one-way ANOVA analysis (Tukey’s HSD test). Data are presented as mean + SD (n=3).
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subsequent desiccation and freezing. For this reason, the addition of
free radical scavenging agents in the cryoprotectants is deemed
crucial for survival of cryopreservation procedures (Mathew et al.,
2019). In our study, the EAs exposed to the DVIV method turned
brown (due to oxidation and phenolic compound production)
during the PVS2 cryoprotection and subsequent LN freezing
procedures. To mitigate this problem, we added 0.2 g/L AsA into
the calcium-alginate matrix, loading solution, PVS2, unloading
solution and regrowth media in MVIV. The EAs remained green
and vigorous after the PVS2 and freezing steps and for a further 2
weeks. Hence, we postulate that the additional antioxidant
protection provided by the AsA could have prevented EA
oxidation and contributed to the survival of EAs following
MVIV cryopreservation.

Establishing a suitable basal medium for supporting a full
regeneration of the cryopreserved explants is an important aspect.
In this study, we initially used MS basal medium (Greenway et al.,
2012) for our experiment with DVIV. MS is widely used for
regeneration in dicots and monocots however, there are instances
in which MS is not considered optimum for growth as it contains
high levels of nitrogen in nitrate and ammonium forms (Phillips
and Garda, 2019). Compared with MS, WPM contains half of the
ammonium and reduced nitrogen and is therefore often preferred
for woody plant micropropagation. Interestingly, two Syzygium
species were reported to have different preferences for their shoot
proliferation and optimum growth in vitro e.g., S. cumini on WPM
(Sirsat et al., 2019) compared with S. francissi on MS (Shatnawi
etal,, 2004). Using a modified MS in our previous studies resulted in
100% survival and regeneration in non-cryopreserved S. maire EAs
(van der Walt et al., 2022). However, since no survival was recorded
for the EAs after cryopreservation, we replaced MS macronutrients
with WPM in MVIV cryopreservation solutions and growth
medium in this study. Although WPM showed lower survival
percentage compared with MS following incubation in PVS2
prior to cryopreservation (-LN), this medium showed EA survival
following cryopreservation, which could be explained as follows. In
vitrification-based methods, tolerance to freezing in LN is achieved
through an osmotic process when tissues are placed in highly
concentrated toxic vitrification solutions (Volk and Walters,
2006). In addition to the PVS2 treatment, LN exposure is known
to destroy vacuolated and differentiated cells within the
cryopreserved tissues resulting in fewer cells recovering after
cryopreservation (Mathew et al., 2018; Bettoni et al., 2022; Wang
etal., 2022). These recovering cells will be highly fragile and need to
be handled with care and nurtured for further growth by optimizing
both the growth media and the physical growth environment. We
hypothesize that the WPM supplemented with zeatin, and copper
sulphate, would have provided closer to optimum nutrition for
growth of EAs after cryopreservation in this study compared with
the MS medium with no added plant growth regulators.

The successful recovery of cryopreserved samples lies in finding
the window of PVS2 treatment time that balances the toxicity of
cryoprotectants against the need for dehydration (Panis et al., 2009;
Kim et al., 2010). We used DSC thermal analysis to determine if the
PVS2 incubation time, applied under vacuum, was effective in
eliminating intracellular ice formation. It is evident that the
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chances of ice crystallization are higher when there is more
capacity for the water molecules to come together and nucleate
ice (Day et al., 2008) and this is highly influenced by the volume of
the water content and solute concentration in the tissue.
Dehydration of materials prior to cryopreservation will decrease
the probability of the presence of water molecules sufficient
quantities to aggregate and nucleate ice (Day et al., 2008).
Additionally, the presence of micro-droplets of cryoprotective
additive in cells and tissues will restrict the aggregation of water
molecules and their capacity to form ice as the system becomes
vitrified (Nadarajan and Pritchard, 2014).

In this study, substantial ice crystallization and melting
transitions were observed in the thermograms of control EAs.
The loading solution (LS) treatment alone decreased the ice
crystallization enthalpy from c. 100 to 80 J/g in both DVIV and
MVIV methods (Table 1). LS contains 0.4 M sucrose and 1.6 M
glycerol. Sucrose acts as a non-penetrating/osmotic cryoprotectant
whereas glycerol is a low penetrating/colligative cryoprotectant,
although its permeability depends on tissue types (Nadarajan
et al., 2008). Sucrose as a non-penetrating cryoprotectant has
been reported to act as an osmotic dehydrant and reduce the
amount of freezable water available therefore depressing the
freezing point and impairing ice nucleation by restricting the
mobility of water molecules (Fahy et al., 2004; Fuller, 2004; Volk
and Walters, 2006; Benson, 2008b). However, it is worth noting that
the LS treatment alone was not sufficient to eliminate lethal ice
crystallization in these EAs. The area and enthalpies of ice
crystallization and ice melt events were significantly reduced in
EAs treated with PVS2 for 12 min (DVIV) and from 20-60 min
irrespective of the method (DVIV vs MVIV) used (Table 1). PVS2
treatment of EAs for 60 min eliminated exothermic and
endothermic peaks in both DVIV and MVIV indicating no
presence of freezable water.

Interestingly, EAs treated with PVS2 for 20-40 min using
MVIV method showed some post-cryopreservation survival
despite the DSC thermal analysis indicating small ice melting
peaks for these cryoprotected EAs. In these cases, water
crystallization may have occurred in non-critical tissues, e.g.,
extracellularly, or ice formation might have been limited to those
EAs that failed to tolerate cryopreservation, i.e., a population effect
since the EAs were treated in batches in this method. A similar
phenomenon of ice formation was observed in surviving shoot-tips
of Parkia speciosa following encapsulation, 60-min PVS2 exposure
and cryopreservation ({Nadarajan et al., 2008 #3}) and in Acer
saccharinum embryonic axes (Wesley-Smith et al, 2014). The
higher survival in DVIV prior to cryopreservation but nil survival
after freezing in this study indicates that the balance has not been
reached between optimum dehydration, cryoprotection and
phytotoxicity of the PVS2 (Figure 8). As for the MVIV method,
survival of EAs following cryopreservation peaked at 20-min PVS2
treatment (Figure 8), further investigation on narrowing down the
PVS2 treatment to time around 20 + 10 min would be valuable to
optimize the window of PVS2 treatment time for cryopreservation
of S. maire EAs. We also noted that for the same PVS2 treatment
time, the DVIV treated EAs have smaller ice crystallization and melt
enthalpies than MVIV treated EAs (Table 1). This is not surprising
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Mean percentage survival of non-cryopreserved (-LN) and cryopreserved (+LN) Syzygium maire embryonic axes following droplet vacuum
infiltration vitrification (DVIV) and metal-mesh vacuum infiltration vitrification (MVIV) after treatment with PVS2 for O (control), 20, 40 or 60 mins.

Error bars are 95% confidence intervals for a binomial distribution.

given the encapsulation matrix around EAs in the MVIV that might
have an increased the tendency for minor localized ice nucleation
events within a multi-component system (calcium-alginate matrix,
embryo tissue and PVS2). Dumet et al. (2000) reported a glass
destabilization event upon rewarming of 4 h desiccated alginate
encapsulated Ribes ciliatum meristems, but the absence of glass
transitions in the alginate bead and meristem when these were
cooled or rewarmed separately. This was suggested to result from
differences in the thermal properties between the alginate bead and
the meristem. It was also postulated that a differential moisture
gradient that exists between the tissue and the bead, could lead to
glass destabilization upon rewarming (Nadarajan et al., 2008).

It should be noted that the design of this study meant seeds were
collected in different seasons (albeit from the same population).
Though results from previous studies using seed collected over
multiple years from the same population did not reveal any
noticeable difference in seed physiology of S. maire, seasonal
variation cannot be ruled out as a factor contributing to lower EA
survival (-LN) following incubation in PVS2 through the MVIV
method. Intraspecific variation in seed physiology has been linked
to other physiological attributes including seed development at the
time of harvesting, parental plant characteristics, post-harvest seed
handling, and climatic conditions between years (Hay and
Probert, 1995).

5 Concluding remarks

This study investigated the use of PVS2 in the cryopreservation
of S. maire EAs. We optimized PVS2 incubation times based on EA
survival following PVS2 exposure. This was supported by thermal
analysis using DSC. The novel MVIV technique resulted in EA
survival following cryopreservation, although regeneration could
not be verified due to contamination. These findings significantly
advance our work in, and is to our knowledge the first published
record of, embryo cryopreservation of a Syzygium species. Future
activities to verify regeneration following cryopreservation using

Frontiers in Conservation Science

12

MVIV will be undertaken to increase embryo survival; faster
cooling and warming rates will be investigated. The result from
this study is expected to contribute to the knowledge base on
cryopreservation of EAs of recalcitrant species, many of which are
threatened with extinction due to climate change, plant pathogens,
and habitat destruction.
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