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Abstract

In contrast to orthodox seeds, recalcitrant seeds are short-lived, shed at relatively high water
contents (WCs), and are desiccation sensitive. Presently, the only option for long-term
conservation of genetic resources of such plant species is by cryostorage in liquid nitrogen
(LN; -196°C) or in the vapour phase over LN (at -150°C to -160°C). A number of
cryopreservation protocols applied for recalcitrant zygotic embryos or embryonic axes of
tropical/sub-tropical species have reported survival as either root or shoot development or
callus formation, with no shoot or root production after cryopreservation. This is a
consequence of the challenges encountered when optimising the WC for successful
cryopreservation across species. Other shortcomings may also be the formation of ice or the
sensitivity to desiccation resulting in lethal damage or poor re-growth. However, for
successful cryopreservation, a normal plantlet with a shoot and a root needs to be obtained

post-cryo.

Specimens required for successful cryopreservation must be small; therefore embryonic axes
excised from seeds have been often used as the explants of choice. However, in some cases,
excised embryonic axes of mature recalcitrant seeds are too large to be cryopreserved, or,
even if small, may be adversely affected by excision, dehydration and/or immersion in LN,
thus failing to produce plantlets after cryopreservation. As a result, in such cases, there is a
need to develop explants alternative to zygotic axes such as buds derived from in vitro shoots,
shoot meristems, or shoot apices and somatic embryos. These alternative explants must have
a high capacity for plantlet formation before and after cryopreservation. The present study
aimed to successfully cryopreserve shoot apices of Trichilia emetica and T. dregeana,
tropical recalcitrant-seeded tree species, and monitor the responses or effects of some of the
procedural steps involved in cryopreservation on the survival and shoot production from

these shoot apices. The main foci of the investigation were to produce vigorous plantlets after
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cryopreservation and ultimately develop a protocol for the successful cryopreservation of
germplasm of these species. Furthermore, this study reports on a number of factors that may
affect survival after cryopreservation, viz. WC of the explants, PVVS2 treatment, production of
reactive oxygen species (ROS) and levels of endogenous total aqueous antioxidants (TAA)
during the various steps of cryopreservation. The effects of the various steps of
cryopreservation on the ultra-structure of the shoot apices were also observed. Cathodic
protection (by using highly reducing cathodic water; CW) of the explants was attempted to
improve vigour and shoot production from the surviving shoot apices after cryopreservation
as cathodic water has been reported to ameliorate the excessive burst of ROS, which often
accompanies the stresses imposed by the procedural steps of cryopreservation. Experiments
were also performed to optimise the medium for vigorous shoot formation from the shoot

apices.

Shoot apices of T. emetica in this study had an initial WC of ca. 2.2 g g * dry weight (DW)
upon excision. Although the WC of the shoot apices decreased slightly after cryoprotection
with PVS2, it did not result in sufficient dehydration before cooling. Upon retrieval from LN,
68% of the shoot apices survived and 40% of those produced shoots. Treatment of shoot
apices with CW did not improve the survival or shoot production from the apices following
cryo-retrieval. This could be a direct consequence of increase in WC of the shoot apices

following CW treatment.

Water content is not the only factor affecting successful cryopreservation; the production of
ROS and the level of antioxidants may also have an impact on regrowth after cryogen
exposure. Rapid changes in temperature when the samples are cryo-stored and then rewarmed
result in an increase in ROS production, which could have affected the shoot production.

More importantly the antioxidant activity showed a rapid decrease during recovery,
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especially in the CW treated shoot apices, which might have also led to the poor survival and

shoot production from the shoot apices.

Ultrastructural observations showed the injurious effects of PVS2 treatment typified by
derangement of plastids, development of numerous small vesicles along the cell membrane
and abnormalities in the structure of the nuclear envelope in the shoot apical cells both before
and after cryogen exposure. Following cryo-retrieval, the meristem cells were extensively
deteriorated — indicating non-survival, however, some shoot apices had areas of surviving

cells which might have led to 40% shoot production after cryopreservation.

Based on the studies on optimising medium composition for shoot formation from the apices,
woody plant medium (WPM) with 1 mg L™ BAP + 0.1 mg L IBA was found to be the best
medium which gave a higher shoot production of 67 — 70% before cryopreservation
compared with only 18 — 20% shoot formation on media used previously. Therefore, this
medium was used as the recovery medium. Encapsulation-dehydration of the shoot apices
and the use of PVS3 instead of PVS2 for cryoprotection were also employed in an attempt to
improve the survival and shoot production after post-cryo, but both methods did not result in
any shoot production although 92% and 90% of the shoot apices survived cryogen

immersion, respectively.

While the shoot apices of T. emetica resulted in 40% shoot production following retrieval
from LN and recovery on WPM with 1 mg L™ BAP + 0.1 mg L IBA, attempts to further
improve the shoot production were not successful. The results of this study suggest that the
shoot apices used were possibly not sufficiently developed, and with the commensurately
high WC, proved to be unsuitable explants for germplasm conservation of T. emetica. The
injurious effects of PVS2 treatment both before and after cryogen exposure as observed from

the ultra-structural studies provide a clue to the repeated failure to cryopreserve embryonic
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axes of many tropical recalcitrant-seeded species after treatment with PVS2. Maintaining
mother material in culture for longer durations before explant excision in order to allow better
development of the axillary buds and render the cytosol more concentrated, and optimising
the exposure duration to loading solution and concentration of sucrose in the loading solution
might however, provide sufficient dehydration tolerance to PVS2 leading to successful

vitrification up on cooling.
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1. INTRODUCTION

The conservation and maintenance of plant biodiversity is of utmost importance globally to
preserve valuable species from being extinct. Rapid increase in human population, a variety
of human-induced processes such as deforestation, urbanization, changes in agricultural
practices, climate change scenarios, changes in land-use and invasive species have had
dramatic effects on plant diversity, which is reflected in the increase in the number of
threatened and/or endangered species (Rao, 2004). Loss of plant diversity jeopardises resilience
in ecosystems, including the ability to respond to the stresses brought about by climate change
(Abbas and Quaiser, 2011), thereby diminishing possible re-establishment of species after
disasters. Over exploitation of plant resources does not only contribute to this loss, but also
limits the availability of basic raw materials, food, fuel and genetic variability which is very
important in breeding programmes (Ohmiya et al., 2003; FAO, 2010). Traditionally, plant
genetic resources have been conserved using two methods: in situ and ex situ conservation.
Seed storage (typically ex situ conservation) is considered to be one of the best long-term
conservation of plant genetic material (Rao, 2004). The main responsibility of facilities
preserving genetic stock in the form of seeds is to ensure that they are maintained for an
indefinite period while retaining the highest possible viability (Vertucci and Roos, 1990). To
achieve this, it is crucial to optimise the conditions for seed storage. In order for the seeds to be
stored successfully for long periods, they must be desiccated to low WCs and exposed to
lower temperatures. However, seeds of many species especially from tropical and sub-
tropical areas are not desiccation tolerant and do not survive low temperatures (Lynons, 1973,;

Roberts, 1973; Graham and Patterson, 1982).

Orthodox seeds are desiccation-tolerant and are shed at very low WCs (generally <0.1 g g
DW). As long as they are in a good condition, these seeds will retain viability for predictably
long periods in the dry state, and hence can be stored under low RH and low temperature

1



conditions (Roberts, 1973; Ellis and Roberts, 1980). Recalcitrant seeds, on the other hand are
those that do not undergo maturation drying, the final phase of orthodox seed development,
and hence are shed at a relatively high WC (ca. 1.0 — 6.0 g g DW; Ballesteros et al., 2014).
They are sensitive to desiccation and very often to chilling, necessitating its storage usually
under high RH and ambient temperature conditions (Roberts, 1973; Farrant et al., 1989;
Berjak and Pammenter, 2000). As a consequence of being desiccation-sensitive and chilling-
sensitive, the genetic resources of these seeds cannot be stored for significant periods using
the conventional low RH / low temperature storage. However, short- to medium-term storage
IS possible at moderate temperatures under hydrated storage conditions at the shedding WC
of the seeds, allowing for negligible or no water loss. These conditions are aimed at
facilitating and/or promoting viability retention for a few weeks to months (King and

Roberts, 1980).

Another noticeable feature of recalcitrant seeds that severely hampers their storability is that
these seeds remain metabolically active as well as desiccation-sensitive at all developmental
and post-harvest stages (Berjak et al., 1989; Farrant et al., 1989). Being metabolically active
even after shedding from the parent plant, they tend to/can initiate germination while in
storage. As germinated seeds (now seedlings) have a requirement for additional water (which
is not provided in the storage containers) and as a result, the seedlings become water-stressed
and increasingly debilitated (Berjak et al., 1989). Often this is accompanied by an acute
problem of fungal proliferation on and in the seeds/seedlings (Mycock and Berjak, 1990;
Calistru et al., 2000; Berjak and Pammenter, 2004) which adds to the difficulties of storing
the germplasm of these seeds for any significant period. The only option for long-term
conservation of the genetic resources of recalcitrant-seeded species is by cryostorage,
generally in LN (-196 °C) or the vapour phase (-150 to -160 °C) above LN (Berjak et al.,

1996; Engelmann, 2011). However, most recalcitrant seeds cannot be cryostored as seeds, as



they are invariably too large to dry rapidly or to survive the exposure to ultra low
temperatures. Hence, embryonic axes excised from such seeds are considered to be ideal for
cryopreservation as they are usually small to undergo very rapid dehydration (which can be
achieved via flash drying [Berjak et al., 1990; Pammenter et al., 2002]) to WCs which are

amenable for cooling to LN temperatures without incurring lethal consequences.

For successful cryopreservation, the seeds/explants must be partially dehydrated, which
appears to pose a challenge as these seeds are desiccation-sensitive. Under conditions of slow
dehydration, most of these seeds/explants die at a WC of < 0.8 g g* (Berjak and Pammenter,
2004). However, it has been found that when the rate of dehydration is rapid, the recalcitrant
seeds tend to tolerate a greater degree of dehydration than if dried slowly (Pammenter et al.,
1998; Varghese et al.,, 2011). In several cases, however, embryonic axes of mature
recalcitrant seeds are themselves large structures (e.g., species of the family Lecythidaceae
[Berjak et al., 1996] commonly typified by Brazilian nuts, and Theobroma cacao [cocoa] of
the family Sterculiaceae [Pence, 1991]) and therefore cannot be used as explants for
cryostorage. In other cases, even if the embryonic axes are small, the shoot meristems have
been shown to be lethally affected by excision and/or dehydration and LN immersion (e.g.
Trichilia dregeana [Goveia et al., 2004], Ekebergia capensis [Peran et al., 2006; Hajari et al.,
2011]) and survival after retrieval from LN is limited to root production only. In all such
cases, there is an urgent need to develop alternative explants that can be appropriately
dehydrated and exposed to cryogenic temperatures, while still retaining a high capacity for

plantlet formation once retrieved from cryostorage.

Successful cryostorage necessitates the usage of the smallest explants that will develop into a
complete plant as a large surface area to volume ratio of small explants will allow quick

freezing simultaneously of the entire explant (Berjak and Pammenter, 2008; Wesley-Smith et



al., 2014). A smaller explant size also facilitates the rapid reduction of WC to levels that
eliminate or minimize freezing damage (Wesley-Smith et al., 1991; 2014, Ballesteros et al.,
2014). This makes shoot apices or shoot meristems ideal alternate sources of germplasm for
cryopreservation under circumstances where little or no success has been achieved using
embryonic axis, because they comprise a smaller number of relatively undifferentiated cells
that are suggested to remain genetically stable during the regeneration process (Mroginski et

al., 1991), although this latter contention remains to be rigorously tested (Harding, 2004).

Contemplating the theoretical benefits of using shoot apices for cryopreservation and the
practical success of cryo storage of shoot apices of many plant species (though mostly of
temperate species), this proposed study aimed at developing suitable in vitro regeneration
protocols for shoot apices of selected recalcitrant-seeded species. The project also aimed at
developing protocols for the cryopreservation of these explants for the long-term ex situ
conservation of these species and methods to improve the viability and growth of the plantlets

recovered from cryostorage.



2. LITERATURE REVIEW

2.1 Conservation of Biodiversity
Conservation of biological diversity is of global importance as an increasing proportion of the
world population is dependent on the genetic resources (Reed et al., 2011). Such genetic
resources are usually produced or available only in a few regions, thus increasing chances of
overuse (Brush, 1991) and eventual extinction. Diversity is fundamental for human
civilisation, therefore its conservation is imperative to sustain development and life on earth
(SCBD, 2008). The Conversion of Biological Diversity (CBD) defines biodiversity as ‘the
variety of life on earth’, consisting of the variability within species (viz. plants, animals and
microorganisms), among species and of ecosystems. Biodiversity also refers to the inter-
relationships between living things, and between living things and their environment (SCBD,
2006; 2008). A few years back the CBD had undertaken a task of measuring the biodiversity,
which is of considerable importance, especially with regards to the conservation of plant
diversity. It has been reported by many agencies that the rate of loss of floral biodiversity
appears to be particularly alarming especially in Africa (Sershen et al., 2010) as a result of
civil war, wild fires, invasive aliens, conversion of land for agriculture and silviculture, poor
land management, urbanisation, non-sustainable harvesting for food, medicine, fuel and
construction, overgrazing, displacement and loss of landraces, pests and diseases, pollution,
and incomplete knowledge of the biology (e.g. reproductive and adaptive abilities) of many
plant species (Geldenhuys, 2000). Hence, an estimation of about 60,000 known genetic
resource were found to be threatened or in danger of extinction (Botanic Gardens
Conservation International, 2010), because of overexploitation, unsustainable harvest of wild
life (Kramer and Havens, 2009) and climate change (Jackson and Kennedy, 2009). Rao

(2004) also reported on the decline of plant genetic resources that is caused by external



pressures, which results from the need to increase yield and quality of resources

commercially.

To negate such an irreversible loss, a global strategy for plant conservation, viz. the
Convention on Biological Diversity (2006), was developed to halt the loss of plant
biodiversity systematically. This strategy involves understanding, documenting, conserving
and generating awareness around plant biodiversity, implementing its sustainable use and
building infrastructure and human capacity for the conservation of this diversity.
Conservation of genetic resources can be achieved by the execution of either in situ or ex
situ (see Fig. 1 below) practices (Rao, 2004). In situ conservation involves maintaining plants
in their indigenous environment such as nature reserves or national parks, thus perpetuating
natural evolution of the species. In the context of in situ conservation there are a number of
social and economic factors that need to be considered including the availability of a
sufficient number of individuals to maintain viable populations, the availability of land, and
maintenance costs of natural reserves (Berjak et al., 1996). Ex situ conservation on the other
hand involves conservation outside the native habitat and offers advantages of protecting
plants from destruction, modification or deterioration that can be effected (Rao, 2004) by
conserving the genetic resources away from their native habitats. Examples of ex situ
conservation are maintenance in seed banks, fields, plantations, arboreta, gene banks and
botanical gardens (Rao, 2004). A key requirement however for this type of conservation is
the acquisition of genetically representative populations or samples. Ideally, for successful ex
situ storage the diversity within a species should be determined before germplasm collection

is carried out, so that the sample size accommaodates for such conservation programmes.
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2.2  Exsitu conservation
Ex situ conservation is the maintenance of plant gene resources under controlled conditions,
i.e. removed from their natural habitats (Dhillon and Saxena, 2003) and cultivation in botanic
gardens, arboreta and nurseries, and by seed storage or cryopreservation in gene banks and in
vitro conservation (Paunescu, 2009). Ex situ have two types of storage strategies i.e. active
collections which refer to available short-to medium-term stored samples and base collections
referring to material preserved for long-term. Active collection may include seeds held in
seed/gene banks and it is these seeds that are used for distribution (Linington, 2003). In
seed/gene banks, base collections are complementary to active collections in that germplasm
is stored in an environment free from vulnerable depletion by nature and by anthropods in the
ecosystems (Li and Pritchard, 2009; Linington, 2003). Therefore base collections distribute
disease free plants, thus minimising the cost of disease indexing (Lynch et al., 2007) which is
necessary in active collections. Seeds are the most common form of germplasm used in
conserving higher plants, but not all plants can be conserved by means of seed storage
(Vertucci and Roos, 1990). Such plants are vegetative propagated plants that are not bred
from seeds; a number of commercial plants that are subject to incompatibility barriers and
then there are seeds of many plant species that are desiccation or chilling sensitive (Lynch et
al., 2007). Therefore tissue culture has proven to be an option for conservation of such

species and also in vitro conservation which enables the availability of genetic resource.

2.3 Seeds
A seed is formed from a fertilized mature ovule, and contains the embryo plus extra-
embryonic nutritive tissue (endosperm) in some cases, enclosed in protective layers of the
testa or seed coat (Schmidt, 2000). Traditionally seeds have been grouped into two main
groups according to their physiological storage potential, either as orthodox or recalcitrant

(Roberts, 1973; King and Roberts, 1980). Orthodox seeds (viz. Zea mays, Triticum aestivum,



Phaseolus vulgaris, Cicer arietinum etc.) undergo a period of drying during the final stage of
their maturation and are shed at low WC which is in equilibrium with the prevailing RH. All
orthodox seeds not only survive considerable desiccation (to around 5% on a wet mass basis
or 0.053 g H20 g dry mass; g g*) but can be stored for prolonged periods without loss of
quality or viability under defined conditions of storage temperature and WC (Ellis and
Roberts, 1980; Sutherland et al., 2002). These seeds tolerate conditions such as drying and
chilling, as a result long term germplasm conservation is facilitated. The longevity of such
seeds can mainly be determined by seed moisture content and storage temperature, as life-
span is predictable with decrease in temperature and moisture content (Ellis and Roberts,

1980).

Recalcitrant (non-orthodox) seeds are characterised by little, or no, maturation drying and are
hence shed at high WCs and remain desiccation sensitive both during development and after
they are shed (Farrant et al., 1986; Berjak et al., 1989; Pammenter and Berjak, 1999; Berjak
and Pammenter, 2008). Some examples of tropical species that produce recalcitrant seeds are
cacao (Theobroma cacao), rubber (Hevea brasiliensis), durian (Durio zibethinus) and
jackfruit (Artocarpus heterophyllus); temperate recalcitrant species include oaks (e.g.
Quercus robur), silver maple (Acer saccharinum) and horse chestnut (Aesculus
hippocastanum) (Sutherland et al., 2002). These seeds are highly susceptible to desiccation
injury (Pammenter and Berjak, 1999), do not undergo cellular de-differentiation and
metabolic shut-down during maturation but are shed in a state of incipient germinative
metabolism (Whitaker et al., 2010). Recalcitrant seeds rapidly lose their germination capacity
as a result of desiccation (for example, within 8 d in Shorea robusta; Chaitanya and Naithani,
1994), and undergo deteriorative ultrastructural changes if dehydrated below a certain WC
(Pammenter et al., 1998) or even when stored at the shedding WC in the hydrated condition

(Pukacka and Ratajczak, 2006). Deteriorative ultrastructural changes include extensive



vacuolation, degeneration of organelles such as mitochondria and plastids, the
endomembrane system, and ultimately, cellular lysis (Kaczmarczyk, 2008; Quain et al.,

2009).

After shedding, normal cellular metabolism results in the seeds producing ROS at a
controlled rate (Pukacka and Ratajczak, 2006; Tommasi et al., 2006; Whitaker et al., 2010)
but their failure to retain a critical amount of water leads to metabolic damage typified by
uncontrolled production of ROS (Cheeseman, 2007; Wang et al., 2007; Suzuki et al., 2012).
Under these circumstances, protective anti-oxidative reactions are inadequate to remove ROS
effectively (Pukacka and Ratajczak, 2006; Varghese et al., 2011). Production of uncontrolled
ROS damages many macromolecules including those of the membranes (i.e. protein and
lipids; Halliwell and Gutteridge, 1984) and nucleic acids (Pan and Yau, 1991), the damage
being followed by cell death (Halliwell and Gutteridge, 1984; Whitaker et al., 2010). Loss of
viability of recalcitrant seeds after shedding is not only brought about by ROS, but also by
prevailing fungal proliferation during their storage (Calistru et al., 2000; Berjak, 2005;

Myeza, 2005).

2.3.1 Post-harvest behaviour and storage

In order for recalcitrant seeds to be successfully stored for the maximum possible periods,
understanding their physiological behaviour after harvest and their requirements for
successful storage is imperative. Sensitivity to desiccation (which is removal or loss of
intracellular water) seems to be the ultimate contributing factor to the difficulty of storing
recalcitrant seeds for extended periods (Berjak et al., 1989). Desiccation tolerance refers to
organisms or plants that survive dehydration to an overall WC < 0.1 g g DW (Vertucci and
Farrant, 1995). The acquisition of desiccation tolerance in orthodox seeds (which is

essentially lacking in recalcitrant seeds) depends on various mechanisms that occur during
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the maturation drying phase (Fig. 2) of seed development (Pammenter and Berjak, 1999;

Berjak, 2006; Berjak and Pammenter, 2008).

histo-differentiation reserve deposition maturation drying

orthodox

recalcitrant 2
phase of relatively lowest
desiccation-sensitivity*

*except for
Avicennia marina

time

Figure 2: Schematic diagram of the various developmental stages of seed formation (diagram

courtesy Prof. Berjak).

The mechanisms which render tolerance to desiccation tolerant seeds involve mechanical
protection (such as vacuole reduction or filling with insoluble material, DNA conformational
changes, cytoskeleton disassembly and reassembly) and metabolic protection (against
uncontrolled ROS production which includes antioxidant activity and metabolic switch off).

Below a WC of 0.3 g g%, the intracellular glassy (vitrified) state contributes towards the
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retention of the ultrastructural integrity as the cells undergo dehydration (Berjak and

Pammenter, 2008).

With the current rate of loss of plant diversity in the 21% century, and a realistic prediction of
global climate change looming on the planet, storage of seeds has become inevitable for food
security, for planting in the future, as breeding material or genetic resources for conservation.
Seed storage is the most convenient ex situ conservation method for long term conservation
of plant germplasm (Rao, 2004). The convenience is associated with the low costs and the
fact that seeds present fewer problems than the other propagules that are usually used for ex
situ conservation (Goveia, 2007). However, it must be noted that long-term storage is
possible only for orthodox seeds, as noted above (in the Introduction). The longevity of seeds
in storage is determined by initial seed quality, temperature of storage, moisture content of
seeds and good storage conditions. Different strategies of conservation apply to different
types of seeds, depending on their physiological response to desiccation and low
temperatures. In contrast, recalcitrant seeds are sensitive to desiccation and those of many
tropical species do not tolerate low temperatures (Berjak and Pammenter, 1999; Berjak and
Mycock, 2004). Between the two seed categories, there is an another category of seeds that
are termed as intermediate; they can be dried to lower WCs but relatively higher than the
orthodox seeds and are sensitive to low temperatures typically employed for orthodox seeds
(Hong and Ellis, 1996; Schmidt, 2000). Based on the storage moisture and temperature
requirements, seeds can be categorised as orthodox, intermediate, temperate recalcitrant and
tropical recalcitrant (Table 1). According to their physiological storage potential, recalcitrant
seeds require other methods of conservation than those used in conventional practices

(Goveia, 2007).
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Table 1: Physiological storage classes related to desiccation and temperature (Schmidt, 2000)

Orthodox | Intermediate Temperate Tropical
recalcitrant recalcitrant

seeds seeds seeds seeds
Storage

moisture (water) Low Low High High
content

tor ) .
Storage Low High Low High
temperature

2.4 Invitro preservation

In vitro culture techniques have been widely used for the germplasm storage and

multiplication of several recalcitrant-seeded and vegetatively propagated species (Grout,

1990; Engelmann, 1997a; Humbeck et al., 2008). Generally in plant tissue culture, cells,

tissues or organs are excised from the parent plant, surface decontaminated and cultured on a

growth medium (Lipavska and Vreugdenhil, 1996; Mandal et al., 2000). These techniques

provide the additional advantage because media used in tissue culture can be modified to

induce different growth responses: for example, unorganized and undifferentiated callus or

organized tissues and organs that can be used to generate plants. The advantages and

disadvantages of in vitro preservation are given in Table 2.
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Table 2: Advantages and disadvantages of in vitro preservation (Humbeck et al., 2008)

ADVANTAGES

DISADVANTAGES

Preserved material maintained under
sterile conditions

No risk of infestation and infection by
insect activity

No risk of damage by factors
affecting the environment

Less labour intensive than field
collections

Growth retardants could alter plant
morphology and can induce DNA
methylation.

Somaclonal variations can occur

Secondary infections can occur

Mislabelling is a source of error that is
detected in field gene banks.

e Material of species and varieties
available throughout the year.

In vitro preservation can be divided into three approaches: cryopreservation, preservation of
actively growing cultures and preservation of slow growth cultures (Scowcroft, 1984; Grout,
1990). Cryopreservation is the storage of plant material in the liquid/vapour phase of nitrogen
(Engelmann, 1991; Rao, 2004). This is the only and most promising option for the long-term
storage of germplasm of recalcitrant-seeded species. For medium- to short-term storage, the
cultures are stored in their actively growing state or, more often, under slow growth
conditions. The storage of actively growing cultures is achieved when plant germplasm is
kept as sterile tissues or plantlets on nutrient media, whereas the slow growth involves
storage of material under growth-limiting conditions (Shibli et al., 2006). The growth rate of
in vitro cultures can be minimised by several methods; these can either be chemical or
physical. The chemical approaches include the use of growth retardants, incubation in
reduced oxygen or agents which increase the osmotic potential of the media, while the

physical approaches may involve subjecting the plants to low light intensities, low culture
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temperature conditions, or modification of the nutrients in the medium (Engelmann, 1991;

Rao, 2004; Shibli et al., 2006; Goveia, 2007).

The ultimate aim of any in vitro conservation approach is the successful regeneration and
propagation of genetically stable plantlets. In order to obtain healthy plantlets, organised
cultures such as shoots are generally used for in vitro germplasm storage since
undifferentiated tissue poses a higher risk of somaclonal variation (Rao, 2004; Shibli et al.,

2006 and Goveia, 2007).

2.4.1 Cryopreservation

Cryopreservation, in this context, refers to maintenance in the frozen state — i.e. storing plant
germplasm at ultra-low temperatures, usually that of LN (-196 °C) or in the vapour above LN
at -140°C to -160 °C (Kartha, 1981; Shibli et al., 2006; Day et al., 2008; Humbeck et al.,
2008; Hamilton et al., 2009) to retain its viability for future initiation of plants (plant
generation). Cryopreservation has proven to be the most promising method that ensures the
safe and cost-effective long-term conservation of genetic resources of species that produce
recalcitrant seeds or are vegetatively propagated (Sakai, 2000, Wesley-Smith, 2002; Berjak
and Pammenter, 2004; Panis et al., 2005). It can also be used as a tool to preserve endangered
plant species, species with scarce seeds or seeds of doubtful quality and/or species with
threatened imminent extinction (Touchell et al., 2002; Ohmiya et al., 2003; Mandal and
Dixit-Sharma, 2007). At cryogenic temperatures, cellular division and metabolic processes in
plant tissues are curtailed, thereby allowing unlimited period of time for storage of
germplasm without alteration and modification (Kartha, 1985; Engelmann, 1991; Mycock et
al., 2004; Benson, 2004). Cryopreservation is not only low-maintenance and cost effective
(Engelmann, 2004), but it also avoid problems of increased ploidy, mutations, biosynthesis

capacity and undesirable phenotypes (Kartha, 1985; Blackesley et al., 1996). Even though
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cryopreservation shows potential as one of the long-term conservation methods, there is still a
spectrum of problems that lead to unsuccessful recovery of plantlets from explants (Berjak et
al., 2011). However, a number of factors need to be considered for successful

cryopreservation to be achieved and these will be elucidated in detail later in this chapter.

2.4.2 Cryopreservation techniques

Cryopreservation is based on the classical and vitrification techniques (Withers and
Engelmann, 1998). The protocol and physical mechanism of these techniques are different in
a manner that classical techniques involve freeze-induced dehydration while cryopreservation

techniques focus on vitrification.

Classical cryopreservation is based on slow cooling resulting in a defined pre-freezing
temperature (-40 °C), followed by rapid immersion in LN (-196 °C). Prior to slow cooling
(0.5-2.0°C/min), the germplasm is chemically pre-treated and cryoprotected to reduce cellular
water thus minimizing freezing injury or preventing ice formation (Engelmann, 2011). Mazur
(1984) stated that the decrease in temperature during slow cooling causes the cells and the
external medium to be supercool; however, the medium reaches a point where ice is formed.
Therefore, the exterior ice is then prohibited from entering the interior of the cells by the
protective cell membrane. Further decrease in temperature increases the accumulation of the
external ice, resulting in equilibration of cells by losing water to the external ice (Engelmann,
2004; 2011). The removal of most or all freezable water in tissues reduces or prevents lethal
intracellular ice from occurring during cooling in LN (Sakai, 1995). There is a profound
relationship between WC and the required cooling rate to avoid ice nucleation. However
there are some disadvantages that are incurred when cells are intensely dehydrated prior to
cryoexposure. These are cell shrinkage (severe changes in cell volume and cell membrane)

and damages related to high concentration of intracellular salts (Meryman et al., 1977,
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Walters et al., 2008). For the success of classical techniques, it is imperative to limit both
desiccation damage and freezing of water (Vertucci et al., 1991) thereby minimising
irreparable damage that might occur during cryo-exposure. Rewarming must be faster to
avoid re-crystallisation, which is melting of ice and reforming of ice crystals at a
thermodynamically more damaging crystal size (Mazur, 1984; Walters et al, 2008). Classical
techniques are complex because they require the use of expensive controlled freezers. In
some instances, normal domestic or laboratory freezers can be used to perform the slow

freezing step to a defined temperature (Kartha and Engelmann, 1994).

Vitrification based techniques - The techniques are based on vitrification, which is
characterised as a solidification of liquid by an extreme elevation in viscosity during freezing
(Fahy et al., 1984). The aim of the vitrification techniques is to further minimise cryo damage
and simplify the standard cryopreservation protocols (Engelmann, 1991). These techniques
involve subsequent steps such as cell dehydration prior to cooling by treating samples with
concentrated cryoprotective media and/or air desiccation (Engelmann, 2004; 2011). Once the
cell water potential diminutions is accomplished, rapid cooling follows avoiding ice
nucleation (Sakai et al., 1990). Vitrification based techniques outweighs classical techniques
(slow cooling based) because of numerous advantages such as being appropriate for complex
organs (shoot apices and embryos), less complex, broad applicability, require less
modifications for different cell types (Engelmann, 1997a). The most critical step common to
all vitrification techniques is the dehydration step prior to immersion in LN because without
proper optimisation there will be no or very low survival. While in classical techniques
achieving survival after the freezing step is more important (Engelmann, 2011). Vitrification
techniques are divided into seven vitrification based procedures which are encapsulation-
dehydration, vitrification, encapsulation-vitrification, dehydration, pre-growth, pre-growth

dehydration and droplet vitrification (Engelmann, 2011).
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Encapsulation-dehydration protocols are based on developing artificial seeds (Gonzalez-
Benito et al., 2004; Engelmann, 2011).The method was initially developed by a French
research team using potato shoot apices (Fabre and Dereuddre, 1990), and grape (Plessis et
al., 1991a), pear (Scottez et al., 1991) and somatic embryos of carrot (Dereuddre et al.,
1991). This technique involves pre-treating the tissues in a liquid medium with enriched
sucrose for 1 to 7 d, encapsulation with calcium beads followed by either air drying in the
laminar flow or by exposure to silica gel (Engelmann, 1991; Scocchi et al., 2004; Shibli et
al., 2006). The alginate beads protect the embedded tissue making it resistant or tolerant to
lethal cryopreservation treatments (Engelmann, 1991). Thereafter the beads are frozen and

thawed either slowly or rapidly (Engelmann, 1991).

Vitrification is the most promising and widely used cryopreservation method (Sarkar and
Naik, 1998a; Golmirzaie and Panta, 2000; Zhao et al, 2005a; Kryszczuk et al., 2006) in
which tissues are dehydrated by high osmoticum concentrated solutions to prevent ice
nucleation during cryopreservation and re-warming (Moges et al., 2003; Sakai et al., 1990).
To avoid the formation of ice, tissues are frozen ultra-rapidly in order for the cell solutes or
contents to vitrify (an amorphous glassy structure) thereby avoiding the formation of
intracellular ice. Rapid and timed pre-treatment in very high concentration of cryoprotectants
is required for attaining vitrification (Engelmann, 1991). Vitrification consists of three critical
phases: the loading phase, dehydration with PVS2 (plant vitrification solution) and the
unloading solution (Sakai et al., 1990; Ashmore, 1997). This method is simple as it uses
highly concentrated vitrification solutions prepared with enriched sucrose and glycerol and
does not require expensive cooling apparatus and can be applied to a variety of plant material

(Matsumoto et al., 1994; Benson et al., 1996).

Encapsulation-vitrification is the combination of encapsulation-dehydration and
vitrification techniques whereby explants are embedded in calcium alginate beads
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(Kaczmarzyk, 2008; Engelmann, 2011). Explants are primarily encapsulated and subjected to
freezing by vitrification (Ashmore, 1997; Gonzalez-Benito et al., 2004), without the need for
physical dehydration (Gonzalez-Benito et al., 2004). Alginate beads are pre-cultured in liquid
medium with elevated sucrose levels, loaded with sucrose-glycerol solution, dehydrated with
PVS2 and cooled by direct immersion in LN. Thereafter samples are thawed at 40 °C water
bath and unloaded in enriched sucrose solution (Sakai et al., 1990; Sakai and Engelmann,
2007). Encapsulation-vitrification is easy to handle, saves time required for desiccation and

survival is earlier than that of encapsulation-dehydration (Hirai et al., 1998).

2.5 Advantages of cryopreservation
The major advantage of cryopreservation is that a variety of cells and tissues can be stored
such as protoplasts, single cells and organised tissues (for example, meristems and somatic
embryos; Bajaj, 1983). It is believed that during cryopreservation, cell division, metabolic
and biochemical processes are arrested and thus the biological material should be able to be
stored without deterioration or modification for extended periods of time (Kartha, 1981;
Withers, 1983; Shibli et al., 2006; Kaczmarczyk, et al., 2012). Once in storage, there is no
risk of new contamination by fungus or bacteria, and cryogenically stored material has been
reported to retain genetic stability (Harding, 2004; Shibli et al., 2006). Moreover, the space

requirements are minimal and maintenance is relatively easy (Pence, 2011).

2.6  Factors affecting cryopreservation
The preservation of biological material cryogenically involves various steps such as pre-
culture in media with osmotically active compounds, treatment with cryoprotectants, cooling,
thawing, post-thaw treatment and regeneration of plantlets (Shibli et al., 2006; Goveia, 2007).
The ability of the explants to survive these cryopreservation procedures is affected by the

following factors:
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i) Physiological condition of plant material
The ability of explants or plant material to survive post-cryostorage is dependent on factors
such as genotype, physiological status, cold sensitivity and pre- and post-freezing
manipulation. While the type and nature of explants also has an effect on the post-cryo
survival regrowth of the plantlet (Engelmann, 1991; Ashmore, 1997). Cells of vigorously
growing (immature) cultures are said to have a dense cytoplasm and minimal vacuolar or
unvacuolated volumes which promotes adversely the ability of the explants to withstand

storage in the LN, thus maintaining the genetic integrity (Kaczmarczyk et al., 2012).

i)  Size of explant
Tissue size affects thermal mass and surface area to volume ratios, in turn affecting rates of
cryoprotectant penetration, dehydration and cooling (Berjak et al., 1998, Walters et al.,
2008). The smaller the explants and the lower the WC, therefore lesser time for dehydration
(Wesley-Smith et al., 2004a; Kaczmarczyk, et al., 2008).Smaller explants also allow control
over the range of attainable cooling rates, therefore the efficacy of rapid cooling in preventing
ice formation can be explored (Wesley-Smith et al., 2004a). Most recalcitrant seeds are
relatively large and are highly susceptible to the dehydration and freezing which are
necessary for successful cryopreservation. In such cases excised zygotic axes are the most
suitable explants (Berjak, 2006; Berjak and Pammenter, 2008). However, in many cases the
embryonic axes are themselves large and detrimentally affected by excision, dehydration and
LN immersion (Goveia, 2007; Varghese et al., 2009). Other explants appropriately small for
cryopreservation can be obtained from various sources alternative to the excised axes: these
can be buds from in vitro shoots and shoot apices. Shoot apices are the most favoured or most
ideal explants for cryopreservation because they contain relatively undifferentiated cells that

are suggested to remain genetically stable during the regeneration process and direct shoot
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development after re-warming is generally obtained (Mroginski et al., 1991; Walters et al.,

2008; Kaczmarczyk, et al., 2012).

iii)  Water content
Water concentration is the measure of the ratio of water within an entity relative to other
constituents. Recalcitrant seeds retain high WC when shed, but the WC at shedding varies
with species (Ballesteros et al., 2014), and often within single species from one harvest to the
next (Berjak and Pammenter, 2004). High WC in tissue promotes formation of lethal ice
crystals upon explant exposure to sub-zero temperatures, thus affecting the success of
cryopreservation (Roberts, 1973; Wesley-Smith et al., 1991; Quain et al., 2012). Desiccation-
sensitive axes cannot be dehydrated to WC less than 0.3 g H20 g DW without detrimental
damage (Wesley-Smith et al., 1991). This means that if biological material is desiccation
tolerant, cryopreservation will be relatively simply achieved (Fu et al., 1994), but not
otherwise. Lowered WC of explants can be induced by exposure to abscisic acid, sugars,
mannitol and sorbitol (Panis et al., 2002; Walters et al., 2002), exposure to cryoprotectants
and vitrification (using chemical agents such as sucrose, glycerol, DMSO, ethylene glycol,
proline etc.; Engelmann et al., 1994). Desiccation of tissue prior to cryostorage in activated
silica gel (Hatanaka et al., 1994) and by flash drying (Berjak and Pammenter, 1999;
Pammenter et al., 1999; 2002) reduces WC thus enhancing cryo-tolerance (Quain et al.,

2012).

iv) Drying rate
Dehydration prior to cooling is inevitable for the success of cryopreservation of non-orthodox
plant material. Rapid physical dehydration of tissues is often achieved via flash drying

(Berjak et al., 1989; Pammenter et al., 2002), a technique used to induce rapid dehydration of
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tissues by running an air stream over activated silica gel, which is aimed at decreasing the
WC to an amount suitable for freezing (Pammenter et al., 2002; von Fintel, 2006; Ballesteros
et al., 2014). Drying rate has been found to have an effect on WC to which recalcitrant seeds
can be dried before loss of viability (Pammenter et al,, 1998; Pammenter and Berjak, 1999;
Varghese et al., 2011). Slow drying of recalcitrant seeds or excised axes leads to damage of
tissue at high WCs, which is the consequence of unbalanced metabolism while water is lost,
and is termed metabolism-linked desiccation damage (Pammenter et al., 1998; Walters et al.,
2001; Varghese et al., 2011). According to Vertucci (1990) and Pammenter et al. (1991)
water exists in five levels of hydration in desiccation tolerant seed tissues, and at levels below
0.26-0.24 g g DW the water is non-freezable which is understood to be bound to structures,
I.e. structure-associated water. Pammenter et al. (1991) further stated that in orthodox seeds
much of the freezable water can be removed with no detrimental effect on viability, thus such
seeds can be successfully cryopreserved. In contrast, recalcitrant seeds or embryonic axes
excised from such seeds can only withstand partial removal of bulk water or for that matter
little or no structure-associated non-freezable water, which is associated with lethal effects
when removed (Pammenter et al., 1991; 1993) due to their desiccation-sensitivity. Those
authors describe this as desiccation-damage sensu stricto. Flash drying does not render
recalcitrant material desiccation tolerant to be stored at ambient or sub-ambient conditions.
Rather, it minimises the time during which metabolism-associated damage can occur
(Pammenter et al., 1998; Walters et al., 2001) paving way for the possibility of its storage
under LN provided the stress incurred due to desiccation and/or cooling is not enormous.
Though flash dried embryonic axes do not survive for extended periods at ambient or even
refrigerator temperatures, but provide ideal explants for cryopreservation. Thus the material

should be ideally cooled in a cryogen immediately after drying.
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v) Pre-cooling treatment (cryoprotection)
Pre-cooling treatment (cryoprotection using penetrating and non-penetrating cryoprotectants)
can entail cultivating biological material to be preserved in the presence of cryoprotective
agents such as sucrose, sorbitol, mannitol, dimethyl sulphoxide (DMSQO), amino acids, sugars
or polyethylglycol (PEG) etc., which may induce some drying and are also said to protect
membranes, proteins and enzymatic binding sites from the freezing stress (Gonzalez-Benito
et al., 2004; Humbeck et al., 2008). If tissues are cooled slowly, water is drawn out of cells to
nucleate as ice extracellularly, which is considered an effective method of dehydrating living
cells (Gonzalez-Benito et al., 2004). Partial dehydration of tissues is essential before cooling,
and can be at least partly achieved by exposure to an osmoticum or cryoprotectants (Hirai and
Sakai, 1999). If the biological material is treated with osmotic agents, survival after
cryostorage may be higher than that of non-treated material (Shibli et al., 2006). The
concentration and duration of exposure of plant material to the osmotic agents of course
depends on the plant species and type of the explant (Ashmore, 2007). Pre-treatment
additives have been shown to facilitate survival of shoot apices of T. emetica (Varghese et al.,
2009) and explants of Ekebergia capensis (Hajari et al., 2011) after cryostorage. In addition,
cooling tolerance of biological material can be enhanced by cold hardening (Hirai et al.,

1998) and cryoprotection or pre-growth culture of plant material.

A single cryoprotectant (e.g. DMSO) can be effective, but a mixture of cryoprotectants (e.g.
DMSO and glycerol) is usually more effective (Withers, 1991). Cryoprotection, however, is
seldom adequate to dehydrate material sufficiently for cryopreservation, but is
complementary to subsequent physical drying (von Fintel, 2006). The mode of action of
cryoprotectants is that they increase the concentration of solutes in the cytoplasm, thus
helping to promote intracellular vitrification during dehydration and therefore minimising

intracellular ice formation (Rao, 2004; Walters, 2008). There are some disadvantages of
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using cryoprotectants such as cytotoxicity, dehydration injury and mechanical damage during
the freezing and thawing steps (Wesley-Smith et al., 1995), making the technique variably

successful, depending on explant-type and species.

vi) Cooling rates
Cooling rate of explants is critical during cryopreservation as it determines the survival after
exposure to LN (Wesley-Smith et al., 1991; 2004a; 2014; 2015). Slow cooling rates have
been found to allow the process of protective dehydration to take place in explants from
recalcitrant seeds (Withers, 1991; Wesley-Smith et al., 2004a; 2014). However, slow cooling
to very low temperatures before transferring the plant material to LN may be injurious, due to
excessive cellular dehydration by extracellular ice crystallisation. The injury caused by
cooling is related to the rate employed and the WC of the tissue: rapid freezing, successfully
used for explants at higher WCs, has been shown to prevent deleterious intracellular ice
formation (Wesley-Smith et al., 1991; von Fintel, 2006; Wesley-Smith et al., 2004a).
However, generalisations cannot yet be made, as employment of a particular cooling rate
promoting cryo-survival (in relation to WC) has been shown to be species and explant related

(Wesley-Smith, 2002; Varghese et al., 2009).

vii)  Thawing
Prior to regeneration, frozen tissues must be thawed without permitting re-crystallisation
during warming (Ashmore, 1997). This can be accomplished only by rapid warming, where
frozen tissue is immersed in medium placed in temperature-controlled water bath at 37 -
40°C (Berjak, 1999). Rehydration in distilled water (which has been extensively utilised) is
likely to have deleterious effects on dehydrated biological material. The use of a 1:1 CaMg

solution, containing 0.5 pM CaClz. 2H20 and 0.5 mM MgCl2.6H20 (Berjak and Mycock,
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2004) has been found to promote normal ongoing development of explants after cryostorage
and/or dehydration, notably promoting re-assembly of functional cytoskeletons (Berjak et al.,

1999; Berjak and Mycock, 2004).

2.7  Oxidative stress accompanying procedural steps for, and after,
cryopreservation

Free radicals are highly reactive atoms or molecules that are capable of independent
existence, consisting of one or more unpaired electrons (Halliwell, 2006). Reactive oxygen
species being versatile molecular species and radicals regulate a complicated network of
signalling pathways in plants (Bhattacharjee, 2012). Their role is to regulate cell physiology
and responses to the environment. Reactive oxygen species include superoxide (-02),
perhydroxy radical (HO2™), hydrogen peroxide (H202), hydroxyl radical (+OH), alkoxy
radical (RO+), peroxy radical (ROOv), singlet oxygen ('Oz), organic hydroperoxide (ROOH),
molecular Oz, activated oxygen (O3) and so forth (Pukacka and Ratajczak, 2006; Berjak and
Pammenter, 2008; Bhattacharjee, 2012). These ROS are implicated in normal metabolism,
plant growth and development (Gapper and Dolan, 2006), radicle protrusion during
germination of seeds (Schopfer et al., 2001; Midller et al., 2009) and oxidative metabolic
processes in all aerobic organisms, for example those occurring in photosynthesis, respiration
and signalling in chloroplasts, mitochondria and peroxisomes (Forman and Torres, 2002;
Apel and Hirt, 2004; Benson and Bremner, 2004). The ROS exhibiting a role in development
are produced by NADPH oxidases (NOXs) that are responsible for the generation of ‘Oz". It
has been found that the NOX proteins are required in root elongation of Arabidopsis
(Arabidopsis thaliana) (Forman et al., 2003) and also in expansion in maize (Zea mays) roots
(Liszkay et al., 2004). NOX derived ROS is not only responsible for root development but

also growth of other organs e.g. leaf elongation reported by Rodriguez et al., 2002.
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Plants have developed signalling and sensing mechanisms protecting them from the various
stresses posed by the environment (Bhattacharjee, 2012). Reactive oxygen species are one of
the most common responses from abiotic and biotic environmental stresses in plants. These
environmental stresses include extreme temperatures, salinity, smog, drought, heavy metals,
herbicides and pathogens etc. (Mittler and Blumwald, 2010). The cytotoxicity of ROS
(Hendry, 1993; Chaitanya and Naithani, 1994; Varghese and Naithani, 2002) affects plant
metabolism and productivity thus resulting in a decrease in crop yield (Bhattacharjee, 2012).
Although ROS is associated with cell signalling and redox sensing mechanisms, when
produced in uncontrolled levels also results in destructive events such as membrane damage
resulting in ion leakage, impaired photosynthesis and respiration, production of toxic
compounds, disrupted redox homeostasis of cells (Kranner et al., 2006) eventually leading to
cell death (Halliwell and Gutteridge, 1984; Einset et al., 2007; Bhattacharjee, 2012).
Excessive production of ROS has also been associated with oxidative stress in tissues
resulting in oxidative damage of proteins, lipids and nucleic acids (Chaitanya and Naithani,

1994; Halliwell and Gutteridge, 2007).

A balance between ROS and quenching activity of house-keeping or stress-induced
antioxidants is imperative to prevent the damages exerted by various environmental stresses.
Although ROS is implicated in plant development, when it released into an extent that
overwhelms endogenous antioxidant capacity of small explants such as embryos and shoot
apices, it causes oxidative damage (Berjak et al., 2011). In cases where ROS overwhelms
endogenous total antioxidant activity, exogenous antioxidants, transition metal chelating
agents, various antioxidant enzymes (viz., superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), monodehydroscorbate reductase (MDHAR), dehydroascorbate
reductase (DHAR) and glutathione reductase (GR), peptides and metabolites (phenolic and

nitrogen compounds) can be applied to counteract stress induced by unbalanced ROS activity
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(Ali and Alqurainy, 2006). However, the role of antioxidants as a defence system is very

important in plant development.

It has been shown that each step of cryopreservation described above from excision to
retrieval from cryogenic storage — in cryopreservation protocols for zygotic embryonic axes
is accompanied by stress-related surges of ROS production (Roach et al., 2008; Whitaker et
al., 2010; Berjak e t al., 2011; Pammenter et al., 2011). As there is no reason to believe that
the same will not be true when shoot apices are used as alternative explants, determinations
of ROS and of aqueous antioxidants was assessed during and after the steps of

cryopreservation.

2.8  Cathodic protection
Cathodic protection is a method used to quench unregulated or unbalanced ROS activity to
minimise oxidative damage (Pammenter et al., 1974; Berjak et al., 2011). Cathodic
protection has been extensively investigated in the metal industry e.g. against corrosion in
bridges and pipelines (Baeckmann, 1997; Huck, 2005). Cathodic protection in plant tissues
was first investigated by Pammenter et al. (1974) who placed Zea mays seeds on the cathode
(aluminium foil sheet) in a static electric field with a potential difference between cathode
and anode of 300 volts. This treatment extended their viability when maintained under
accelerated ageing conditions. Thereafter, Berjak et al. (2011) extended the principle of
cathodic protection by using the cathodic fraction of the electrolysed salt solution (cathodic
water) as a solvent in the procedural steps of cryopreservation. Cathodic water is generated
by electrolysing a CaMg solution, with the cathode and anode in separate chambers. Cathodic
water is distinguished from anodic water by being milky, having a high pH (10.0- 11:50),
high dissolved hydrogen content and low oxidative-reduction potential (-800 to -900 mV)
(Huang et al., 2008). Cathodic water has been reported to have the potential to quench or
scavenge ROS, protect DNA from oxidative damage (Hanaoka, 2001; Shirahata et al., 1997)
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and act as a reductant. Based on the beneficial effects of CW stated by Berjak et al. (2011)
which is its ability to enable seedling development from cryopreserved embryonic axes of

Strychnos gerrardii, it was used in this study throughout the stages of cryopreservation.

2.9 Invitro regeneration

2.9.1 Culture conditions

Aseptic culture conditions are a prerequisite for successful development of seedlings (from
axes) or plantlets (from alternative explants) in vitro. Sterile conditions prevent the invasion
by, and subsequent proliferation of microorganisms which not only compete for nutrients, but
also degrade the explant tissues, especially at the fragile regeneration phase (Kioko, 2003).
Therefore it is crucial to decontaminate/sterilize the working environment, equipment, culture
medium and the plant material. Common decontaminants used include dilute solutions of
sodium or calcium hypochlorite or mercuric chloride, 70% ethanol (Hartmann et al., 2002)

and NaDCC (sodium dichloroisocyanurate or sodium troclosene).

2.10 Recalcitrant-seeded species studied
The two recalcitrant-seeded species indigenous to South Africa used in this study were

Trichilia dregeana Sond. and Trichilia emetica Vahl. of the family Meliaceae.

2.10.1 Trichilia emetica Vahl.

Trichilia emetica is a tropical tree species producing short-lived recalcitrant seeds, which
grows in forests and in open riverine-alluvial lowland rainforests (Kioko et al., 2006). It is
commonly also known as the Natal mahogany, and also shares the same Zulu name
(umKhuhlu). Even though both the Trichilia spp. shares some similarities there are some
distinct differences, one of them being the height of the trees. T. emetica grows to a height of

5-10 m whereas T. dregeana trees are much taller at 10-35 m (Pooley, 1993). Unlike T.
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dregeana, T. emetica flowers (which are creamy to silvery-green and velvety) between
September and November and produces fruits (that are creamy green and turning pale brown
when ripe) in January to April (Goveia, 2007). Trichilia emetica fruits possess a neck and are
both fruits and seeds are smaller than those of T. dregeana. Though the actual size of the

seeds is different between the two species, they are morphologically similar (Pooley, 1993).

The extensive use of this species in traditional medicine has encouraged scientists to do
research on the species (Komane et al., 2011). Its exasperating use has also contributed to its
high exploitation and extinction rates (Palmer and Pitman, 1972). Extensive research has
been done on T. emetica in our laboratory to store and cryopreserve the excised embryonic
axes and/or the shoot apices of this species. Koiko et al. (2006) reported that T. emetica seeds
are shed at an average axis water concentration of 2.8 g g* and lose viability after 20 days
when stored at 6 “C and upon dehydration. However, there is some insight about the
responses of T. emetica embryonic axis to cryopreservation stresses and ultrastructural
responses of seeds in storage (Kioko et al., 2003; 2006). A study was also done by Varghese
et al. (2009) on the cryopreservation of the shoot tips of T. emetica, whereby 71% shoot
production were achieved after cryopreservation. The current study was undertaken to
improve shoot production and obtain proper plantlet after cryopreservation using shoot apices
of T. emetica. Extensive work has also been done on its medicinal properties by a number of
researchers (for e.g., Komane et al., 2011; Gunatilaka et al., 1998; Diallo et al., 2003;

Germano et al., 2005).
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Figure 3: Freshly harvested seeds (A) and fruits (B) of T. emetica.

2.10.2 Trichilia dregeana Sond.

The common names given to T. dregeana are Forest/Natal-Mahogany or umKhuhlu (Zulu).
The Mahogany trees (noting that this common name is also used for, and should not be
confused with, quite different species in Indian/Malaysian areas) are fairly widespread,
occurring in the tropics and subtropics of the northern and southern hemispheres. They are
indigenous to southern and eastern Africa, being more prevalent in the areas of high rainfall
in coastal and montane evergreen forests. T. dregeana is a large tree, with impressive heights
between 10-35 m and a diameter of up to 1. 8 m. The growth form is strikingly uniform, very
dense, and the tree has deep green, glossy foliage and rounded canopy with few internal
branches visible (Kioko et al., 2006). New leaves are shiny, red brown and turn lime green
before darkening (Schmidt et al., 2002; Whitaker et al., 2010). In South Africa T. dregeana
trees produce creamy-white flowers, between October and December and fruiting occurs

mainly between May and July. When ripe the fruit capsule bursts open on the tree to show six
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seeds, each of which has a black testa which is almost completely enclosed by a scarlet aril

(Goveia, 2007).

The tree provides excellent shade and has a non-aggressive root system, making it ideal for
gardens. Trichilia dregeana can be grown easily from fresh seeds which have not been
allowed to dehydrate, or from cuttings, growing quickly when watered: it can be planted in
either shade or sunlight. The tree commercially produces wood suitable for carving, furniture,
fishing floats, musical instruments and household implements. The seed arils are cooked as a
vegetable or crushed to yield a milky juice taken as a drink or with side dishes. The seeds are
rich in fats, which are used in soaps, as body ointment and hair oil as well as for cooking
(Schmidt et al., 2002). The oil has properties of hastening healing, particularly of fractures.
The species is also an important medicinal plant with the seed, oil, leaves, roots and bark
being used for many purposes depending on different cultures (Hutchings et al, 1996). For
example, bark preparations are used as remedy for backache, stomach problems, and kidney

ailments and also has application as a fish poison.

The fruits are consumed by a variety of animals such as baboons, monkeys, and antelope,
various species of birds and humans use them for preparation of a milky soup. The bark is
used in herbal medicine, while the roots, leaves, as well as oil from the seeds are used for
remedies against stomach, intestine and kidney ailments, indigestion, fever, parasites and
eczema. The powdered bark provides an emetic (hence the species name, emetica) (Pooley,
1993). In addition to the medicinal properties of the bark, T. emetica also produces wood of

good quality (Kioko et al., 2006; Goveia, 2007).

Over the years, this species has been widely studied with some trying to understand the
characteristics and behaviour of this species which was reported to produce recalcitrant seeds

by Choinski (1990). Han et al. (1997) reported on the presence of dehydration-related
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polypeptides dehydrins during seed maturation and in response to ABA or water deficit
related stresses in the axes of these seeds. Berjak et al. (2004) investigated strategies for field
collection of T. dregeana. . Whitaker et al. (2010) reported on production of ROS in the steps
of cryopreservation whereas Varghese et al. (2011) studied the effect of drying rates on
survival and ROS in T. dregeana embryonic axes. Attempts have been made to grow excised
embryonic axes of T. dregeana after various steps of cryopreservation by numerous
researchers (Kioko et al., 1998; Kioko, 2003; Berjak and Mycock, 2004; Goveia, 2007
Naidoo, 2012) but with little or no success. Hence the present work was conceived with the

idea of establishing a cryopreservation protocol for T. dregeana using shoot apices.

Figure 4: Three-lobed mature fruits and seeds of T. dregeana.
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2.11 AIM AND OBJECTIVES

2.11.1 Aim

The aim of this investigation is to produce and cryopreserve explants alternative to
embryonic axes, for T. emetica and T. dregeana, where difficulties with the latter have
precluded their successful cryopreservation. The research was also focusing on assessing
the possible physiological and biochemical factors associated with cryopreservation of
alternate explants of these species and evaluating reasons for poor performance after cryo

survival.

2.11.2 Objectives
e Collection of T. emetica and T. dregeana seeds, storage and in vitro germination.

e Optimising seedling, shoot apex (explant) excision, and medium and culture
conditions for the in vitro regeneration of complete plantlets from these explants of

T. dregeana and T. emetica.

e Establishing a cryopreservation protocol using meristems (shoot apices) from in vitro

regenerated seedlings of T. emetica and T. dregeana were investigated.

e Investigate possible ways of improving post-cryo vigour in plantlets regenerated from

cryopreserved meristems (shoot apices), if vigour is compromised.

e Testing the effect of highly reducing antioxidant cathodic water reported to ameliorate
extensive oxidative stress accumulated during various procedures of cryopreservation
on the survival of meristems (shoot apices) post-cryo and their growth and vigour

after regeneration.

e During the different stages of cryopreservation protocol, biochemical (to study ROS
mediated oxidative stress) and microscopical (to study ultrastructure) studies were

considered in the context of cryo-survival and normal plantlet formation.
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3. MATERIALS AND METHODS

3.1 Seed collection and storage
Mature capsules of T. emetica were hand-harvested from the trees in St. Lucia (28° 22’ 59,
887 S, 32° 257 0, 12; google earth), South Africa (in January-February 2012 and 2013) and T.
dregeana seeds were harvested from trees in the Glenwood area (29° 22° 0, 12” S, 30° 58’ 59,
887, google earth), Durban, South Africa or from trees at the University of Kwa-Zulu Natal
(Westville campus) (29° 49° 4, 43 S, 3° 56’ 37,58” E; google earth), Durban, South Africa
from April-July 2012 and 2013. Once in the laboratory, the seeds were removed from the
fully matured and opened fruits and those seeds damaged by insects were discarded. The aril
covering the seed and seed coat were removed and the seeds were subjected to further

processing and hydrated storage.

3.2 Seed processing
Cleaned seeds were surface-decontaminated by immersing in 1% (v/v) sodium hypochlorite
(NaOCI) containing a few drops of Tween 20® (wetting agent) for 20 min. Seeds were then
soaked in an antifungal ‘cocktail’ containing 0.5 ml L Early Impact (active ingredient,
triazole and benzimidizole; Zeneca Agrochemicals, South Africa) and 2.5 ml L Previcur N
(active ingredient, propamocarb-HC, AgrEvo, S. Africa) for 60 min and 240 min for T.
emetica and T. dregeana respectively. These fungicides have shown to curtail fungal
contamination in storage (Calistru et al., 2000; Goveia, 2004; Myeza, 2005). Seeds were then
rinsed with sterile distilled water, placed on dry paper towel on a laboratory bench and dried
overnight back to the original batch fresh weight and either used immediately or prepared for

hydrated storage.
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3.3 Hydrated storage
The decontaminated seeds were dusted with Benomyl 500 W fungicidal powder (active
ingredient, benzimidizole; Villa protection, South Africa) and were stored in a monolayer on
plastic mesh grids suspended about 100 mm over few sheets of paper towel moistened with
1% (v/v) NaOCI, within sealed, sterile plastic buckets and placed at 16 °C. The lid of the
bucket was lined with dry paper towel to prevent condensate dripping onto the stored seeds.
The seeds were stored in hydrated storage at 16°C for a maximum period of three months

until further use.

3.4 Cryopreservation of shoot apices
The methodology developed by Varghese et al. (2009) was followed to cryopreserve the

shoot apices of T. emetica, the details of which are given below.

3.4.1 Production and excision of shoot apices

Seeds of T. emetica and T. dregeana were germinated in vitro on half-strength MS medium in
magenta jars (Murashige and Skoog, 1962). The shoots obtained were multiplied on MS
medium with 0.5 mg L™ BAP (SIGMA, Germany) using single nodal segments, to establish
sterile stock material. The stock cultures were maintained in a growth room under cool
fluorescent light (Philips TL-D 90 Deluxe Pro 58W/965, Amsterdam, Holland; 52 pmol m™2
s photosynthetically active radiation) and 16 h photoperiod at 25 + 2°C. The shoot apices
(0.5 — 0.8 mm) in length, consisting of the meristematic dome and 1 or 2 pairs of leaf
primordia were aseptically isolated from axillary buds of the shoots using a dissecting
microscope, in a laminar flow hood (J10 Tech Lab. Companion, BC-01E; Korea). These

shoot apices were then used for various cryopreservation procedures as described below.
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3.4.2 Pre-culture and cryoprotection (PVS2) of shoot apices

The shoot apices immediately after excision were pre-cultured on MS medium containing 0.3
M sucrose and 0.5 M glycerol for 3 d (Matsumoto et al., 1998; Varghese et al., 2009), in the
dark at 25 + 2 °C. The pre-cultured shoot apices were initially osmo protected by treating
with a loading solution (2.0 M glycerol and 0.4 M sucrose) for 15 min followed by an
exposure to chilled PVS2 (30% [w/v] glycerol, 15% [w/v] ethylene glycol and 15% [w/v]
DMSO in liquid MS medium containing 0.4 M sucrose [pH 5.6- 5.8]) on ice. Due to the
potential toxicity of PVS2 to the shoot apices of the Trichilia species used in this study,
exposure to the vitrification solution was done sequentially (Benson et al., 2007) by treating
with 50% PVS2 solution for 5 min followed by 100% PVS2 for a further 15 min (Varghese et
al., 2009). All the cryoprotectant solutions were made with laboratory grade chemicals and

autoclaved or filter sterilised before use.

3.4.3 Water content determination

Water content of the shoot apices was determined immediately after excision, after pre-
culture and immediately after pre-culture + cryoprotection (shoot apices were blotted with
filter paper before WC determination). The WC was determined gravimetrically by weighing
before and after oven-drying at 80°C for 48 h and was expressed on a dry mass basis (g H20
per g dry weight). Five replicates of three shoot apices per replicate (total of 15 shoot apices)

were weighed using a six-place balance (Mettler MT5, Germany) before drying in an oven.

3.4.4 Survival and shoot production prior to cooling

Survival of the shoot apices were assessed after excision, pre-culture and pre-culture +
cryoprotection. Greening and opening of the leaf primordia was recorded as survival. Ten
shoot apices from each treatment were cultured on MS medium with 0.05 mg L* BAP and

0.1 mg L GAs (Varghese et al., 2009) solidified with 8% agar (Bacteriological Agar; Merck,
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South Africa) to assess the survival at each of the stages. The number of shoot apices
showing visible leaf expansion and organised re-growth after eight to ten weeks of culture on

the same medium was recorded as shoot production and was expressed as percentage.

3.4.5 Cooling

Two rates of cooling viz., slow cooling or two-step cooling and relatively rapid cooling of
shoot apices within cryotubes plunged into LN, were used for the cryopreservation of the

shoot apices of Trichilia emetica.

I. Slow or two-step cooling

Cryoprotected shoot apices (n=30) were placed in sterile 2 ml cryotubes (Greiner bio-one,
Germany; ten shoot apices per cryotube) with 1 ml of fresh PVS2 and were cooled at a slow
rate of 1°C min using Mr Frosty® (Nalgene™, USA) to an intermediate temperature of -40°C
in a -80°C deep freezer. Thereafter, the cryotubes were immediately plunged into LN and

stored in a LN Dewar for a minimum of 1 h.

ii. Rapid cooling

The cryoprotected shoot apices (n=30) were placed in cryotubes (ten shoot apices per
cryotube) with 1 ml of fresh PVS2, mounted on cryocanes and cooled by plunging into LN

for 1 h.

3.4.6 Rewarming (Thawing)

Irrespective of the mode of cooling, the cryotubes containing the shoot apices were rapidly
warmed in a water bath at 40°C for 2 min. The PVS2 was drained off and immediately
replaced with an unloading solution (1.2 M sucrose) in which shoot apices were held for 15

min at 25°C.
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3.4.7 Recovery

The shoot apices (n=30) were then transferred to sterile filter paper which was placed on
WPM (woody plant medium; Lloyd and Mc Cown, 1980) containing 0.05 mg L BAP, 0.1
mg L IBA and 0.1 mg L GAs (Varghese et al., 2009) or (WPM with 1 mg L™ BAP and 0.1
mg L IBA ) in Petri dishes. After a day in culture (in the dark), the filter paper with the
shoot apices was placed on fresh WPM. The cultures were incubated in dark for a week and
then exposed to partial light for 7d followed by exposure to full light at culture room
conditions (as described before). The survival of shoot apices and subsequent shoot

development were assessed as mentioned in section 3.4.4.

3.5 Use of cathodic water in the cryopreservation of shoot apices
Highly reducing cathodic water (CW), reported to possess strong antioxidant activity (Berjak
et al., 2011) was used during the procedural steps of cryopreservation of the shoot apices to

ascertain its effects on ameliorating oxidative stress, if any.

3.5.1 Generation of cathodic water

Cathodic water was generated using CaMg solution (1:1 solution of 0.5 uM CaCl2.2H20 and
0.5 mM MgClI2.6H:0; Berjak and Mycock, 2004). The solution was electrolysed using a Bio-
Rad™ Powerpac (BioRad, Hercules, Carlifonia, USA) equipped with two platinum electrodes
(anode and cathode). The two electrodes were immersed in two 250 ml glass beakers each
containing 200 ml of the CaMg solution. The circuit was completed by an agar-based salt
bridge (3 g KCI and 0.3 g bacteriological agar dissolved in 10 mL of distilled water) after
which the solution was electrolysed at 60 V potential differences for 60 min. The CaMg
solution in the beaker in which the cathode was immersed was used as the cathodic water
within an hour of preparation. A detailed set up of the equipment for the generation of this

CW is given below.
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Figure 5: Electrolysis apparatus used to generate cathodic water.

3.5.2 Treatment of shoot apices with cathodic water (CW)

The shoot apices were treated with CW at four different stages of cryopreservation.
Immediately after excision, the shoot apices were immersed in CW for 15 min. For the pre-
culture step, the shoot apices were cultured on filter paper soaked in CW placed over the pre-
culture medium. During cryoprotection, the shoot apices treated with loading solution and
PVS2 were made up in CW. In the retrieval step, shoot apices were treated with unloading
solution made in CW. Water content of the shoot apices (five replicates of three shoot apices
each) immediately after CW treatment was assessed after excision, pre-culture and pre-
culture + cryoprotection. Survival of the CW treated shoot apices (n=30) was recorded during
the procedural steps leading to cryopreservation and following retrieval from cryostorage

while shoot production (n=30) was assessed just before and after retrieval from cryostorage.
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3.6  Biochemical estimations
In order to assess the oxidative stress, if any, to which the shoot apices are subjected to
during the procedural steps of cryopreservation, estimation of extracellular superoxide as a

representative of ROS and total aqueous antioxidant activity were carried out.

3.6.1 Estimation of extracellular superoxide production

Extracellular production of superoxide (‘O2) was estimated immediately after excision
(n=20), pre-culture, pre-culture + cryoprotection and 1 h after retrieval from cryostorage for
CW treated and untreated shoot apices. Extracellular production of ‘O2" was measured by the
oxidation of epinephrine (SIGMA, Germany) to adrenochrome using a spectrophotometer
(Cary 50 Conc UV Vis spectrophotometer, Varian, Palo Alto, CA) at 490 nm (Misra and
Fridovich, 1972), at room temperature in the dark. Four replicates of five shoot apices each
were shaken in 2.0 ml Eppendorfs® with 0.5 ml of 1 mM epinephrine (pH 7.0) and 1.5 ml
distilled water for 15 min in the dark at 25° C (Roach et al., 2008). The blank consisted of 0.5
ml epinephrine and 1.5 ml distilled water without the shoot apices. After ‘O2” was measured,
the shoot apices from each replicate were placed in an oven at 80° C for 48 to obtain DW.
The extinction coefficient of adrenochrome at 490 nm, 4.47 mM™* cm™, was used to

calculate ‘Oz production and was expressed as pmol min* g™t dry weight (DW).
Validation test for superoxide assay

As epinephrine can be oxidized non-specifically and possibly by some enzymes (e.g.
tyrosinases; Baker and Orlandi 1995), the validity of the epinephrine assay for the detection
of extracellular <Oz production (Misra and Fridovich 1972) was assessed. SOD (from
horseradish) was added to 2.0 ml of 1 mM epinephrine (pH 7.0) to give a final concentration
of 0.1 pug ml™* before apices were incubated in the assay mixture. The addition of SOD

inhibited the oxidation of epinephrine by more than 50% after 15 min of incubation (data not
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shown), validating the use of the assay for the detection of extracellular «O2 ~ production in
this study. The assay was performed using the UV-Vis spectrophotometer used in the <Oz~

assay described above.

3.6.2 Estimation of total aqueous antioxidant activity

The total aqueous antioxidants in the shoot apices were assayed immediately after excision,
pre-culture, pre-culture + cryoprotection and 1 h after retrieval from LN. This assay was
conducted following the method described by Johnstone et al. (2006). In the estimation of
total antioxidant, the depletion of azino-3-ethylbenzothiazoline-6 sulfonic acid radical is
measured using a spectrophotometer (Cary 50 Conc UV Vis spectrophotometer, Varian, Palo
Alto, CA). Thereafter antioxidant activity was expressed as trolox equivalents, trolox being a
water soluble vitamin E analogue. Prior to assessing the TAA in shoot apices a number of
solutions were prepared, such as phosphate buffer saline (PBS; 5 mM Na2HPO4 and 37.5 mM
mM NaCl, pH 7.4), extraction buffer (50 mM KH2PO4 buffer; pH 7.0, containing 1 mM
CaClz, ImM KCl and 1 mM EDTA) and ABTS radical solution (7 mM ABTS and 2.45 mM
K2S20s in 1 ml distilled water and incubate in the dark for 12-16 h before use). The buffers
were prepared prior to the extraction and were kept in a constant temperature at 4°C in a cold

room; the ABTS solution however was kept in the dark at room temperature.

The fresh weight of three replicates of 10 shoot apices (n=30) each were weighed, prior to
extracting the antioxidants. Liquid nitrogen was used to cool the mortar and pestle before
homogenising the tissue with 50 mg polyvinylpyrrolidone (PVP) to a fine powder and
thereafter the powder was extracted sequentially with 1 ml extraction buffer (0.5 ml at a
time). The homogenates were transferred to pre-chilled 2 ml Eppendorf® tubes, then
immersed in LN to snap-freeze the contents and stored in a -80°C freezer until further

processing. When samples were removed from the -80°C freezer, the spectrophotometric
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analyses of TAA were done on the same day. The samples were thawed, vortexed for 15 min
(5 min intervals) and kept on ice before centrifuging (using a Hermle Labortechnik
centrifuge, Germany) at 15000 rpm for 30 min at 4°C and the supernatants were pipetted out
into Eppendorf® tubes and placed on ice for TAA estimation. The working reagent
containing (50 ml PBS and about 800ul ABTS radical solution) was prepared, and then the
spectrophotometer was zeroed with 1 ml PBS. Optimisation of the working reagent to an
absorbance of 0.70 to 0.72 at a wavelength of 734 nm was the done and used as the initial
absorbance for the assay. Thereafter 1 ml of this working solution was pipetted into a cuvette
and the absorbance was read at zero min before the reaction. Immediately after, 100 pl of
extract from each sample was added. The reaction was facilitated by placing Parafilm® on the
mouth of the cuvette and inverting it three times. The absorbance was read at 30 sec intervals

for 2 min.

Standard curve for ABTS: A standard curve for ABTS was prepared for each set of
experiments for the calculation of TAA. The extraction buffer was used as a solvent to
prepare a 5 mM Trolox® (6- hydroxyl-2.5.7.8-tetramethylchromeane-2-carboxylic acid;
SIGMA) solution. From the stock solution, 1 ml of the following standard mM
concentrations was prepared: 0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.12 and 0.14 mM, using the
extraction buffer for dilutions. The assay for Trolox was done in a similar way with that of
the ABTS assay, except that instead of 100 pl of the extract in the ABTS working solution,
100 pl of each standard solution was added. Absorbance readings were taken from each of
the standard solutions three times (as described above). Calculations for TAA activity were

expressed on fresh mass basis.

42



3.7 Methods to improve shoot production and post-cryo vigour of shoots

obtained from cryopreserved shoot apices

3.7.1 Media manipulation studies

a. Type of medium

Excised shoot apices were cultured on five different types of media, the details of which are

given below:

(i)  WPM with 0.05mg Lt BAP, 0.1 mg L GAz and 0.1 mg L IBA (M1)
(i) MS medium with 1 mg L™t BAP and 0.1 mg L* IBA (M2)

(iii) WPM with 1 mg L™ BAP and 0.1 mg L IBA (M3)

(iv) MS medium with 1.0 mg L trans-zeatin and 0.1 mg L IAA (M4)

(v)  WPM with 1.0 mg L trans-zeatin and 0.1 mg L* IAA (M5)

The shoot apices (n=30) which were treated with CW or not were cultured on each of the
above media with weekly transfers into respective fresh medium. Observations on survival,
shoot production, shoot length; number of shoots produced per shoot apex and number of
expanded leaves per shoot were recorded at monthly interval up to three months. The best
medium was selected based on the survival and shoot production and used as the recovery

medium following cryopreservation.

b. Method of cathodic water treatment

The effectiveness of CW was assessed using different methods of treatments such as treating
shoot apices (n=30) with CW immediately upon excision, excising shoot apices in CW and

treating the shoot apices with 1% ascorbic acid (AsA) made in CW. Immediately after
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treatment with CW, the shoot apices were cultured on WPM with 1 mg L™t BAP and 0.1 mg
Lt IBA which was found to be the best medium based on the previous studies described in
3.7.1a. Similar observations as mentioned in 3.7.1a were taken at monthly interval up to three

months.

c. Solid and liquid medium

The shoot apices (n=30) were cultured on solid and liquid MS and WPM medium with the
best growth regulator combination as obtained from the experiments as described in section
2.8.1a. When liquid medium was used, the shoot apices were placed over a filter paper bridge
inserted into the liquid medium in culture tubes. Observations on survival, shoot production,
shoot length, number of shoots per shoot apex and number of expanded leaves per shoot was

recorded.

3.7.2 Cryopreservation of shoot apices using PVS3 as the

cryoprotectant

Plant vitrification solution 2 (PVS2) is a very concentrated solution, consisting of different
components such as DMSO, ethylene glycol, glycerol and sucrose. PVS2 constituents are
considered to be toxic, especially DMSO (Benson, 2008) in some cases; therefore PVS3
[sucrose (40% w/v) and glycerol (40% wi/v) (Yap et al., 1999; Quain et al., 2009)] was used
as an alternative cryoprotectant solution. The shoot apices, following excision, were pre-
cultured for 3 d and then were treated with PVVS3 in a similar way as described for PVS2
treatment in section 3.5.3. The only difference was that the shoot tips (n=30) were directly
treated with 100% PVS3 after the loading step unlike with PVS2 where a sequential
treatment was followed. The shoot apices were observed weekly and the number of shoot

apices showing visible leaf expansion and organised re-growth after eight to ten weeks of
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culture on WPM with 1 mg L BAP and 0.1 mg L IBA was recorded as the shoot

production and was expressed as percentage.

3.7.3 Cryopreservation of shoot apices using encapsulation-

dehydration technique

The shoot apices were excised and cultured overnight on MS medium with 0.3 M sucrose and
0.5 glycerol (Matsumoto et al., 1995; Varghese et al., 2009). They were then encapsulated in
2 % sodium alginate (Matsumoto et al., 1995) and the encapsulated beads were cultured on
MS medium with 0.75 M sucrose overnight (Sakai, 2000; Engelmann et al., 2008).
Thereafter, the beads were desiccated under a sterile air flow in a laminar air flow hood at
room temperature for various periods (1 h, 2 h, 3 h, 4 h, 5 h and 6 h). They were then
transferred to sterile cryotubes and put directly into LN for an hour. The beads were then
rewarmed in a 40 °C water bath for 2 min and cultured on WPM with 1 mg L™ BAP and 0.1
mg L IBA in the dark for 24 h. After 24 h, the beads were transferred onto fresh medium
and exposed to light. Survival (n=30) and WC (n=10) of the beads were recorded at each
drying time. Following retrieval from cryostorage, survival and shoot production from the
shoot apices within the beads (n=30) were recorded after four to eight weeks. Survival was
defined as all forms of visible viability (evidence of green structures or callus) while shoot
production denoted the formation of fully formed shoots. The removal of the alginate bead
after retrieval and before culturing was also done to improve the survival and re-growth after
exposure to cryogenic temperatures (Plessis et al., 1991b; Niino et al., 1992; Engelmann et

al., 2008).
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3.8 Ultra-structural studies
Shoot apices of T. emetica (n=30) which were not treated with CW were examined using
transmission electron microscopy at different steps of cryopreservation prior to cooling
(excision, pre-culture and cryoprotection) and after exposure to the cryogen. Apices were
immersed in a solution of 2.5% glutaraldehyde in 0.1 M Sorensen phosphate buffer, pH 7.2,
at 4°C for 2 to 24 h. After three washes of five min each with phosphate buffer (0.1 M, pH
7.2), shoot apices were post-fixed in 0.5% osmium tetroxide for 1 h. Then the shoot apices
were washed with the same buffer three times for five min and subsequently dehydrated in a
graded acetone series (30%, 50%, 75%, 100%), after which they were infiltrated with low
viscosity epoxy resin (1:1 mixture of resin: 100% acetone; Spurr, 1969) for 4 h.
Polymerisation was done in fresh resin at 70° C for 8 h. Ultrathin sections (100 nm) of shoot
apices were cut with an Ultracut EM UC7 microtome (Leica, Austria), using glass knives and
picked up with uncoated cooper grids (200 mesh). The grids were then stained with aqueous
uranyl acetate and lead citrate (Reynolds, 1963), thereafter viewed with a Hitachi H7000 Jeol
JEM 1010 (JOEL, Japan) transmission electron microscope at an accelerating voltage of 95

KV. Images of shoot apices ultrastructure were taken using the iTEM Soft Imaging System.

3.9 Statistical Analysis
Where applicable, data were analysed using the statistical software programme SPSS (SPSS
Inc., Chicago, Illinois, USA) Version 21 for Windows. All data where statistical analyses
were performed were initially tested for normality and equality of variance using a 1- sample
Kolmogorov Smirnov test and a Lavene’s test of equality of error variances respectively.
Normally distributed data (WC, ‘Oz and TAA) were analysed using paired t- test (to compare
between CW treated and untreated shoot tips) at 5% significance level and univariate
ANOVA (to compare between the stages of cryopreservation for both CW treated and

untreated shoot apices. Percentage data for survival and shoot production were arcsine
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transformed to make sure that the data conformed to parametric test assumptions and then
subjected to ANOVA to test for inter-treatment differences. Multiple comparisons between
the means across the different treatments were done using Tukey’s post-hoc test at 5% level

of significance.
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4. RESULTS AND DISCUSSION

4.1 Invitro germination of seeds of Trichilia emetica and T. dregeana
Seeds of T. emetica and T. dregeana were decontaminated and germinated on half-strength
MS medium. Compared with seeds of T. emetica, those of T. dregeana required more time to
germinate. By 14 d after sowing, 50% of T. emetica seeds germinated, whereas with T.
dregeana it took more than thrice the time for the germination of 50% seeds (Table 3). Slow
germination of seeds of T. dregeana has been reported earlier as well (Eggers, 2007). Even
when WPM and water agar were tried as germination medium for T. dregeana seeds,
germination was slow and sufficient shoot apices could not be obtained for cryopreservation

experiments.

Table 3: Comparison of germination rate of T. emetica and T. dregeana seeds. T. emetica

seeds were germinated only on half-strength MS medium.

Time taken for germination of 50% of seeds (d)
Plant species

MS medium WPM WA
Trichilia emetica 14 - _
Trichilia dregeana 40-60 30-40 30

4.2  Explants for cryopreservation
Size of explants is one of the crucial factors affecting survival after cryopreservation
(Benson, 1995). Shoot apices consisting of the meristematic dome and one or two pairs of
leaf primordia often serve as ideal explants for cryopreservation (Shibli et al., 1999).
Presence of leaf primordia surrounding the meristematic dome was found to be essential for
cryo-survival in this study. The ultrastructure of the shoot apices were observed on the tunica
layer (cells in the outer most layer) which exhibited well organized organelles, seen in Figs
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6A and 6B. Shoot meristems comprise a small number of relatively undifferentiated cells that
are suggested to remain genetically stable during the regeneration process (Mroginski et al.,
1991), although this latter contention remains to be rigorously tested (Harding, 2004). These
explants are composed of a relatively homogeneous population of small cells with the
potential for active division; these cells contain few vacuoles and have a high nucleo-
cytoplasmic ratio (Engelmann, 2000) predisposing them to be more tolerant to desiccation
than more differentiated cells. For successful cryopreservation of T. emetica in a previous
study, the ideal size for shoot apices was between 0.5 — 0.8 mm (Varghese et al., 2009).

Hence in this study, shoot apices of 0.5 — 0.8 mm were aseptically isolated from the axillary

buds of in vitro grown shoots and used as explants.

Figure 6 (A and B): Typical meristem cells of a shoot apex showing well organized cells. P,
plastid; V, vacuole; Cw, cell wall; Vs, vesicle; Pm, plasma membrane; N, nucleus and M,

mitochondria.

Unlike T. emetica, the sub-cultured shoots of T. dregeana produced less prominent axillary
buds which made it extremely difficult to obtain shoot apices of the desired size to carry out

cryopreservation experiments. Culture of single node or two-node shoot segments have been
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reported to activate the axillary buds (Marcotrigiano and McGlew, 1991). Nodal segments of
T. dregeana were also cultured on WPM with 0.5 mg L* BAP to obtain more prominent
axillary buds; however, this attempt was also not successful. Due to the difficulties
encountered in obtaining sufficient number of shoot apices and problems in excising viable
shoot apices from the axillary buds, T. dregeana was not further investigated. Experiments
described henceforth in this dissertation are limited to T. emetica, the results of which are

discussed below.

4.3  Water content, survival and shoot production
Water content is one of the most critical factors affecting the success of cryopreservation.
Cryopreservation is more often successful if the formation of intracellular ice crystals is
avoided, thus preventing the physical damage of the cell membranes (Helliot et al., 2003) or
even if formed are not damaging to cell membranes and organelles (Wesley-Smith et al.,
2014). Figure 7A illustrates the WC of T. emetica shoot apices with cathodic water (hereafter
referred to as + CW) and without cathodic water (hereafter referred to as — CW) treatment
during the various procedural steps involved in cryopreservation prior to cryogen exposure.
The medium and procedure for cryopreservation of shoot apices as described in Varghese et
al. (2009) was followed; the survival and shoot production using this method are given in

Figs 7A and 7B.
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Figure 7: Water content (7A), survival and shoot production (7B) from T. emetica shoot
apices when treated with and without cathodic water during the different steps of
cryopreservation using medium (WPM + 0.05 mg L™t BAP + 0.1 mg L IBA + 0.1 mg L
GA:s) and procedure described in Varghese et al. (2009). Vertical bars in figures represent
mean SD. Columns labelled with different letters are significantly different; p < 0.05

[uppercase letters for differences in WC, survival and shoot production across different steps
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(ANOVA) and lowercase between WC, survival and shoot production at each step (t test)

with and without CW].

The initial WC of T. emetica shoot apices excised from shoots grown in vitro for a month
upon excision (— CW treatment) was ca. 2.2 g g ** DW. The initial WC of the shoot apices in
this study was relatively higher when compared with that reported by Varghese et al. (2009)
where the initial WC was only ca.1.53 g g DW. The lower WC of apices in the study
reported by those authors might have been caused by the source plantlets being maintained on
MS medium devoid of growth regulators for at least three months without sub-culturing
before excising the shoot apices (Varghese et al., 2009). In the present study, the shoot apices
were excised from the shoots within a month of in vitro seed germination. Excising apices
from donor plants that were in culture for a longer duration is believed to reduce the WC of
the apices, rendering the cytosol more concentrated and amenable to vitrification on cooling
(Sant et al., 2006), and is also reported to enhance post-LN recovery (Makowska et al., 1999;

Thinh et al., 1999).

Treatment with CW significantly increased the WC of the shoot apices within treatments
(Fig. 7A), at excision, pre-culture and cryoprotection stages (excision, p < 0.001; pre-culture
and cryoprotection, p < 0.05). The excised shoot apices when soaked in CW would have
imbibed the water causing an increase in the WC unlike the shoot apices that were cultured
immediately upon excision without CW treatment. In the shoot apices without CW treatment,
there was a significant increase (p < 0.05) in the WC following the pre-culture step while the
WC of the CW treated apices slightly decreased after the pre-culture stage (Fig. 7A).
Regardless of the effect of the pre-culture medium (MS with 0.3 M sucrose and 0.5 M
glycerol) on the shoot apices, WC of the treated shoot apices was still high after the pre-
culture stage. Sucrose is considered to be non-penetrating and lowers WC by osmotic
dehydration (Engelmann et al., 1994; Santos and Stushnoff, 2003; Quain et al., 2009)
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whereas glycerol is permeable, penetrative and has dehydrating effects (Gao et al., 1995;
Benson, 2008). Even though both cryoprotectants in general are believed to have a
dehydrating effect, in this study, it actually increased the WC of shoot apices. This might
have been due to the higher concentration of glycerol in the medium which first shrinks the
cells for the reason of osmotic efflux of intracellular water, then increasing the volume as
glycerol permeates and water re-enters the cells (Meryman and Williams, 1985; Du et al.,
1994; Benson, 2008). This particular pre-culture medium was chosen as culturing on this
medium has been reported to produce high shoot recovery from Wasabi (Wasabia japonica)
(Matsumoto et al., 1998) and T. emetica (Varghese et al., 2009) shoot meristems on retrieval
from cryostorage. Similar pre-culturing medium has been reportedly beneficial for embryonic
axes too. For instance, Thammasiri (1999) reported high survivals following cryopreservation
of embryonic axes of jackfruit (Artocarpus heterophyllus) after the explants were pre-

cultured in this medium.

However, the WC of the shoot meristems after cryoprotection and before cooling is most
important as it directly affects survival and shoot production following retrieval from
cryostorage. The WC of the shoot apices after cryoprotection with PVVS2 and before cooling
was slightly lower than at excision (the WC decreased to ca. 2.05 g g * DW without CW
treatment and ca. 2.63 g g ! DW with CW treatment). During cryoprotection with PVS2, the
shoot apices were exposed to an extremely concentrated solution of 7 to 8 M (Sakai and
Engelmann, 2007) which would have partially dehydrated the tissues. However, in this study,
exposure to PVS2 did not induce sufficient dehydration as was expected (Fig 7A) and is

reported in some other studies.

The survival and shoot production from the apices without (— CW) and with (+ CW) cathodic
water treatment is given in Fig. 7B. Although 95-97% of the shoot apices survived following
excision without and with CW treatment respectively, only 18-20% shoot formation was
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observed (Fig. 7B). Moreover, none of the survived shoot apices produced any shoots after
pre-culture, cryoprotection and post-cryo recovery. The preliminary studies on the
cryopreservation of the shoot apices were based on the protocol established by Varghese et
al. (2009). It can be seen that when a similar protocol was followed in this study, although
shoot apices survived cryopreservation (Fig. 7B) when cooled slowly by the method
described by those authors, they did not produce any shoots when cultured on the recovery
medium (WPM + 0.05 mg L BAP + 0.1 mg L IBA + 0.1 mg L GA3) they used. Even
when apices were cultured immediately after excision, only 18% shoots production was
observed (Fig. 7B). Moreover, the shoots showed poor growth. Hence, various experiments
were undertaken with an objective to improve shoot production from the shoot apices. These
were performed with the expectation that an appropriate culture medium would increase

shoot production following retrieval from LN.

The effects posed by CW treatment, which has antioxidant properties and was used to
counteract the over production of ROS as a consequence of excision and dehydration (Berjak
et al., 2011) might have also quenched the ROS essential for plantlet development (Gapper
and Dolan, 2006). The cell division and cell expansion are two major factors contributing to
the growth of a plant. Cell growth is a necessary biological process which is the
differentiation of plant cells into mature organs, resulting in plant development (Sugimoto-
Shirasu and Roberts, 2003). One role of ROS is to regulate cell growth which subsequently

controls plant development (Gapper and Dolan, 2006).

4.4  Methods to improve shoot production from shoot apices
The various methods to improve shoot production from the apices included media
manipulations, method of treatment with CW and the use of solid or liquid media the details

of which are discussed below.
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4.4.1 Type of medium

Different media combinations were considered to obtain the best combination giving the
highest survival and shoot production from the shoot apices in the presence and absence of
CW. Survival and shoot production from the shoot apices were assessed when cultured on
two types of media (MS and WPM) with different types of growth regulators (i.e. BAP, trans-
zeatin, IBA, IAA and GAs). The effects of media on survival and shoot production from

shoot apices of T. emetica are given in Tables 4 and 5.

Table 4: The effects of media on survival and shoot production from shoot apices of T.

emetica without CW treatment.

Treatments *

Observation M1 | M2 | M3 | M4 | M5

(s) Culture period (d)

30 | 609 | 306090 30 | 60 | 90 | 30 | 60 | 90 | 30 | 60 | 90

Survival (%) |97 | 97 | 95 |97 [ 97 | 97 | 100 | 100 | 100 | 100 | 100 | 97 | 100 | 80 | 53

ShOOt. 58 | 58 | 18 | 52 | 52 |52 | 70 | 70 | 70 | 27 | 27 | 27 | 53 | 50 | 50
formation (%)

Shoot length

013|170 (16|12 0 | 9 | 10| O | 6 | 8 | O | 8 |10
(mm)

No. of shoots
per shoot 0| 0| 0|0 1|25|3]| 2 5 14 4 5 5 0 4 4
apex

No. of
expanded
leaves per
shoot

* M1 - WPM +0.05 mg Lt BAP +0.1 mg L IBA + 0.1 mg L GAs
M2 - MS + 1 mg L BAP + 0.1 mg L IBA
M3 -WPM + 1 mg Lt BAP +0.1 mg L?IBA
M4 - MS + 1 mg L trans-zeatin + 0.1 mg L™* IAA
M5 - WPM + 1 mg L™ trans-zeatin + 0.1 mg L IAA.

Survival and shoot production were significant among the different types of media (p < 0.05),

there were no significant difference between treatments (— CW)
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Table 5: The effects of media on survival and shoot production from shoot apices of T.

emetica treated with CW before culturing.

Treatment (s) *

Observation M1 | M2 | M3 | M4 | M5

(s) Culture period (d)

30 |60 90 | 30 |60 |90 | 30 | 60 | 90 | 30 | 60 | 90 | 30 | 60 | 90

Survival (%) | 100 | 97 | 97 | 100 | 93 | 93 | 100 | 100 | 100 | 100 | 83 | 83 | 100 | 65 | 61

Shoot
formation 25 |30 20| 13 | 23|23 |100| 67 | 67 0 0 0| 10 | 22 | 17
(%)

Shoot length

03|30 (11|12 0 |8 |10|0|0|0|O0/|8]10
(mm)

No. of shoots
per shoot 1 2 |1 1 51| 6 2 6 6 1 1|1 4 1| 4
apex

No. of
expanded
leaves per
shoot

*M1-WPM+0.05mgLtBAP+0.1mgL!IBA+0.1mgL"*GAs
M2-MS+1mgL!*BAP+0.1mgL?IBA
M3 -WPM + 1 mg Lt BAP + 0.1 mg L IBA
M4 - MS + 1 mg L trans-zeatin + 0.1 mg L IAA
M5 - WPM + 1 mg L trans-zeatin + 0.1 mg L IAA.
There was difference in survival and shoot production between the types of media (p < 0.05),

but there were no significant difference between treatments.

The results in Tables 4 and 5 showed significant differences (p < 0.001) in the survival of
shoot apices after 90 d in vitro, across the type of media and survival ranged from 50 — 100%
for untreated and 60 — 100% for CW treated shoot apices. However, shoot production is
considered to be more important as obtaining a complete plantlet is the ultimate aim of any
regeneration or cryopreservation study. Shoot production showed significant differences
across the type of media especially after 90 d. Comparison of the different media

combinations showed that WPM + 1 mg L BAP + 0.1 mg L IBA was the best for shoot
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production (Tables 4 and 5. Shoot production in that medium was 67% for untreated (Table
4) and 70% for cathodic water treated shoot apices (see Table 5); the differences however
were not significant. While shoot length (10 mm) was the same after 90 d for both treatments
(- CW and + CW), number of shoots per shoot apex decreased after CW treatment from 14
(= CW) to 6 (+ CW) and the number of expanded leaves slightly decreased from 30 (— CW)

to 27 (+ CW).

Compared with the original medium for culturing and recovery of the shoot apices of T.
emetica (WPM + 0.05 mg L BAP +0.1 mg L? IBA +0.1 mgL* GAs; Varghese et al.,
2009), doubling the concentration of BAP in the medium was found to be better for shoot
production. Cytokinins have been reported to decrease the phase of apical dominance and
induce axillary and adventitious shoot formation (Madhulatha et al., 2004). Borthakur et al.
(2011) got the best results (68.33% shoot formation with an average of three to seven shoots
per explant and shoot length of 4.47 £ 0.49 cm) when apical buds of Albizzia lebbeck were
cultured on MS basal medium supplemented with 1 mg L™ BAP. Bhosale et al. (2011) also
reported an increase in shoot production from the shoot apices of banana, with an enhanced
BAP concentration. Considering the best survival, shoot production and associated factors,
WPM with 1 mg L™* BAP and 0.1 mg L™ IBA was used for culturing and recovery of shoot

apices following cryopreservation.

When MS medium was used with the same combination of growth regulators as WPM,
excessive amount of callus was produced from the base of the explants. Further, on MS
medium, although 97% of the untreated shoot apices survived, the shoot production was only
52%, which was significantly lower than that obtained on WPM with similar growth
regulators (Table 4). When shoot apices were treated with CW, there was no significant
difference in survival, but there was a significant decrease in shoot production (p < 0.001)
regardless of the type of medium used.
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different types of media

Table 6: Summative results of survival and shoot production from shoot apices grown i

Untreated shoot meristems Treated shoot meristems
Media (-Cw) (+ CW)
L* WPM MS L* WPM MS
Survival (%) 95 100 97 97 100 93
Shoot formation (%) 18 70 52 20 67 23

* L- Medium composition from Varghese et al. (2009); WPM + 0.05 mg L™* BAP + 0.1 mg

LTIBA+0.1mgL*GAs

4.4.2 Treatment with cathodic water

Experiments were also carried out to compare the effects of methods of CW treatment on
survival and shoot production from excised shoot apices of T. emetica. Significant differences
(p < 0.001) in survival and shoot production were observed among the shoot apices when

treated with CW, excised in CW or treated with AsA made in CW (Table 7).
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Table 7: Comparative study of cathodic water treatment methods on survival and shoot

production from shoot apices.

Treatments

Shoot apices treated

Shoot apices treated with a solution of CW

Shoot apices excised

. with CW immediately . + 1% AsA
Observation (s) after excision in CW immediately after
excision

Culture period (d)

30 60 90 30 60 90 30 60 90

Survival (%) 100 100 100 87 87 80 87 87 67
1 0,

Shootformation (%) | 109 | 67 | 67 | 27 | 43 | 50 0 30 | 30
Shoot length (mm) 0 0 0 0 0 3 0 5 7
No. of shoots per
shoot apex 2 6 6 0 0 2 1 3 3
No. of expanded 4 22 27 3 3 5 0 11 11
leaves per shoot

There were significant differences between the treatments (p < 0.05)

Treatment of shoot tips with CW immediately after excision gave the highest shoot-
production (67%), which was significantly higher (p < 0.001) than excising in CW (50%) or
treating with AsA made in CW (30%). Although treatment with ascorbic acid made in CW
has been reported to promote survival and shoot production from zygotic axes of T. emetica
(Naidoo, 2012), it did not improve survival or shoot formation from the shoot apices in this
study. Excision of the shoot apices in CW would have possibly over quenched the ROS
affecting normal metabolism (Berjak et al., 2011; Varghese et al., 2011), signalling,
germination and plantlet establishment because the plants were treated prior to the oxidative
burst that is associated with excision (Kranner et al., 2010). It is important to maintain a fine
balance between the ROS production and its scavenging. In the present study, treating the
excised shoot apices in CW immediately up on excision was considered to be the best option

for shoot production.
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4.4.3 Solid and liquid medium

The shoot tips were cultured on solid and liquid medium (WPM and MS) with 1 mg L™t BAP

and 0.1 mg L IBA to compare its effects on shoot formation and growth (Tables 8 and 9).

Table 8: Growth of excised shoot apices on solid and liquid WPM medium

Survival Shoot formation | Shoot length No. of shoots No. of

_ 0 0 hoot apex expanded

Days in (%) (%) (mm) PEr ShOOLAPEX | | oaves per shoot
culture (d)

Solid | Liquid | Solid | Liquid | Solid | Liquid | Solid | Liquid | Solid | Liquid

30 100 | 79.33 70 16.66 0 0 2 0 3 1

60 100 | 53.33 70 6.66 9.3 2.66 5 - 18 1

90 100* [ 53.33* | 70* 6.66* 9.9 3 14 - 30 2

Table 9: Growth of excised shoot apices on the solid and liquid MS medium

Days In . Shoot Shoot length No. of shoots No. of expanded
culture | Survival (%) " A
(d) ormation (%) (mm) per shoot apex leaves per shoot
Solid | Liquid | Solid | Liquid | Solid | Liquid | Solid | Liquid | Solid Liquid
30 97 79 52 6.66 0 0 0 0 3 1
60 97 63.33 52 0 16 0 25 0 14 0
90 97* 60* 52* 0* 12 0 32 0 17 0

*There were significant differences between the survival and shoot production (p<
0.05) in both WPM and MS.
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There were significant differences in the survival and shoot production from the shoot apices
cultured on solid and liquid medium (p < 0.05). For both survival and shoot formation, solid
medium was found to be better than liquid medium. The highest shoot production was
observed on solid WPM which was significantly higher than that obtained on solid MS
medium (Tables 8 and 9). There was also less or no callus formation on the shoot apices
when cultured on solid WPM (data not shown). MS medium has a higher salt concentration
(Fadel et al., 2010) compared with WPM which might have overwhelmed the tiny shoot
apices leading to a decline in survival and shoot production from the shoot apices of T.

emetica.

Based on the results of the studies described in section 4.4.1, a medium similar to that
described in Varghese et al. (2009), but with higher BAP concentration and without GAs
(WPM + 1 mg L BAP + 0.1 mg L IBA) was used as the recovery medium for the rest of
the cryopreservation experiments. On this modified medium which 100% of the shoot apices
showed survival when cultured immediately after excision (both — CW and + CW) with 70%

and 67% shoot production (— CW and + CW respectively).

4.5 Pre-conditioning of explants and cryoprotection
Successful cryopreservation by vitrification lies in the ability of the explants to acquire
dehydration tolerance to PVS2, which is the most commonly, used vitrification solution
(Sakai and Engelmann, 2007). Vitrification involves the treatment of tissues in a mixture of
highly concentrated cryoprotectants (penetrating and non-penetrating), followed by cooling in
LN (Sakai and Engelmann, 2007). At low temperatures, these cryoprotective solutions
solidify and become a “glassy state” without intracellular crystallisation (Sakai and
Engelmann, 2007, Benson, 2008). When tissues are treated with PVS2, it replaces cellular
water and changes the behaviour of freezable water in the cells. It increases cellular viscosity
and hinders coming together of water molecules (VVolk and Walter, 2006) which results in ice
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formation. The glassy state is a pre-requisite for the successful cryopreservation of explants.
Determination of the WC, time and temperature for glass transition of the explants can
improve the chances of successful cryopreservation (Zamecnik et al., 2011). Hence, when
cells vitrify, intracellular ice crystallisation is avoided during ultra-rapid freezing by
transition of the aqueous solution into an amorphous glassy state of the cells (Zamecnik et al.,

2012). Therefore, protection from lethal ice damage and viability post-cryo is assured.

However, treatment with PVVS2 has been found to be toxic to many explants, as DMSO which
is one of its constituents is reported to be cytotoxic (Matsumoto et al., 1994; Engelmann,
1997b; Benson, 2008; Berjak and Pammenter, 2014). Hence, research has been carried out to
minimise its toxicity while using this solution to an advantage. One of the ways to reduce
toxicity of PVS2 is to use it sequentially by treating with 50% PVS2 solution followed by
100% PVS2 (Sarkar and Naik, 1998b; Benson et al., 2007) or using it at half concentration
for each component (Quain et al., 2012). The ultrastructure of the shoot apices treated with
100% PVS2 (Figs 8C and 8D) was indicative of extensive cellular deterioration while some
amount of cellular integrity was retained when PVS2 treatment was done sequentially (Figs
8A and 8B). Details on ultrastructure of the shoot apices during the procedural steps of

cryopreservation are given in section 4.9.

The tissue must be sufficiently dehydrated by PVS2, without causing any injury in order to be
able to vitrify upon cooling. Tolerance to dehydration induced by the highly concentrated
PVS2 solution can be achieved by proper pre-conditioning and loading treatments. Pre-
culture on sucrose-enriched medium has been reported to produce high levels of shoot
recovery after cryopreservation (Dumet et al., 1993; Engelmann, 1991; Yap et al., 2011). In
this study, the shoot apices were pre-cultured on MS medium with 0.3 M sucrose and 0.5 M
glycerol. Additionally, the shoot apices were treated with a loading solution consisting of 2M
glycerol and 0.4M sucrose. Loading step has been reported to be very effective in inducing

62



dehydration tolerance of shoot apices to PVS2 (Matsumoto et al., 1994; Sakai et al., 2000)
though its mode of action is not very well understood (Sakai, 2000). Although the presence of
sucrose and glycerol in the pre-culture and loading steps prior to PVS2 treatment has been
reported to be a significant factor in achieving high post-cryo recovery (Turner et al., 2001),
in this study, the post-cryo shoot production was low. It is probable that these solutions may
be effective under different experimental conditions such as prolonged exposure periods;

these aspects were not investigated in this study.

Figure 8: Micrographs showing the effects of sequential cryoprotection with PVS2
(50% followed by 100%; A and B) and100% PVS2 (C and D) on the shoot apical

meristem cells. P, plastid; V, vacuole; Cw, cell wall and Nu, nucleolus.
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4.6  Cooling rates
For successful cryopreservation, an appropriate balance between tissue WC and cooling rates
is crucial (Wesley-Smith et al., 2004a; Wesley-Smith et al., 2014; Wesley-Smith et al.,
2015). The rate of cooling affects the location, size and number of ice crystals formed within
a biological tissue when exposed to low cryogenic temperatures (Wesley-Smith et al., 2004a;
2014). The pre-cultured and cryoprotected shoot apices of T. emetica were subjected to slow
cooling (two-step cooling) and a relatively rapid cooling by plunging cryovials with the shoot
apices into LN. The slow cooling method cooled the shoot apices at the rate of 1 °C min™ to a
temperature of -40 °C. Thereafter the cryovials were plunged into LN at -196 °C. Slow
cooling resulted in 80% of the shoot apices surviving without CW treatment and 67%
survived when shoot apices were treated with CW; data not shown ) while the relatively rapid
cooling had a lower survival of 18% (— CW) and 3% (+ CW,; data not shown). The better
survival with slow cooling could be because an initial slow rate of cooling might have
resulted in extracellular ice crystals that would have caused a flow of water from the cells due
to the osmotic imbalance, effectively concentrating the cytoplasm (Wesley-Smith et al.,
2004b; Kaczmarczyk et al., 2012) thus enabling vitrification upon cooling. In this study, slow
cooling was used in association with PVS2. Dimethyl sulphoxide (DMSO) and glycerol
present in PVVS2 can penetrate the cell wall and plasma membrane to minimise cellular WC to
avoid ice nucleation (Benson, 2008). Extracellular ice formation during freeze-induced
dehydration removes free water molecules through osmotic gradient from cytoplasm to
intracellular spaces where it crystallizes (Benson, 2004). Due to cell dehydration and increase
in solute concentration, cytoplasmic viscosity is enhanced (Leprince et al., 1999) thus
becoming too viscous for ice to nucleate during cooling. Slow cooling might also have had
better result because of the effective balance between WC and cooling rate (Normah and

Makeen, 2008). Rapid cooling at high WC as in this study, would have resulted in the
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formation of lethal ice crystals (Dumet and Benson, 2000) thus affecting the survival of the
shoot apices following retrieval from LN. Successful cryopreservation of shoot apices using
slow cooling has been reported by many others as well (Reinhoud et al., 2000; Varghese et
al., 2009). Based on the better survival obtained with slow cooling, only this cooling rate was

henceforth used for further studies.

Shoot production from the apices immediately upon excision and following cryopreservation
by slow cooling is given in Fig. 9. Comparison of CW water treated and untreated shoot
apices showed that the shoot apices without CW treatment showed 68% survival following
retrieval from cryostorage and 40% of them produced shoots when cultured on the revised
medium (WPM + 1 mg L BAP + 0.1 mg L IBA; Fig. 9) whereas only 39% of the CW
treated shoot apices survived and only 20% of those produced shoots (Fig. 9). It is important
to note that the shoots produced from cryopreserved shoot apices that were CW treated turned

brown and died in culture (Fig. 12).

65



M Survival and shoot formation (- CW) B Survival and shoot formation (+ CW)
120 -

[EnY

0o o

o o
1 1

Survival and Shoot production (%)
3

40 -
B
b
20 -
O -
Survival after Survival after Shoot production  Shoot production
excision Cryopreservation after excision after

cryopreservation

Figure 9: Survival and shoot production from excised shoot apices of T. emetica following
excision and after cryopreservation. Apices were excised, pre-cultured, cryoprotected with
PVS 2; cooled slowly and recovered on WPM with 1 mg Lt BAP and 0.1 mg L IBA.
Letters above the graph represent significant differences in survival and shoot production p <

0.05 before and after cryogen exposure.

Cathodic water treatment did not significantly influence either survival or shoot production
from the shoot apices before cryopreservation (Fig. 9). It was surprising to note that in spite
of the shoot apices treated with CW having quite a high WC after the cryoprotection step,
there was only 53% survival prior to LN exposure (Fig. 10). The survival further reduced to
39% after post-cryo recovery (Fig 10). The survival of the untreated apices however
remained reasonably high (68%; Fig. 10). The poor survival of the CW treated apices could

be a direct consequence of the CW treatment.
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Figure 10: Survival and shoot production of T. emetica shoot apices during the steps of
cryopreservation. Apices were excised, pre-cultured, cryoprotected with PVS 2; cooled
slowly and recovered on WPM with 1 mg L™ BAP and 0.1 mg L IBA. Letters above the
graph represent significant differences in survival and shoot production p < 0.05 before and

after cryogen exposure.

However, CW treated apices significantly reduced survival (p < 0.05) and shoot production
(only 20%, p < 0.05) after cryopreservation. Irrespective of whether the shoot apices were
treated with CW or not, cryopreservation in general, significantly reduced the survival and
shoot production (Fig. 9). The poor survival and shoot production observed may be a
consequence of the stresses posed by the various procedural steps in cryopreservation as well
as the storage in LN (Roach et al., 2008; Berjak et al., 2011). In the current study, 40% of the
shoot apices cryopreserved at a WC of ca. 2.05 g g X DW (without CW treatment) formed
shoots while many studies have shown lower WCs of 0.40 - 0.25 g g ** DW to be appropriate

for successful cryostorage e.g. Berjak et al. (2011) and Wesley-Smith et al. (2001) when
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using embryonic axes. Although 68% of the apices survived cryogen exposure, with 40% of
those producing shoots (Fig. 9), the development in vitro was extremely slow, and root
production had not occurred even after 6 months. In a previous investigation, 71% shoot
production was obtained when the shoot apices of the same species was cryopreserved
(\Varghese et al., 2009), but they too failed to establish vigorous plants. In the present study,
although similar explants were used, the shoot apices were excised from mother material
which was cultured only for one month. This could have resulted in insufficiently developed

axillary buds with high WC.

Cathodic water was expected to improve the survival and shoot production following
retrieval from cryostorage as it has been reported to have antioxidant properties which
minimise the damaging effects of ROS during the steps leading to, and during
cryopreservation (Berjak et al., 2011). It has also been reported to promote shoot production
of Strychnos gerrardii (Berjak et al., 2011). However, the results from this study showed that
treatment with CW did not improve survival and shoot production after cryopreservation,
regardless of the type of medium used and/or the cooling rate. One of the possible reasons for
the poor response of CW treated shoot apices of T. emetica to cryopreservation might be the
high WC of the explant (ca. 2.6 g g* DW) prior to cooling which would have resulted in
irreversible injury caused by the formation of intracellular ice crystals during cooling,
consequently affecting the survival and shoot production. Water content being one of the
most influential factors affecting survival and re-growth after cryogen exposure, it must be
controlled to avoid ice nucleation (Benson, 2008). Ice formation results in physical rupture of
the structure affects osmotic and colligative integrity of cells and causes mechanical injury

(Benson, 2008) thus leading to loss of viability and/or cell death.
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The type of explant used in this study (shoot apex, a vegetative tissue, compared with zygotic
axis) could also have possibly affected the results. It could also be due to the over quenching
of ROS, which has been reported to be essential for plantlet development (Gapper and Dolan,
2006). Reactive oxygen species has also been implicated as signal transducers responsible for
redox signalling (Halliwell, 2006) and homeostasis needed by the cell for normal metabolism
(Chen and Li, 2002; Forman and Torres, 2002; Apel and Hirt, 2004). Additionally, it might be
the effect of a high pH of cathodic water (pH between 10 -11) or prolonged time exposure to
CW (15 min), which could be too long for a very small explant such as a shoot apex. Though
speculative at this juncture, this area needs further investigation as use of cathodic water for

plant tissue is a relatively new concept.

4.7  Vitrification using PVS3 as the cryoprotectant
The most commonly used vitrification solution for cryopreservation is PVS2 (Sakai and
Engelmann, 2007). PVS2, consisting of DMSO as one of the major components, is regarded
as a highly toxic cryoprotectant for various plant species (Engelmann, 1997; Benson, 2008).
Unlike PVS2, PVS 3 contains only sucrose (40% wi/v) and glycerol (40% wi/v) and hence has
a less toxic effect on tissues (Yap et al., 1999; Quain et al., 2009). The comparative results on
the response of shoot apices to cryopreservation when PVS2 and PVS3 were used as

cryoprotectants are given in Table 10.
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Table 10: Survival and shoot production following cryopreservation of shoot apices

cryoprotected with PVS 2 and PVS 3

. PVS2 PVS3
Observations
Without CW With CW Without CW With CW
Survival (%) 68 39 90 63
Shoot formation (%) 40 20 0 0

Preliminary results on the comparison of PVS2 and PVS3 showed that survival of the shoot

apices cryoprotected with PVVS3 following slow cooling was higher. While only 68% (— CW)

and 39% (+ CW) of the shoot apices cryoprotected with PVS2 survived cryopreservation,

90% (— CW) and 63% (+ CW) survived cryopreservation when cryoprotected with PVS3.

The highest survival was also obtained when the shoot apices were not treated with CW.

However, there was no shoot production when PVS3 was used as the cryoprotectants unlike

PVS2. The beneficial effect of PVS2 when compared with PVS3 has been reported elsewhere

(Halmagyi et al., 2004).
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1 mm

Figure 11: Shoot formation from cryopreserved shoot apices of T. emetica (— CW) using slow cooling method, 3 months (A), 4

months (B) and 5 months (C) into recovery.
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months (A), 4 months (B) and 5 months (C) into recovery.
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4.8 Oxidative stress during the procedural steps of cryopreservation
During the procedural steps leading to cryopreservation, and cooling and thawing, plant
tissues are susceptible to various stresses, including oxidative stress due to the uncontrolled
production of ROS, which can affect post-cryogenic survival (Benson and Bremner, 2004).
An effective quenching of the ROS at source or an enhancement of the endogenous
antioxidant machinery of the tissue could be probable solutions to this problem (Berjak et al.,
2011). In this study, the production of extracellular superoxide and the total aqueous
antioxidant activity were assessed to determine the oxidative stress to which the shoot apices

were subjected to during the steps leading to cryopreservation.

4.8.1 Production of extracellular superoxide

Figure 13 shows the production of extracellular superoxide during the various steps of
cryopreservation. There were significant differences in the production of extracellular ‘Oz
during the various steps of cryopreservation +CW (p < 0.001) and — CW (p < 0.05)
treatments. Excision of the explants and the procedural steps that lead to, and follow
cryogenic exposure often result in an over production of ROS (Roach et al., 2008; Whitaker
et al., 2010; Berjak et al., 2011 and Sershen et al., 2012b). The data in Fig. 13 showed an
enhanced generation of extracellular ‘Oz during the recovery stage (p < 0.05) following
cryopreservation irrespective of whether the shoot apices were treated with CW or not. Such
an over production of ROS, if not quenched adequately, may have resulted in the poor
survival and shoot production from the shoot apices of T. emetica. Excessive ROS production
has been reported during rapid changes in temperature when the samples are first cryostored
and then rewarmed (Benson and Bremner, 2004; Roach et al., 2008 and Sershen et al.,
2012b). Many authors have described the consequences of subjecting biological material to
low temperatures, resulting in an increase in ROS production (Einset et al., 2007, Berjak et

al., 2011; Whitaker et al., 2010 and Sershen et al., 2012b); as seen in Fig. 13.
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Figure 13: Production of extracellular superoxide in shoot apices of T. emetica during the

steps of cryopreservation. Bars represent mean + SD, columns labelled with different letters

are significantly different; p < 0.05 (uppercase letters for differences in ‘Oz across different

steps and lowercase between ‘Oz at each step with and without CW).

In plants, ROS are produced as by-products of different metabolic pathways in both stressed
and unstressed cells in various compartments such as the chloroplasts, mitochondria, plasma
membranes, peroxisomes, apoplast, endoplasmic reticulum and cell wall (Apel and Hirt,
2004). The imbalance between the production of ROS and its quenching by antioxidants
results in oxidative damage and phytotoxic reactions such as lipid peroxidation, protein
degradation and DNA mutation (Ali and Alqurainy, 2006). Wojtaszek (1997) stated that
when cellular structures produce superoxide, other types of ROS (hydrogen peroxide and

hydroxyl radical) are also formed (Benson and Bremner, 2004), especially when cells
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undergo mechanical stress. Besides normal generation of superoxide via cellular metabolic
activity, a number of abiotic stress factors also induce its production, such as high light
intensity, drought, chilling, high temperature, mechanical stress and injury or wounding of

tissue (Apel and Hirt, 2004; Shao et al., 2008; Varghese et al., 2011 and Sharma et al., 2012).

It is essential to strictly control unregulated ROS production as it is said to cause extensive
oxidative damage. As ROS accumulates, it overwhelms the endogenous antioxidant capacity
of the tissue leading to excessive cellular damage (Berjak et al., 2011). Treatment with CW

has been reported to quench the excessive ROS produced (Berjak et al., 2011) which was
observed in this study as well. However, the quenching of extracellular ‘Oz did not improve

the survival of the CW treated shoot apices during the cryopreservation stages, especially
after cryoprotection. This could be because of the over-quenching of the ‘good” ROS that
might have been required for survival and shoot formation (Gapper and Dolan, 2006).
Although uncontrolled production of ROS has been reported to be harmful, in regulated
amounts, ROS have been implicated in cell signalling (Apel and Hirt, 2004; Halliwell, 2006)
which is vital for plantlet development. Reactive oxygen species responsible for plant

development are said to be produced by NADPH oxidases (NOXs) that generate superoxide
radical (‘O2") (Gapper and Dolan, 2006). Liszkay et al. (2004) suggested that NOX derived

ROS regulates cell elongation in maize (Zea mays) roots while Rodrigues et al. (2002) and
Sagi et al. (2004) state that NOX-derived ROS is not only responsible for root elongation but
also for growth of other organs. Rodrigues et al. (2002) also reported that a certain
concentration of ROS is necessary for leaf elongation. Therefore it is crucial to attain a

balance between ROS and antioxidants for growth and development of plantlets post-cryo.
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4.8.2 Total agueous antioxidant activity

Figure 14 shows the total aqueous antioxidant activity in the shoot apices of T emetica at the

various stages of cryopreservation.
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Figure 14: Total agueous antioxidant activity in shoot apices of T. emetica during the stages
of cryopreservation. The numbers above columns represent survival after each step of
cryopreservation. Vertical bars represent mean £ SD, columns labelled with different letters
are significantly different; p < 0.05 (uppercase letters for differences in TAA across different

steps and lowercase between TAA at each step with and without CW).

Significant differences (p < 0.001) were observed in the TAA activity between the various
steps in cryopreservation, the lowest activity was recorded at the recovery stage where apices
treated with CW showed reduced TAA activity (Fig. 14). Cathodic water treatment of the

shoot apices significantly enhanced (p < 0.001) the TAA during the cryoprotection step while
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the activity was significantly low (p < 0.05) during recovery (Fig. 14). Despite the increase in
TAA, the survival of the treated shoot apices following cryoprotection was lower (53%) than
those shoot tips which were not treated with CW (80%; Fig. 10). According to Ali and
Alqurainy (2006), an increase in the endogenous antioxidant capacity does not ascertain a

higher degree of protection during elevated stress conditions.

Production of ROS is triggered by different types of stresses that a plant undergoes; it is
prevented or minimized by an antioxidant system of low molecular weight antioxidants,
antioxidant enzymes and ROS-interacting enzymes (Ali and Alqurainy, 2006). Antioxidants
are one of the most important defence mechanisms a plant poses, which is induced during late
embryogenesis. This kind of protection is stimulated when biological tissues are stressed and
it is generally produced from molecular antioxidants, carbohydrates and proteins (Walters et
al., 2008). Excessive production of ROS can devastate the defence mechanism of a plant
which necessitates the use of alternative methods to enhance the endogenous TAA such as
applying exogenous antioxidants (Berjak et al., 2011). In this study, CW served as an
exogenous antioxidant. Shoot apices treated with the highly reducing CW resulted in an
increase in the endogenous TAA compared with the untreated shoot apices during the steps
prior to cryopreservation (Fig. 14). However, the antioxidant activity showed a rapid decrease
during recovery especially in the CW treated shoot apices which might have led to the poor
survival and shoot production from these shoot apices. This impairment in TAA during
cooling and thawing maybe critical in the ability of explants to overcome the oxidative stress,

thereby probably affecting survival and shoot production after retrieval from LN.

When the antioxidant capacity of the plant tissues is inadequate to quench the excessive ROS

produced, there is consequent oxidative stress (Scandalios, 1993). A comparison of the

production of extracellular ‘O2” and TAA in the shoot apices of T. emetica showed an increase
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in the extracellular ‘Oz production during the recovery stage, whilst TAA significantly

decreased (Figs 13 and 14), more so in the shoot apices treated with CW. The consequent

oxidative stress due to the inability of the antioxidant machinery to quench the excessive
extracellular ‘O2” would have resulted in the poor survival and shoot production from these

shoot apices (39% survival and 20% shoot production from the CW treated shoot apices).

4.9 The effects of excision, cryoprotection (PVS2) and subsequent
cryopreservation on the ultrastructure of T. emetica shoot apices

Shoot apices not treated with cathodic water (see section, 4.6) exhibited 68% survival

(assessed as greening) when cryopreserved at a WC of ca. 2.05 g g; however, just 40% of

these subsequently produced shoots (Fig. 9). Though some of the shoot apices remained

green for several months, they either eventually formed callus or turned necrotic. Visible

plantlets were obtained after 8 weeks in vitro but their development was extremely slow, with

root production taking longer than 6 months to occur.

Work on zygotic explants from recalcitrant seeds has suggested that cooling can have severe
metabolic and physiological consequences on subsequent growth (Berjak et al., 1999).
Mycock (1999) also suggested that biochemical imbalances and perturbation of the sub-
cellular matrix (which includes the cytoskeleton) during pre-freezing manipulations, such as
partial dehydration, may be responsible for the abnormal post-cryo growth often observed in
zygotic germplasm of recalcitrant seeds (e.g. Pence, 1992; Steinmacher et al., 2007).
Ultrastructural and other microscopical studies have been particularly valuable in providing
evidence for the explanation of poor/ abnormal growth of plant material retrieved from
cryostorage (e.g. Sershen et al., 2012a). In order to better understand the possible basis of the

poor/ abnormal growth of shoot apices following cryopreservation in this study Transmission
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Electron Microscopy was used to investigate the ultrastructure of meristematic cells from T.
emetica shoot tips after excision (untreated), pre-culture, cryoprotection (with PVS2) and

after retrieval from LN.

Following excision, freshly isolated shoot apices displayed 100% survival and exhibited
ultrastructural features characteristic of normal actively dividing meristematic cells (as
described by Kaczmarczyk et al., 2008 and Yap et al., 2011): well-defined undamaged cell
walls, intact plasma membranes, a dense cytoplasm filled with many cell organelles such as
the nucleus, mitochondria, plastids, vacuoles and vesicles (Fig. 15 A-C). The large nuclei
seen in many of these untreated cells (Fig. 15A) is recognized as a feature of species with a
small genome size (Nagl and Fusenig, 1979; Helliot et al., 2003), and in the case of T.
emetica was mainly euchromatic with heterochromatic regions limited to the nuclear

periphery (Fig. 15A).

After 3 days of pre-culture on MS medium (supplemented with 0.3 M sucrose and 0.5 M
glycerol) and cryoprotection in PVS2 (50% PVS2 for 5 min and 100% PVS2 for 15 min) for
20 min, survival of shoot tips decreased to 80%. This decline in survival relative to fresh
samples was accompanied by a number of ultrastructural abnormalities (Fig. 16 A-C): a
number of meristematic cells showed the development of numerous small vesicles along the
cell membrane, abnormalities in the structure of the nuclear envelope and derangement of
plastids. Similarly, Helliot et al. (2003) reported a number of ultrastructural changes in
banana shoot meristems following pre-culture for 2 weeks on MS medium supplemented with
0.4 M sucrose. Changes induced in banana shoot meristems included, fragmentation of large
vacuoles into smaller ones, differentiation of proplastids into amyloplasts containing starch,
abnormalities in the structure of the nuclear envelope, partial plasmolysis and the swelling of
other organelles such as the endoplasmic reticulum. Kaczmarczyk et al. (2008) also reported
the appearance of small vesicles in the cytoplasm, swelling of mitochondria and chloroplasts
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and a change in shape of the large central vacuole when potato shoot tips were cryoprotected
with 10% DMSO in MS with hormones (MSH).The derangement of plastid ultrastructure
following pre-culture and cryoprotection (Fig. 16B) was a particularly important observation
since plastids are one of the most important organelles in plant cells (Pyke, 1999). This
importance is based largely on their role in synthesising chlorophyll and storing starch but a
number of metabolic pathways also take place in plastids, such as lipid biosynthesis and
amino acid metabolism (Galili, 1995; Ohlrogge and Browse, 1995). Dividing meristematic
cells consist of undifferentiated plastids called proplastids which differentiate as the cell

differentiates, producing other types of plastids based on the type of cell they inhabit.

Ultrastructural damage inflicted during preconditioning steps such as cryoprotection is
generally exacerbated during subsequent cooling and rewarming (Sershen et al., 2012a).
Given the ultrastructural abnormalities induced during pre-culture and cryoprotection in T.
emetica shoot apex meristematic cells observed here (Fig. 15 A-C), it was therefore not
surprising that only 40% of the 68% of shoot apices that survived cryopreservation produced
shoots. An investigation of the ultrastructure of meristematic cells in shoot tips recovered
from LN revealed small areas of surviving cells (Fig. 16A) within the shoot meristems or in
the leaf primordial tissues surrounded by dead cells that exhibited little to no ultrastructural
integrity (Fig. 16B). This mixture of surviving, dead and dying cells in material recovered
from cryostorage is a common observation and may explain the poor/ abnormal growth that is
often observed during in vitro recovery of explants of various types (Kaczmarczyk et al.,
2008; Sershen et al., 2012a). Importantly, the plastids in a number of the surviving T. emetica
cells appeared to be even more deranged (Fig. 16C) than in material that was preconditioned,
but not exposed to LN (Fig. 15 B). This suggests that damage incurred during the
preconditioning steps used in this study may have predisposed T. emetica shoot tips to even

more damage and associated viability loss during cooling and subsequent rewarming.
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Figure 15 A-C: TEM micrographs showing ultrastructure of freshly (control) excised shoot meristematic cells of T. emetica. A-C Control

meristematic cells: A over view of the whole cell, B and C show different organelles such as mitochondria, plastids and nucleus. P, plastid; V,
vacuole; Cw, cell wall; Pm, plasma membrane; NE, nuclear envelop; N, nucleus; M, mitochondria; Vs, vesicles; Nu, nucleolus; Hc

Heterochromatin.
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Figure 16 A-C: Micrographs of pre-cultured (0.3 M sucrose and 0.5 M glycerol) and cryoprotected (PVS2) shoot apices meristematic cells of T.

emetica. An entire meristematic cell of a tunica layer, B plastid derangement following PVS2 treatment, C alteration of nuclear envelop. P,
plastid; V, vacuole; Cw, cell wall; Pm, plasma membrane; NE, nuclear envelop; N, nucleus; M, mitochondria; Vs, vesicles; Nu, nucleolus; Hc,

Heterochromatin.
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Figure 17 A-C: Ultrastructure of meristematic cells of T. emetica shoot apices after cryo-exposure. A showing small areas of surviving nearby

cells after cryoprotection and also cryopreservation, B Total destruction of apical meristem cells after cryo-exposure. C further derangement of
plastids and appearance of many small vesicles. P, plastid; V, vacuole; Cw, cell wall; Pm, plasma membrane; NE, nuclear envelop; Vs, vesicles;

Nu, nucleolus; Hc, Heterochromatin.
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4.10 Encapsulation-dehydration as a method of cryopreservation
The shoot apices were encapsulated in an alginate bead and subjected to slow drying in a
laminar air flow chamber. Encapsulation dehydration is one of the improved cryopreservation
techniques used to obtain better survival and re-growth after cryogen exposure (Engelmann,
1991; Rao, 2004). Encapsulation protects the plant material from extreme treatments prior to
cryopreservation, which might be lethal to non-encapsulated samples (Engelmann, 1991; Cho

et al., 2002; Engelmann et al., 2008).

4.10.1 Dehydration of the encapsulated shoot apices
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Figure 18: Change in water content of encapsulated shoot apices of T. emetica up on slow
drying in a laminar air flow chamber. The numbers above the points represents survival
percentage after dehydration in the laminar flow at different time intervals. Bars represent

mean WC % SD.
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The initial WC of encapsulated shoot apices of T. emetica was 3.1 g g* DW (Fig. 18). These
encapsulated shoot apices were dried slowly and the changes in WC over a 6 h period is
given in Figure 18. The beads could be dried down to 0.3 g g* DW after a period of 6 h.
After 5 h of dehydration, the WC of the beads was 0.4 g g DW which was considered to be
in the range of the required WC for cryopreservation of many recalcitrant seeded species

(Sershen et al., 2007). At that WC, 92% of the shoot apices showed survival (Table 11).

4.10.2 Cryopreservation

Data in Table 11 shows the survival and shoot production from the encapsulated shoot apices
of T. emetica. The encapsulated shoot apices were dehydrated and plunged into LN within

cryotubes.

Table 11: Survival of encapsulated shoot apices of T. emetica after cryopreservation

Treatment Time (h) Survival before Survival after

cryopreservation (%)  cryopreservation (%)

ED 4 h 95 90
ED 5h 92 90
ED 6h 95 90

ED = encapsulation-dehydration

Cryopreservation following encapsulation-dehydration of the shoot apices resulted in 90%
survival (Table 11) at WCs ranging from 0.3 — 0.5 g g DW. However, the shoot apices
failed to produce any shoots although it has been reported that this technique results in high
survival and direct re-growth in many species (Engelmann, 2000). In order to improve
survival and re-growth, the beads were given a slight cut to expose the shoot apices before
being cultured (Engelmann, 2008), but they turned brown after 3 days on the recovery

medium. In some cases it was also found necessary to extract the explants from the beads
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before placing them on recovery medium to improve recovery, as in the case of apices of
grape (Plessis et al., 1991b) and mulberry (Niino et al., 1992). However, in this study, that

method also failed to produce any shoots.
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5. CONCLUSION

This study explored various factors leading to successful cryopreservation of shoot apical
meristems of T. emetica, a recalcitrant seeded tree species. Although 95% of the shoot apices
survived before cryopreservation, only 18% of these produced shoots when recovery medium
(WPM + 0.05 mg L BAP + 0.1 mg L IBA + 0.1 mg L™ GA3) from a previous investigation
by Varghese et al. (2009) was used. After cryopreservation, 90% of the shoot apices survived
on the same medium, but the shoot apices failed to produce shoots even after 6 months in
culture. Hence, based on extensive studies on the type of medium to be used, a similar
medium but with higher BAP concentration and without GAs (WPM + 1 mg L™ BAP + 0.1
mg L IBA) was used for recovery of the cryopreserved shoot apices. On this recovery
medium, the shoot apices showed 68% survival following retrieval from cryostorage and

40% of these produced shoots (Fig. 9).

Although the cryopreserved shoot apices produced shoots upon recovery, shoot production
was poor. Moreover, the development in vitro was extremely slow, and root production had
not occurred after 6 months. High WC of the explants, presumed to be the consequence of
insufficiently developed axillary buds, was the most likely cause of poor shoot production
after cryopreservation. The WC of the freshly excised shoot apices from the younger shoots
presently used was considerably higher than described by Varghese et al., 2009 (2.2 g g* as
opposed to 1.53 g g*), where the donor shoots were in culture for a longer duration. The use
of sufficiently developed shoot apices before excision has been shown to be important in
yielding better plantlet recovery after cryopreservation. This is due to the fact that sufficiently
matured explants ensure desiccation and cooling tolerance (Normah and Makeen, 2008). The
treatment with CW further increased the WC leading to poor survival of the CW treated shoot
apices upon cryo-recovery. Furthermore, exposure to PVS2 did not bring about the expected

dehydration, thus compromising the chances of vitrification of the cell contents upon cooling.
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Water content is not the only factor that might have contributed to poor development or shoot
production after cryogen exposure. Excessive production of ROS which are produced by
plant tissues during stressful conditions have been shown to have negative effect i.e. resulting
in oxidative damage. Fig. 13 showed that there was an increase in ‘O2" generation after
retrieval, thus contributing to poor re-growth and shoot production after cryopreservation.
Varghese et al. (2011) and Sershen et al. (2012b) have also shown that oxidative stress
throughout the steps of cryopreservation contributed to the loss of viability of recalcitrant

zygotic embryos/ axes.

The use of PVS2 in the procedural steps of cryopreservation, i.e. cryoprotection, had the most
damaging effect on shoot production because of its reported toxic effect (Matsumoto et al.,
1994; Engelmann, 1997; Benson, 2008; Berjak and Pammenter, 2014). The most striking
effect of PVS2 at the ultrastructural level in shoot meristem cells was derangement of plastids
both before (Fig. 16B) and after cryogen exposure (Fig. 17A and C). Following cryo-
recovery, shoot apical meristem cells were extensively deteriorated — indicating non-survival
(Fig. 17B), although there were small regions of surviving cells (Fig. 17A). The
ultrastructural effects of PVS2 (originally developed for explants of temperate species)
provide a clue to repeated failure to cryopreserve embryonic axes of many tropical
recalcitrant-seeded species after treatment with plant vitrification solutions. Although other
cryopreservation methods were attempted, i.e. encapsulation-dehydration, encapsulation-
vitrification and the use of PVS3 instead of PVS2, there was no success in attaining proper

plantlets after cryopreservation.

Shoot apices excised from bulked-up material derived from seedlings ensure the same genetic
diversity as do the seeds from which they develop. Even though shoot apices shows the ideal
characteristics (compact cells with a large nuclear: cytoplasmic ratio) of alternative explants
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for cryopreservation (Engelmann, 2011) their use should be explored further. This study
suggests that the shoot apices used were not sufficiently developed, and with the
commensurately high WC, proved to be unsuitable explants for germplasm conservation of T.
emetica. Maintaining mother material in culture for longer durations before explant excision
and optimising the exposure duration to loading solution and concentration of sucrose in the
loading solution might however, provide sufficient dehydration tolerance to PVS2 leading to
successful vitrification upon cooling. Ultimately, in pursuit to establish a successful
cryopreservation protocol for germplasm conservation of recalcitrant-seeded species, other
techniques such as in vitro slow growth and ex situ conservation including establishment of

field gene banks to secure the germplasm should also be practiced.
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