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Abstract 

 

This thesis reports findings of investigations into cryopreservation of three endemic 

Western Australian species: Anigozanthos viridis ssp. terrapectans 

(Haemodoraceae), Loxocarya cinerea (Restionaceae) and Lomandra sonderi 

(Asparagaceae). Anigozanthos viridis ssp. terraspectans is an endangered 

rhizomatous perennial herb, while L. cinerea and L. sonderi are dioecious 

rhizomatous perennial herbs, which are important in post-mining rehabilitation 

programs. These species are considered recalcitrant for the rehabilitation process 

due to their low seed production and dormancy issues. Consequently, these species 

are micropropagated in large numbers and planted back into restoration sites to 

maintain as much species diversity as possible, thus they represent a substantial 

investment in the rehabilitation process.  

The application of a variety of preconditioning stresses (low and high temperatures, 

low and high light levels, and high osmotic stress), and characterising the antioxidant 

activity of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase 

(GPx) and glutathione reductase (GR), in shoot tips after preconditioning and 

throughout the cryopreservation protocol were examined with L. sonderi. The 

application of the preconditioning stress regimes reduced post-cryogenic survival in 

this species contrary to expectations, motivating a further detailed analysis of 

antioxidant levels. Antioxidant activity of SOD in the preconditioned shoot tips of L. 

sonderi showed a positive correlation to post-cryogenic survival whilst GR and CAT 

activity showed little correlation. Analysis of the antioxidants throughout the 

cryopreservation protocol showed that GR activity decreased significantly after 

cryopreservation, whilst GPx and CAT did not change. The high light preconditioned 

shoot tips showed increased antioxidant activity, with the greatest GR and GPx 

activity of all the preconditioning regimes assessed, but, nonetheless, shoot tips 

exposed to these conditions had the lowest post-cryogenic survival. 

Low molecular weight (LMW) thiols (cysteine, gamma-glutamylcysteine and 

glutathione) and ascorbic acid, representing the major water-soluble antioxidants in 

plants, were analysed through the cryopreservation protocol in all three species. Post-

cryogenic regeneration was greatest in A. viridis followed by L. sonderi, whilst L. 

cinerea did not show any post-cryogenic regeneration in this part of the study. The 

application of a 3 week, 5°C preconditioning regime resulted in significantly lower 

post-cryogenic regeneration for A. viridis but had little effect on the other two species. 
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Total antioxidant concentration decreased significantly with each step through the 

cryopreservation protocol, particularly in the cryoprotected and washed shoot tips. 

Antioxidant levels increased during the 7 day post-cryopreservation recovery period, 

with the greatest increase seen in A. viridis shoot tips. LMW thiols and their 

corresponding disulphides were used to calculate the half-cell reduction potentials, 

revealing the ability of the plants to maintain a strong reducing environment 

throughout the cryopreservation protocol correlating to post-cryogenic survival. 

Loxocarya cinerea was analysed for lipid peroxidation damage during the recovery 

phase by comparing different preculture incubation times and the addition of 

exogenous ascorbic acid to the preculture medium, to further our understanding of 

the recalcitrant nature of this species during the cryopreservation process. Individual 

shoot tips (4 weeks post-cryopreservation) were stained using a C11-BODIPY581/591 

fluorescent probe to provide a ratiometric indication of oxidative stress. MDA 

formation as a by-product of lipid peroxidation indicated that lipid peroxidation was 

occurring, possibly as a result of oxidative stress incurred during one or more phases 

of the cryopreservation process.  

The application of vacuum during shoot tip incubation in cryoprotective agents was 

also investigated (vacuum infiltration vitrification), resulting in a significantly reduced 

PVS2 incubation time for cryogenic survival and regeneration for four species: A. 

viridis, L. cinerea, L. sonderi and Androcalva perlaria. This method substantially 

reduced the time needed to adequately protect shoot tips compared to a conventional 

droplet-vitrification technique.  

This study confirms that oxidative stress is a fundamental cause of poor post-

cryopreservation performance, but the exact details of antioxidant response to 

preconditioning treatments in order to mitigate this oxidative stress appears to be 

complex and generally species specific. Vacuum assistance during the cryoprotectant 

treatment phase shows promise in reducing exposure times to phytotoxic 

cryprotectants and potentially reducing oxidative stress. As such, this thesis will 

greatly improve the knowledge base for the improvement of cryopreservation for 

conservation of indigenous flora. 
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Chapter 1 – Introduction 

 

Introduction 

Plants are important sources of food and shelter for terrestrial animal and human 

communities, and many species have cultural, horticultural or pharmaceutical 

significance. The South-west Western Australian Floristic Region (SWAFR) 

represents one of the 34 recognised global biodiversity hotspots (Myers et al. 2000). 

Conservation efforts in this area, which contains over 7,300 species (Hopper and 

Gioia 2004; Lambers 2014), are of great importance to preserve this unique terrestrial 

ecosystem.  

Plants can be conserved through two basic methods, i.e. in situ conservation or ex 

situ conservation (Offord and Meagher 2009). In situ conservation involves 

maintaining plants in their natural environment through creation of reserves and 

parks, and protecting these against development or destructive processes with 

legislation, monitoring and maintenance. This is, however, not always possible due to 

already large losses of the natural environment caused by urban, agricultural and 

mining developments, as well as other threatening processes that may be largely 

beyond the control of land managers, such as wild fires, climate change, and exotic 

pests and diseases. Ex situ conservation approaches to mitigate against range 

contraction and extinction include seed banking, the establishment of container 

collections and arboretum, in vitro culture/propagation and, finally, cryopreservation. 

Seed banks are the most traditional means of conserving plants and provide a cost 

effective method that can be applied to a wide variety of plant species (Hong et al. 

1998). Over 286 endangered plant species from Western Australia have been 

successfully stored using seed banks, where the seeds are dried to a low moisture 

content and stored at -18oC (Offord et al. 2009; Touchell et al. 2002). Long-term seed 

viability varies between species and the cost of storage increases with time, as more 

detailed information about the seed and the effect of the storage environment on seed 

viability is needed to effectively manage and store these seed resources (Hong and 

Ellis 1996). Seeds are classified into various categories (orthodox, intermediate and 

recalcitrant) dependent on their ability to remain viable during storage under different 

conditions and their tolerance to low seed moisture environments (Pritchard 2004). 

Thus, seed banks cannot be used for seeds that have low viability, unusual storage 

requirements (i.e. desiccation sensitive), are innately short lived or have complex 

dormancy mechanisms. 
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In vitro cultures (tissue culture) provide an alternative to seed banks and allow for a 

larger number of plants to be produced from a very small amount of starting material 

(i.e. a single seed or plant cutting) due to axillary meristem production. The cultures 

are also advantageous as they maintain the key genotypic features of elite genotypes, 

which may be lost when storing genetically variable seed accessions. While a variety 

of native taxa have been micropropagated at Kings Park and Botanic Garden 

(Touchell et al. 2002; Kaczmarczyk et al. 2011b; Bunn et al. 2011) and other botanical 

gardens worldwide (Reed et al. 2011), this conservation method requires constant 

maintenance of culture media and large amounts of space to store plant cultures, 

even when using growth-retardant media and cold storage approaches (Touchell et 

al. 2002; Kaczmarczyk et al. 2012). The cultures are also prone to pathogenic and 

non-pathogenic microbial contamination (Leifert et al. 1994; Leifert et al. 1991) 

somaclonal variation or actual alteration of the genetic code (i.e. DNA sequence 

changes) and epigenetic aberrations (long-lasting changes in genomic expression), 

all of which lead to unwanted changes and deterioration of the integrity and biosecurity 

of tissue culture collections over time (George and Sherrington 1993; Smulders and 

De Klerk 2011). Cryopreservation provides the best long-term storage solution for 

endangered or valuable plant species which cannot be preserved as seeds, as it 

allows for storage of metabolically active vegetative material without loss of viability 

and potentially harmful genetic changes (Kaczmarczyk et al. 2012). 

 

Cryopreservation 

Cryopreservation, or storage of material in liquid nitrogen (LN) at ultra-low 

temperature (-196°C), is a very efficient way of achieving long-term storage of 

biological samples. This is due to the arrest of all cellular metabolic processes at 

cryogenic temperatures. This eliminates the time and propagation cycle-induced 

somaclonal variation, and culture viability decline inherent in long-term tissue culture 

collections, as well as virtually eliminating the risk of operator introduced 

contamination (Bajaj 1995; Benson 2008; Day et al. 2008; Kaczmarczyk et al. 2011b; 

Sakai 2004). A wide variety of different plant materials can be cryopreserved, 

including seeds, zygotic embryos, somatic embryos, shoot tips and root tips (all 

containing meristems), as well as pollen, callus and cell cultures (Bajaj 1995). Since 

the first plant species was cryopreserved by Sakai in the 1960’s (Sakai 1960), 

hundreds of plant species have been successfully cryopreserved, including many 

Australian taxa (Sakai and Engelmann 2007; Reed 2008; Ashmore et al. 2011; Reed 

et al. 2011). 
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Cells are composed of 60 – 85% water (Mazur 2004) and the main limiting factor 

affecting successful cryopreservation is, therefore, the formation of ice at low 

temperatures as this water content freezes at sub-zero temperatures. Intracellular ice 

formation during cryopreservation results in ice crystal damage from physical 

rupturing of cell membranes while increasing the concentration of excluded solutes to 

toxic levels (Sakai and Yoshida 1967).  

Damage from ice can be minimised through vitrification, which is the phase transition 

of water from the liquid to an amorphous, metastable glassy state, avoiding the 

formation of ice crystals. The development of the ‘vitrification’ procedure has had a 

notable effect on increasing cryopreservation survival. Vitrification was proposed by 

Luyet (1937) to avoid the cellular and tissue damage caused by ice crystals through 

the use of highly concentrated viscous solutions. The formation of a high viscosity, 

glassy state during cryopreservation stops normal cytoplasm diffusion processes and 

halts chemical reactions, thereby allowing indefinite sample storage (Benson 2008).  

 

Cryopreservation techniques 

There are three main techniques used for cryopreserving samples: two-step 

cryopreservation, encapsulation-dehydration and vitrification (Hamilton et al. 2009). 

The two-step protocol involves a freeze-induced dehydration step prior to plunging 

the sample into LN. The samples are slowly cooled at a controlled rate as extracellular 

ice nucleation is induced. The extracellular ice crystals cause an osmotic imbalance 

resulting from a reduction in the free (liquid) water outside the cells as the crystals 

grow (Day et al. 2008). This desiccates the cells and causes an increase in the 

intracellular solute concentration, increasing the chances of glass formation when the 

sample is plunged into LN (Offord et al. 2009). However, it requires the cells to 

desiccate at a much higher level (between 10-20% final moisture content) to stop 

intracellular ice nucleation (Hamilton et al. 2009). This high level of desiccation can 

lead to an excessive solute concentration within the cell causing damage or a lethal 

reduction in cell volume and damage to the plasmodesmata connections during cell 

shrinkage (Day et al. 2008),. The two-step cryopreservation technique is not 

commonly used anymore with plants as better results are achieved using the more 

recently developed encapsulation-dehydration and vitrification technique. For 

example, Reinhound et al. (1995) found an increase in survival from 36% to 55% 

when using a vitrification technique rather than the two-step technique when 

cryopreserving tobacco cell cultures. Nonetheless, the two-step cryopreservation 
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technique remains advantageous when cryopreserving large sample numbers, as 

large numbers of samples can be simultaneously cryopreserved. 

Fabre and Dereuddre (1990) developed the encapsulation-dehydration 

cryopreservation technique, which involves encapsulation of the tissue to be 

cryopreserved in a calcium alginate bead, incubation on a high sucrose preculture 

media and then desiccation of the bead (via constant air movement or silica gel) 

before plunging it into LN. The desiccation step saturates the sucrose in the beads so 

that a glass is formed during cooling in LN (Sakai 2004). This technique has been 

used to successfully cryopreserve a wide range of plant species including carrots, 

coffee, eucalypt, mint, sugarcane and tea (Dereuddre et al. 1988; Gonzalez-Arnao et 

al. 1999; Hatanaka et al. 1994; Hirai and Sakai 1999; Kuranuki and Sakai 1995; 

Paques et al. 2002).  

The vitrification protocol is currently the most common technique used for 

cryopreservation as it has been used to cryopreserve >200 species (Reed 2008; 

Sakai and Engelmann 2007). This technique is different from both the two-step and 

encapsulation-dehydration techniques in that it aims to stop ice nucleation both intra- 

and extra-cellularly through the use of cryoprotective agents (CPAs) in a highly 

concentrated solution (Hamilton et al. 2009; Day et al. 2008). Fahy et al. (1984) were 

the first to demonstrate complete vitrification of tissues using CPAs on kidney slices. 

The use of CPAs started with the discovery that glycerol can protect spermatozoa 

from freezing injury (Polge et al. 1949), and that DMSO can be an effective CPA for 

preserving red blood cells (Lovelock 1953). A large variety of different molecules that 

are beneficial for avoiding freezing damage have been discovered since and their 

effects documented. Common CPAs used in plant cryopreservation include glycerol, 

DMSO, ethylene glycol, propylene glycol and methanol, as well as a large variety of 

sugars, particularly sucrose, trehalose and raffinose (Benson 2008; Kim et al. 2009b; 

Sakai and Engelmann 2007; Sakai et al. 1990). These agents can be penetrating or 

non-penetrating. Penetrating cryoprotectants cross the cell membranes and increase 

the solute concentration within the cell, which reduces the likelihood of intracellular 

ice formation (Kim et al. 2009b). Non-penetrating components do not cross the cell 

membranes and desiccate the cell through the creation of an osmotic imbalance, 

further increasing the solute concentrations within the cells (Kim et al. 2009b). The 

most common vitrification solution used in cryopreservation of plant species is Plant 

Vitrification Solution 2 (PVS2), developed by Sakai et al. (1990), which comprises of 

30% glycerol (w/v), 15% DMSO (w/v), 15% ethylene glycol (w/v) and 0.4 M sucrose. 

Alternative vitrification solutions have been developed that may have lower toxicity 
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and provide greater survival depending on how the plant species reacts to the 

vitrification solution (Kim et al. 2009b). Pretreatment of the explants in solutions that 

are comprised of moderately concentrated cryoprotectants (30-40% PVS2 or PVS3), 

called loading solutions, before exposure to the highly concentrated vitrification 

solutions can improve survival through an additional step in the cryogenic process 

(Kim et al. 2009a). The protection mechanism imparted by the incorporation of a 

loading solution is not fully understood, but it is thought that the loading solution may 

reduce the osmotic stress when the explants are placed in the vitrification solution as 

cells are ‘loaded’ with CPAs and partially dehydrated before, thus the cells will require 

less desiccation to achieve vitrification (Kim et al. 2009a). 

 

Factors affecting successful cryopreservation 

There are many factors that can affect survival following cryopreservation, such as: 

• Initial health of in vitro material 

• Sensitivity of plant material to excision damage during extraction of shoot tips  

• Osmotic stress incurred during desiccation phase  

• Phytotoxic effects of CPA’s 

• Ice crystallization damage 

• Potential for cell membrane damage 

• Oxidative damage from ROS  

 

Plant tissues undergoing cryogenic storage will experience all these stresses during 

the cryopreservation process, and the ability of the sample to withstand these stresses 

will ultimately determine its post-cryogenic regrowth potential (Volk and Walters 2006; 

Kaczmarczyk et al. 2012; Benson 2008; Hughes et al. 2012; Roach et al. 2008).  

This study will investigate the health of the in vitro shoots and additional stressing of 

the shoots using abiotic preconditioning regimes prior to cryopreservation, as 

preconditioning has routinely been shown to improve post-cryogenic survival 

(Funnekotter et al. 2013; Menon et al. 2012; Gupta and Reed 2006; Chang et al. 2000; 

Leunufna and Keller 2005; Kaczmarczyk et al. 2010; Uchendu et al. 2013). The 

application of abiotic stress conditions have been shown to increase antioxidant 

concentrations, alter the composition of membranes and the concentration of solutes 

within cells, which may aid plants during the cryopreservation process (Sasaki et al. 



6 

 

1996; Fujikawa et al. 1999; Kamata and Uemura 2004; Funnekotter et al. 2013; 

Hincha and Zuther 2014; Menon et al. 2014). 

It is also important to seek a balance between protection from ice damage/dehydration 

and toxicity. The application of CPAs is vital if successful cryopreservation protocols 

using vitrification approaches are to be developed; however, a major ongoing issue 

with CPAs is their toxicity. The concentrations of CPAs needed to fully protect cells is 

often toxic to plant tissues, and sensitivity to CPAs is generally species specific (Volk 

et al. 2006). The use of differential scanning calorimetry (DSC) in cryopreservation 

can help to develop cryogenic approaches for new species as it allows the observation 

of ice formation and glass transitions to determine the least amount of time and 

concentration required to provide maximum cryoprotection, thereby avoiding 

overexposure to potentially toxic CPAs (Dumet et al. 2000; Benson 2008; 

Kaczmarczyk et al. 2013). 

The stresses involved in the cryopreservation process can lead to the formation of 

reactive oxygen species (ROS) that can disrupt the delicate redox balance of cells, 

leading to oxidative stress and reduced regeneration of plant samples after 

cryopreservation (Benson and Bremner 2004). ROS include damaging free radicals 

such as superoxide and hydroxyl radical, as well as non-radicals such as hydrogen 

peroxide and singlet oxygen, all of which can interact with and damage a wide range 

of cellular components such as lipids, proteins and nucleic acids (Halliwell and 

Gutteridge 2007). Little is known about how antioxidants are affected throughout the 

cryopreservation protocol or indeed whether they can be utilised to inform or improve 

current cryogenic approaches. 

Investigating the many stages of cryopreservation for excessive stress that may 

contribute to a reduction in post-cryogenic survival is vital for improving our 

understanding. With this knowledge, improved cryopreservation protocols may be 

developed that may alleviate these stresses resulting in improved post-cryogenic 

regrowth. 
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Objectives 

The objectives of this PhD research program were as follows: 

 Develop an effective cryopreservation protocol for the plant species Loxocarya 

cinerea through the incremental assessment of various cryopreservation 

techniques. 

 Use differential scanning calorimetry (DSC) in conjunction with the new vacuum 

infiltration vitrification technique to determine the optimum incubation time in 

CPAs to promote glass formation and reduce CPA toxicity. 

 Determine the effectiveness of stimulating; through temperature, light or 

osmotic stress, the natural ability of plant cells to resist the effects of oxidative 

stress experienced during cryopreservation in conjunction with analysing the 

tissue’s antioxidant status. It is hypothesised that increased concentration of 

reduced antioxidants within the cells will correlate to increased post-cryogenic 

survival. 

 Determine the effectiveness of adding exogenous antioxidants to CPAs to 

increase post-cryogenic survival. The addition of exogenous enzymes is 

expected to reduce the formation of reactive oxygen species and boost levels 

of antioxidants in the cells, thereby increasing overall survival. 

 Evaluate the formation of malondialdehyde (MDA) as an end product indicator 

of lipid peroxidation during cryopreservation. It is predicted that increased levels 

of MDA will correlate to reduced survival after cryopreservation as it indicates 

increased lipid peroxidation damage. 

 Correlate outcomes to provide tangible improvements to existing 

cryopreservation protocols by applying antioxidants or modified cryogenic 

techniques that have shown to reduce oxidative stresses and improve cryogenic 

survival. 
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Structure of the thesis 

This thesis is composed of six chapters written in the format of one review paper, four 

research papers, and finally, a general discussion, which synthesises and distils the 

previous five chapters: 

Chapter 2 – This chapter provides a critical review on the role of oxidative 

stress in the cryopreservation of plants.  

Chapter 3 – This chapter investigates the effect of a range of abiotic stresses 

(temperature, light and osmotic) during the preconditioning regime on post-

cryogenic survival in Lomandra sonderi. Abiotic stresses were evaluated for 

their effects on both post-cryogenic survival and the antioxidant enzyme 

activity, which was measured after the preconditioning phase. 

Chapter 4 – This chapter investigates the water-soluble antioxidants 

glutathione and ascorbic acid in three plant species (Anigozanthos viridis, 

Loxocarya cinerea and Lomandra sonderi) throughout different stages in the 

cryopreservation protocol. 

Chapter 5 – This chapter examines the effect of applying a vacuum to shoot 

tips during their incubation in CPAs to increase the rate of infiltration and 

effectiveness. 

Chapter 6 – This chapter focuses on developing a successful 

cryopreservation protocol for L. cinerea, and investigates an extended 

preculture time and the addition of ascorbic acid to the preculture medium. 

Recovering shoot tips were analysed for MDA formation and the C11-

BODIPY581/591 probe was used as an indicator of oxidative stress. 

 

A bibliography of cited works is provided at the conclusion of each chapter with an 

overall reference list included at the end of the thesis. 
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Chapter 2 – The Role of Oxidative Stress in the Successful 

Cryopreservation of Plant Species 

 

Abstract 

Cryopreservation is an important conservation technique for the long-term storage of 

valuable plant material. However, cells and tissues experience a wide range of 

stresses during cryopreservation that will affect their capacity to survive and recover 

following cryogenic storage. Oxidative stress is a complex phenomenon whereby 

excessive production of reactive oxygen species (ROS) or reduced antioxidant activity 

can overwhelm the antioxidant defences of the cell leading to tissue damage and cell 

death. Understanding where and when oxidative stress occurs, as well as the ability 

of plants to neutralise this stress during cryopreservation is vital for addressing the 

current constraints limiting the uptake of this technology, and for developing new and 

insightful approaches for the successful cryogenic storage of new and diverse plant 

species. 

 

Introduction 

Advances in cryopreservation biotechnology have resulted in the development of 

efficient long-term storage methods for the preservation of genetically important plant 

material. Cryopreservation techniques have been developed for a wide range of 

species and plant tissues, such as dormant buds, seeds, embryos, somatic embryos, 

shoot tips and callus cultures (Bajaj 1995). While this large range of plant material is 

cryo-capable, regrowth after cryopreservation can be highly variable not only between 

plant species, but also within clonal lines of the same plant species, and is significantly 

affected by the choice of plant material and the health of the tissue prior to 

cryopreservation (Kaczmarczyk et al. 2012). Samples experience a wide range of 

stresses during the cryopreservation process, and the ability to neutralise these 

stresses will determine the rate of post-cryogenic survival.  

All aerobic cells exist in a delicate balance between the formation of reactive oxygen 

species (ROS) and the scavenging of excessive ROS with antioxidants, referred to 

as the redox environment. Previous work has shown that the cryopreservation 

process affects this delicate balance (Uchendu et al. 2010a; Uchendu et al. 2010b; 

Roach et al. 2008; Benson and Bremner 2004). If excessive ROS are produced or the 

antioxidant defences are damaged, then plant tissues are unlikely to survive. 
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Increasing our understanding of the processes behind the formation of ROS, the 

ability of a species to neutralise ROS production, and procedures that can be used to 

neutralise excessive oxidative damage that may occur during cryopreservation, is vital 

for improving current cryopreservation methods.  

 

Oxidative stress 

ROS are important in respiration, photosynthesis, biotic defence and act as signalling 

molecules, and without them aerobic life could not exist (Halliwell and Gutteridge 

2007). A diverse group of molecules are classified as ROS, including free radicals 

and non-radical reactive oxygen derivatives (Table 2.1). 

ROS production 

ROS are frequently produced as by-products during cellular metabolism and 

photosynthesis in plants. The electron transport chain used in respiration and 

photosynthesis are the major producers of ROS, caused by the leakage of free 

electrons onto O2, resulting in the formation of the superoxide radical (O2
•-) (Halliwell 

and Gutteridge 2007; Benson and Bremner 2004; Benson 1990). Many of the other 

ROS can then be produced as subsequent reactions of superoxide (Fig 2.1) 

(Ďuračková 2014).  

 

Table 2.1. Common reactive oxygen species (ROS) (modified from Halliwell and Gutteridge 

(2007) with permission from Oxford University Press). 

Radicals Non-Radicals 

Superoxide (O2
•-) Hydrogen peroxide (H2O2) 

Hydroxyl (OH•) Peroxynitrite (ONOO-) 

Hydroperoxyl (OOH•) 

Peroxyl (ROO•) 

Peroxynitrous acid (ONOOH) 

Hypochlorous acid (HOCl) 

Alkoxyl (RO•) Hypobromous acid (HOBr) 

Carbonate (CO3
•-) Ozone (O3) 

Carbon dioxide (CO2
•-) Singlet oxygen (1Δg) 

Singlet oxygen (1Σg+)  
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The most reactive ROS commonly found in plants are the superoxide (O2
•-), hydroxyl 

radical (OH•), hydroperoxyl (OOH•) radicals as well as singlet oxygen (1Σg+). The 

formation of superoxide and singlet oxygen often occurs as by-products of the 

electron transport chain from both metabolism and photosynthesis, while the highly 

reactive hydroperoxyl and hydroxyl radicals are commonly formed in a process called 

Fenton’s reaction (Fig 2.2), whereby hydrogen peroxide is converted into the hydroxyl 

or hydroperoxyl radical.  

As photosynthetic organisms, plants have an additional source of oxidative stress, as 

not only will the metabolic pathways expose these organisms to ROS, but the 

photosynthetic pathways also utilise ROS for the production of carbohydrates from 

CO2. The reaction centres (PSI & PSII) are the major generation sites of ROS within 

the chloroplasts as the formation of ROS is critical for the transfer of energy and 

electrons during photosynthesis (Fryer et al. 2002; Halliwell and Gutteridge 2007; 

Foyer et al. 1994). The overproduction of ROS can have detrimental effects on 

 

 

 

Figure 2.1. Chemical pathways of production of ROS (reproduced from Ďuračková (2014), 

with permission from Springer). 
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photosynthetic rate, enzymes and membranes of the chloroplast. As a consequence, 

high levels of antioxidants and ROS scavengers are found within the chloroplast to 

control the levels of ROS and reduce their capacity to cause significant biochemical 

damage (Foyer and Noctor 2009; Foyer et al. 1994). 

 

ROS damage 

Under normal conditions, cells are very efficient in preventing ROS damage. 

However, as plants are sessile and cannot move to escape from stressful 

environmental conditions such as high temperature, intense light, drought and 

xenobiotic contamination, which may increase ROS production, these stressful 

conditions may overwhelm the antioxidant defences leading to cellular damage and 

plant death (Farrugia and Balzan 2012). Damage caused by ROS is difficult to 

quantify as these molecules are non-specific in their interactions, reacting freely with 

lipids, proteins and DNA. ROS are highly reactive (and, therefore, by their very nature 

are short-lived), and thus, direct measurement of ROS present in cells is difficult and 

does not accurately reflect the damage that may be done prior to the ROS being 

quenched by antioxidants. Consequently, it is easier to measure the formation of the 

by-products of oxidative damage or the antioxidant state of the cells. The ratio of 

oxidised-to-reduced antioxidants is a good indicator of ROS formation and the ability 

of cells to regulate oxidative stress. The identification of oxidation end products is an 

indication of the damage caused, and is a sign that cells have been unable to 

satisfactorily quench ROS activity, but does not necessarily imply irreversible 

oxidative damage. 

 

 

Fe2+ + H2O2 → Fe3+ + OH• + OH- 

Fe3+ + H2O2 → Fe2+ + OOH• + H+ 

 

Figure 2.2. Fenton’s Reaction. 
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Oxidative damage of DNA 

ROS can affect both purine and pyrimidine bases of DNA as well as the deoxyribose 

sugar backbone (Halliwell and Gutteridge 2007). While not all ROS can damage DNA, 

it is nevertheless highly susceptible to the hydroxyl radical. This radical 

indiscriminately oxidises the sugars, pyrimidines and purines, resulting in reduced 

genetic stability. DNA damage by ROS is commonly found where carcinogenesis, 

ageing and mutagenesis damage has occurred. While ROS damage to DNA is 

commonly detected, it is not clear if this type of damage is a major cause of ROS-

induced cell death, as it is repairable with base excisions (Halliwell and Gutteridge 

2007; Avery 2014). However, DNA repair mechanisms may become overwhelmed 

resulting in damage beyond repair (Avery 2014; Lowe 2014). As the main aim of 

cryopreservation is to preserve genetic integrity of the samples for long term storage, 

even single base mutations may be detrimental and should be avoided. 

Little variation in genetic integrity after cryopreservation has been shown in a range 

of plant species including apple, grape, kiwi and potato (Zarghami et al. 2008; Hao et 

al. 2002; Zhai et al. 2003; Harding 2004). However, methylation changes have been 

linked to reduced post-cryogenic regrowth rates (Johnston et al. 2007; Kaity et al. 

2013; Kaczmarczyk et al. 2010). Analysis of genetic integrity generally utilises 

recovering shoot tips that show post-cryogenic growth, and consequently this will 

preferentially exclude any shoot tips that may have experienced excessive DNA 

oxidation or damage as they are likely to have undergone apoptosis. While plants 

naturally eradicate significant genetic modifications through apoptosis, it may 

nevertheless still account for a reduction in post-cryogenic regeneration of plant 

material where DNA damage is relatively minor (Harding et al. 2009).  

Oxidative damage of lipids 

It has long been known that the cell membrane represents one of the major places 

where cryogenic injury can occur. Any damage to cellular membranes can alter the 

delicate balance between intra- and extracellular solutes, leading to cell death 

(Anchordoguy et al. 1987; Dowgert and Steponkus 1984; Gordon-Kamm and 

Steponkus 1984; Lynch and Steponkus 1987). Lipid peroxidation (LPO) of 

polyunsaturated fatty acids (PUFA) in phospholipids can cause extensive damage to 

membranes if the chain reaction is not controlled, leading to large areas where the 

semi-permeability of the membrane is altered and can thus no longer function 

normally, possibly leading to apoptosis (Halliwell and Gutteridge 2007; Benson et al. 

1992; Møller et al. 2007; Avery 2014). LPO is caused when specific ROS (hydroxyl 
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and peroxyl radicals and singlet oxygen) interact with a PUFA (Figure 2.3) (Young 

and McEneny 2001).  

LPO can result in the formation of unstable lipid hydroperoxides and aldehydes, such 

as malondialdehyde (MDA) and 4-hydroxylnonenal (HNE), which can also cause 

damage to cells (Halliwell and Gutteridge 2007; Lowe 2014). The toxicity of MDA is 

debatable (Halliwell and Gutteridge 2007); however, there is evidence that MDA can 

interact with proteins and DNA (Fig 2.4), causing loss of function in proteins and 

mutations in DNA (Hipkiss et al. 1997; Marnett 1999a; Voulgaridou et al. 2011).  

Increased electrolyte leakage after cryopreservation in sugarcane callus tissue was 

taken as an indicator of membrane damage, and these samples also showed 

increased MDA formation during the first two days post-cryopreservation indicating 

the presence of LPO stress (Martinez-Montero et al. 2002). MDA has also been linked 

to reduced post-cryogenic survival in rice and blackberry (Benson et al. 1992; 

Uchendu et al. 2010a), while the application of melatonin during cryopreservation 

 

 

Figure 2.3. Lipid peroxidation reaction sequence (this research was originally published in 

Biochemical Society Transactions. Young, I., and J. McEneny. (2001). "Lipoprotein Oxidation 

and Atherosclerosis." Biochemical Society Transactions 29: 358-362. © copyright holder).  
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of Rhodiola crenulata reduced the formation of MDA in all stages of the cryogenic 

process (Zhao et al. 2011). Similar findings were obtained with the addition of ascorbic 

acid during cryopreservation of wheat and blackberry tissues (Fretz and Lörz 1995; 

Uchendu et al. 2010a). 

Oxidative damage of proteins 

Proteins are susceptible to a wide range of oxidative damage. They can be damaged 

through peroxiredoxin inactivation, formation of methionine sulphoxide, oxidation of 

side-chain carbonyls, destruction of Fe-S clusters, glutathionylation and glycation, as 

well as ‘secondary damage’ from the end-products of lipid peroxidation such as MDA 

(Halliwell and Gutteridge 2007). Newly synthesised and metabolic proteins are 

reported to be particularly sensitive to oxidative damage (Avery 2014), thus, during 

the recovery phase in cryopreservation, oxidative damage may be a significant cause 

of low survival and reduced regeneration. Indeed Cao et al. (2003) showed a 

decrease in the heat-shock protein 90 in spermatozoa due to the stresses of 

cryopreservation, while analysis of carrot somatic embryos linked the formation of 

polypeptides that stabilise proteins to better survival after freezing stress (Thierry et 

al. 1999). 

 

Figure 2.4. Formation of DNA adducts with MDA (reproduced from Dedon et al. (1998), with 

copyright permission from PNAS) 

 



22 

 

Antioxidant defence 

Antioxidants are defined as molecules that “delay, prevent or removes oxidative 

damage to target molecules” (Halliwell and Gutteridge 2007), and are vital cellular 

molecules. Without antioxidants, ROS production would not be controlled and 

regulated, and complete oxidation of sensitive tissues and molecules would therefore 

occur. Antioxidants can be classified into two major groups: enzymes that catalytically 

remove ROS and sacrificial antioxidant molecules that are preferentially oxidised to 

protect more important molecules by intercepting and quenching ROS (Halliwell and 

Gutteridge 2007b).  

Antioxidant enzymes 

Superoxide dismutase, catalase and peroxidases are the primary antioxidant 

enzymes involved in neutralising ROS before they interact with and damage DNA, 

lipids and proteins. These enzymes are essential in the removal of superoxide, 

hydrogen peroxide, aldehydes and lipid peroxides. Indeed it was the discovery of 

copper zinc superoxide dismutase (CuZnSOD) by McCord and Fridovich (1968) that 

stimulated interest in free radicals, ROS and neutralisation of these damaging 

molecules by antioxidants. 

The enzyme superoxide dismutase (SOD) catalyses the dismutation of superoxide to 

oxygen and hydrogen peroxide. Catalase (CAT) or peroxidases will then further break 

down hydrogen peroxide into water, acting in synergy with SOD for the removal of 

ROS. Extensive analysis of these antioxidant enzymes have shown increased activity 

when plants are exposed to environmental stresses, such as cold temperatures, 

intense light conditions, and drought and high salinity conditions (Tsang et al. 1991; 

McKersie et al. 1993; Cakmak and Marschner 1992; Gupta et al. 1993; van Camp et 

al. 1996; Meloni et al. 2003; Zhang and Kirkham 1994; Kim et al. 2014; Xu et al. 2014). 

However, it is not as simple as suggesting that increased antioxidant activity will result 

in better stress tolerance, or alternatively, that the application of an abiotic stress 

(temperature, light, osmotic) to a particular plant species will result in increased 

antioxidant activity. Extreme abiotic stress in sensitive plants may damage their 

endogenous antioxidants resulting in decreased activity (Airaki et al. 2012; Shu et al. 

2011; Mengutay et al. 2013), or the stress applied may show an initial increase in 

antioxidant activity that decreases over time when analysed over an extended period 

(Zhang and Kirkham 1994; Naraikina et al. 2014). Indeed, Malan et al. (1990) showed 

that the synergistic effect between increased SOD and glutathione reductase (GR) 
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activity was required for increased tolerance to drought and photooxidative stress in 

maize. 

Sacrificial antioxidants 

Sacrificial antioxidants are preferentially oxidised and form stable radicals that will no 

longer interact with DNA, proteins or lipids. The three major sacrificial antioxidants in 

plant cells are ascorbic acid (AsA, ascorbate, Vitamin C) and glutathione, which are 

water soluble, and tocopherol (Vitamin E), which is hydrophobic and protects 

membranes from LPO. These three antioxidants have been shown to scavenge a 

wide range of ROS like O2
●-, HO2

●, OH●, 1O2, HOCl, and H2O2 (Halliwell and 

Gutteridge 2007; Foyer et al. 2008; Noctor et al. 2012). Plants contain additional 

molecules that protect against ROS, such as carotenoids and flavonoids. Caroteniod 

pigments are primarily found in chloroplasts and absorb excessive energy from 

chlorophylls, preventing the formation of superoxide radicals (Halliwell and Gutteridge 

2007). Flavanoids are phenolic compounds found throughout the plant kingdom and 

are thought to exert a significant antioxidant effect, and they also possess chelating 

properties that may reduce the formation of the hydroxyl radical (Ďuračková 2014; Gill 

and Tuteja 2010). 

Similar to the antioxidant enzymes, the concentration of sacrificial antioxidants within 

plants can show large variations upon exposure to abiotic stress (Munne-Bosch 2005; 

Foyer and Noctor 2009; Gill and Tuteja 2010). Increased antioxidant content has been 

detected in response to light, temperature, drought, UV-B and salt stress (Agarwal 

2007; Yang et al. 2008; Srivastava et al. 2005; Shao et al. 2007). However, increased 

antioxidant content is not always beneficial. For example, Creissen et al. (1999) 

observed increased necrosis in transgenic tobacco despite having a three-fold 

increase in glutathione content. The ratio of reduced glutathione (GSH) to oxidised 

glutathione (GSSG) is commonly used as an indicator of oxidative stress within the 

cell, and is important in redox signalling (Foyer and Noctor 2009). If the production of 

these oxidised antioxidants exceeds the ability of plants to reduce them, then the 

reduction potential will increase, indicating excessive ROS formation. The half-cell 

reduction potential is commonly used in seed storage experiments, linking the 

reduction of germination to a change in the half-cell reduction potential because the 

seeds become more oxidised over time as they age and accumulate cellular damage 

during storage (Colville and Kranner 2010; Birtic et al. 2011; Chen et al. 2013; Nagel 

et al. 2014). 
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Analysis of oxidative stress during cryopreservation 

Excision 

The excision of sample material, such as shoot tips from in vitro shoots or embryonic 

axes from seeds, can result in oxidative burst formation due to wounding of sample 

tissue. Superoxide formation after excision has been detected in Castanea sativa, 

Strychnos gerrardii and Trichilia dregeana embryogenic axes (Roach et al. 2008; 

Whitaker et al. 2010; Berjak et al. 2011). While Skyba et al. (2012) observed the 

greatest increased H2O2 formation after excision of Hypericum perforatum shoot tips 

compared to any other stage in the cryopreservation process. The formation of H2O2 

in these excised shoot tips was great enough to damage the chloroplasts, to the point 

where ruptured thylakoid grana were observed (Skyba et al. 2012). 

Preculture 

The preculture period is defined as the period after excision of the shoot tips 

(containing actively growing meristematic tissues) from the in vitro shoots, but before 

the shoot tips are exposed to CPAs. This period is typically used to slightly desiccate 

the shoot tips prior to cryopreservation and allow for shoot tips to recover from the 

excision damage. Increased ROS and by-products of oxidative stress have been 

detected due to desiccation stress, such as increased superoxide, H2O2 and MDA 

(Fang et al. 2008; Whitaker et al. 2010; Berjak et al. 2011; Lynch et al. 2011). 

However, while ROS production is increased, antioxidants, such as GR and ascorbate 

peroxidase, have also shown to increase during the preculture period (Wen et al. 

2010; Lynch et al. 2011). 

Incubation in cryoprotectants 

Excessive exposure to CPAs can be deleterious as many CPAs are cytotoxic, and 

can also lead to excessive dehydration causing significant tissue damage. Exposure 

to CPAs has been shown to increase methane production in Ribes, as a marker for 

the hydroxyl radical (Johnston et al. 2007). The formation of H2O2 and increased MDA 

have also been associated with the cytotoxicity of the CPAs (Uchendu et al. 2010a; 

Skyba et al. 2010). 

Rewarming and recovery 

The rewarming and recovery period after cryopreservation is a critical stage where 

increased oxidative stress has been linked to decreased post-cryogenic regrowth. 

Skyba et al. (2012) observed increased oxidative stress in Hypericum perforatum for 
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2 months after cryopreservation using 2,7-dichlorofluorescein diacetate (DCF-DA) to 

detect intracellular ROS. A burst of superoxide, formation of the hydroxyl radical, and 

increased MDA and 4-hydroxynonenal (4-HNE) have all been observed after the initial 

stages of recovery (Dussert et al. 2003; Whitaker et al. 2010; Fang et al. 2008). Along 

with increased ROS, a reduction in total antioxidants and decreased activity of GR 

and SOD has been observed after cryopreservation (Harding et al. 2009; Johnston et 

al. 2007; Wen et al. 2010). These results suggest the plants are highly susceptible to 

oxidative stress throughout the many stages of cryopreservation including the 

recovery period post-cryopreservation. 

 

Alleviating oxidative stress during cryopreservation 

The application of a preconditioning regime prior to cryopreservation has routinely 

been shown to improve post-cryogenic survival. The utilisation of a low, non-freezing 

temperature is the most common preconditioning regime as it has shown benefits for 

a wide range of species (Funnekotter et al. 2013; Menon et al. 2012; Gupta and Reed 

2006; Chang et al. 2000; Leunufna and Keller 2005; Kaczmarczyk et al. 2010; 

Uchendu et al. 2013). As stated in the previous sections, these abiotic stress 

conditions have been shown to increase antioxidant concentrations, and 

preconditioning has also been shown to alter the composition of membranes and the 

concentration of solutes within cells, which may aid plants during the cryopreservation 

process (Sasaki et al. 1996; Fujikawa et al. 1999; Kamata and Uemura 2004; 

Funnekotter et al. 2013; Hincha and Zuther 2014; Menon et al. 2014).  

The addition of exogenous antioxidants to cryoprotectant solutions or media has been 

shown to increase post-cryogenic survival in some cases. For example, the 

application of melatonin in Rhodiola crenulata and American Elm (Zhao et al. 2011; 

Uchendu et al. 2013), ascorbic acid in Nepheluim ramboutan-ake, wheat and 

blackberry cryopreservation (Fretz and Lörz 1995; Uchendu et al. 2010a; Chua and 

Normah 2011), lipoic acid, glycine betaine and glutathione in Rubus (Uchendu et al. 

2010b) and glutathione in citrus and potato (Wang and Deng 2004; Canepa et al. 

2011) all increased post-cryogenic survival. However, the application of an 

exogenous antioxidant is not always beneficial, for instance, Uchendu et al. (2010a) 

and Canepa et al. (2011) both reported decreased post-cryogenic survival with the 

addition of ascorbic acid when iron was present, likely due to the fact that AsA and 

iron can participate in Fenton’s reaction to produce highly destructive hydroxyl 

radicals (Halliwell and Gutteridge 2007). 
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The addition of specific chelating agents (such as desferrioxamine) has been shown 

to reduce the levels of iron in cryopreserved tissues, which subsequently decreased 

the levels of the hydroxyl radical (Benson 1995; Fleck et al. 2000; Obert et al. 2005). 

Avoiding light exposure after cryopreservation has also been shown to increase post-

cryogenic survival because of the reduction in photo-oxidative stress on the 

recovering shoot tips (Touchell et al. 2002). 

 

Conclusions 

This review focuses on the large variation of damage that can be induced by oxidative 

stresses on the various cellular components susceptible to the non-specific 

interactions of ROS. Any damage to DNA, lipids and proteins will reduce the chances 

of post-cryogenic survival and regeneration. Indeed, plant material undergoing 

cryostorage is likely to experience a wide range of stresses during the 

cryopreservation process which have the capacity to cause significant oxidative 

damage under some circumstances. Cryopreservation relies on the ability of plants to 

overcome these stresses in order to regenerate after cryogenic storage. Alleviating 

these stresses, even slightly, may help to improve post-cryogenic regeneration 

regardless of the species, clonal line or plant material used. There are multiple 

examples of the advantages of using preconditioning regimes and exogenous 

antioxidants to improve post-cryogenic survival; however, there is still further scope 

for additional experimentation to analyse the natural antioxidant status of plants and 

their ability to survive and regenerate following cryopreservation. Increasing our 

understanding of when and where oxidative damage occurs, such that it disrupts the 

sensitive redox balance within cells is vital for the development of new 

cryopreservation protocols and forms the underlying basis for this dissertation. 
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Chapter 3 – Influence of abiotic stress factors during preconditioning 

on post-cryogenic survival, antioxidant enzymes and electrolyte 

leakage in the south-west Australian Mediterranean climate species 

Lomandra sonderi 

 

Abstract 

Lomandra sonderi (Asparagaceae) is endemic to south-west Western Australia and 

is found in the region’s Jarrah (Eucalyptus marginata) forest. It is a plant species 

widely used in post-mining restoration, which is aided by a recently developed 

cryopreservation protocol. In order to investigate the effect of abiotic stress 

preconditioning on improving post-cryogenic survival, plants were exposed to a wide 

range of light, temperature and osmotic induced stresses under tissue culture 

conditions. Room temperature preconditioning showed the greatest post-cryogenic 

survival, followed by low light preconditioning. Alternating temperature, high 

temperature, high sucrose and high light preconditioning all showed significantly and 

progressively lower post-cryogenic shoot survival than the room temperature regime. 

Analysis of freezing tolerance showed little correlation to post-cryogenic survival; 

however, L. sonderi showed limited increase in the LT50 freezing tolerance. The 

resistance of plants to the deleterious effects of cryopreservation may be enhanced 

by increasing the availability of antioxidants in the tissue, before exposure to the 

stresses of cryopreservation. Antioxidant activity of superoxide dismutase in 

preconditioned shoot tips showed a positive correlation to post-cryogenic survival, 

whilst glutathione reductase, glutathione peroxidase and catalase activity showed 

little correlation. Analysis of the antioxidant enzymes throughout the cryopreservation 

protocol showed that the activity of glutathione reductase decreased significantly after 

cryopreservation, whilst the activity of glutathione peroxidase and catalase did not 

change. The high light preconditioned shoot tips showed increased antioxidant 

activity, exhibiting the greatest levels of activity of glutathione reductase and 

glutathione peroxidase of all the preconditioning regimes, yet exhibited the lowest 

post-cryogenic survival. There are many other factors that can influence post-

cryogenic survival, and analysis of the antioxidant enzyme showed no clear trend for 

increasing the antioxidant enzyme activity with a specific preconditioning regime or if 

this increased activity will result in greater post-cryogenic survival.  
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Introduction 

Lomandra sonderi (Asparagaceae) is an endemic plant species of south-west 

Western Australia found in the region’s Jarrah (Eucalyptus marginata) forest. This 

region is subject to bauxite mining that requires restoration of native plant species 

following ore extraction. Lomandra sonderi is a “dioecious rhizomatous, perennial 

herb” (Paczkowska 1998) that does not easily re-establish following mining (Plummer 

et al. 1995). It has complex seed germination properties, making seed-based 

propagation approaches unreliable and problematic. Therefore, this species is usually 

propagated by tissue culture for the production of large numbers of plants for mine 

site restoration  (Koch and Samsa 2007; Willyams 2005). However, tissue culture is 

labour-intensive and expensive (compared with conventional propagation) and 

involves significant risk of contamination, human error and somaclonal variation, 

which increase with repeated subculturing (Panis and Lambardi 2006). To address 

these limitations, cryopreservation has been developed as a more reliable tool for the 

long-term storage of this species (Menon et al. 2012). 

Plant cryopreservation is the use of liquid nitrogen (-196C) for ultra-low temperature, 

long-term storage of plant tissue, whilst retaining its viability after rewarming (Benson 

2008). During cryopreservation, all cell division, metabolic and biochemical processes 

are suspended, which in principle allows the indefinite storage of plant material 

without degeneration or alteration (Bajaj 1995). Cryogenic survival of different 

species, even cultivars of the same species, may often be highly variable for reasons 

not yet fully understood (Kaczmarczyk et al. 2011b). As species or cultivars can be 

very specific in their response to cryogenic conditions, cryopreservation protocols 

need to be adjusted at critical points to optimise survival for each plant species (Reed 

2011). Preconditioning of explant material with temperature, light or osmotic stresses 

prior to cryopreservation has been shown to be beneficial to improving cryogenic 

survival (Pritchard et al. 1986; Huner et al. 1998; Chang et al. 2000; Kaczmarczyk et 

al. 2008; Funnekotter et al. 2013; Menon et al. 2012). A positive correlation has been 

observed between shoot tip regeneration and several biochemical changes (such as 

increased sugars, antioxidant activity and altered fatty acid content) which occur 

during preconditioning (e.g. cold acclimation) (Vandenbussche et al. 1999; Crowe et 

al. 1988; Kaczmarczyk et al. 2008; Funnekotter et al. 2013; Menon et al. 2014). 

Increased sugar content may help to promote the formation of intracellular glassy 

water, which minimises the deleterious formation of ice crystals, and may substitute 

for water in maintaining hydrophilic structures in their hydrated state (Smallwood and 

Bowles 2002). An increase in the level of unsaturated fatty acids in cell membranes 
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can improve cell membrane stability by reducing the likelihood of the liquid crystalline-

to-gel transition at lower temperatures, allowing plants to better withstand freezing 

stresses (Uemura et al. 2006; Uemura et al. 1995), whilst increased antioxidants may 

aid in reducing reactive oxygen species (ROS) damage following warming from 

cryogenic temperatures and recovery. 

The metabolism of plants under stress is generally characterised by increased 

formation of ROS (Tausz et al. 2004). ROS like superoxide and hydrogen peroxide 

possess the ability to initiate cascade chemical reactions resulting in the production 

of hydroxyl and peroxide radicals, as well as other destructive species that can 

interact with and cause damage to cell membranes, proteins and DNA, resulting in 

lipid peroxidation, protein oxidation, enzyme inhibition and, in extreme cases, 

breakages in nucleic acids leading to cell decline and death (Halliwell and Gutteridge 

2007). Formation of ROS in chloroplasts or mitochondria causes changes in the 

transcriptome, affecting the transmission of information from these organelles to the 

nucleus, ultimately affecting gene expression (Apel and Hirt 2004). Formation of ROS 

has been detected at multiple stages in the cryopreservation protocol and has been 

suggested as a likely reason for the reduction in post-cryogenic survival (Whitaker et 

al. 2010). 

Plants can protect themselves against ROS through antioxidant mechanisms. In 

general, the antioxidant defence system can be classified into enzymatic and non-

enzymatic antioxidants. Superoxide dismutase (SOD), catalase (CAT), glutathione 

peroxidase (GPx) and glutathione reductase (GR) are all enzymatic anti-oxidants 

(Kranner and Birtić 2005; Gill and Tuteja 2010). These antioxidant enzymes either 

catalyse reactions that remove ROS or directly process them to interrupt the cascades 

of uncontrolled oxidation (Noctor and Foyer 1998). Non-enzymatic antioxidants such 

as glutathione (GSH), ascorbic acid, tocopherols and carotenoids are sacrificial 

molecules that are preferentially oxidised by ROS, protecting important cellular 

components (Kranner and Birtić 2005; Noctor and Foyer 1998; Gill and Tuteja 2010). 

When environmental stresses cause increase in the production of ROS, SODs play 

an important role in plant stress tolerance and constitute the first line of defence 

against the toxic effects of increased levels of the ROS superoxide (Halliwell and 

Gutteridge 2007). SODs remove the superoxide radical, but form hydrogen peroxide 

(H2O2) in the process (Fig 3.1). This H2O2 has the capacity to form the hydroxyl free 

radical and thus has the potential to be highly cytotoxic if not neutralised in cells (Gill 

& Tuteja, 2010). CAT and peroxidase enzymes, such as GPx, are the major defence 

against H2O2. CAT decomposes H2O2 into water and oxygen, whilst GPx can reduce 
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H2O2 into water and also neutralise organic peroxides, however, this requires the 

sacrificial antioxidant glutathione (GSH) or thioredoxins (Navrot et al. 2006). Oxygen-

sensitive enzymes and proteins are protected by GSH from oxidative degradation of 

their sulfhydryl thiol group. In normal cells, the ratio of GSH to glutathione disulphide 

(GSSG) is high. GR catalyses the reaction that converts GSSG back into GSH utilising 

NADPH (Noctor et al. 2011; Halliwell and Gutteridge 2007). The interplay between 

GR and GSH has an important role in regulating plant stress tolerance, and without 

GR the GSH present in the cells will quickly become oxidised and non-functional (Rao 

and Reddy 2008; Gill and Tuteja 2010).  

The action of the various antioxidant enzymes maintains the equilibrium between the 

production and scavenging of ROS, having a synergistic effect in neutralising ROS 

damage (Fig 3.1). This equilibrium can be disturbed by various biotic and abiotic 

stress factors, leading to an abrupt increase in intracellular ROS that may cause 

significant damage to cell structures (Gill & Tuteja, 2010). The subtle spatial and time 

balance between ROS formation and scavenging determines whether ROS will lead 

to damage, protection (e.g. pathogen defence) or systematic signalling (Gratão et al. 

2005). Plant stress tolerance may thus be enhanced by the increase in activity of 

antioxidant enzymes (Mishra et al. 1993). 

Although a cryopreservation protocol for L. sonderi has been developed, shoot tip 

survival remains relatively modest (~30%) (Menon et al. 2012). Exposure to sub-lethal 

levels of stress resulting in the protection from lethal levels of the same stress at a 

 

 

Figure 3.1. Synergistic effect of antioxidant enzymes in the removal of reactive oxygen 

species. O2
•-, superoxide; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione 

peroxidase; GR, glutathione reductase; GSH, glutathione; GSSG, glutathione disulphide; 

H2O2, hydrogen peroxide. 
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later stage is termed stress acclimation (Apel and Hirt 2004). The study of different 

preconditioning stress factors may thus provide increased understanding of how 

these stresses impact the post cryogenic survival of L. sonderi. This study examined 

specific environmental stresses that could lead to changes in antioxidant responses 

and electrolyte leakage (as a measure of cell membrane stability), and which may 

improve post cryogenic survival, providing the first characterisation of the role of anti-

oxidants in stress tolerance in Australian plant species. Three-week alternating cold 

temperature, room temperature (control), high temperature, low light, high light and 

high sucrose preconditioning regimes were applied prior to cryopreservation. 

Increasing understanding of these various stresses and ways to mitigate them is 

important because the development and optimisation of novel biotechnology 

approaches is a crucial step towards the successful conservation of the mega-diverse 

Australian flora. 

 

Materials and methods 

Plant material 

In vitro shoots from Lomandra sonderi were obtained from Kings Park and Botanic 

Garden, Western Australia. A basal medium (BM) was prepared, consisting of half 

strength Murashige and Skoog (MS) basal salts (Murashige and Skoog 1962), 500 

µM myo-inositol, 500 µM 4-morpholineethanesulfonic acid (MES), 100 µM 

NaFeEDTA, 4 µM niacin, 3 µM thiamine-HCl, 2.5 µM pyridoxine-HCl, 60 mM sucrose, 

and 0.8% (w/v) agar, with the pH adjusted to 6 before autoclaving (121°C for 20 

minutes). This medium was used for all tissue culture propagation unless otherwise 

specified. 

Preconditioning 

Lomandra sonderi in vitro shoots were incubated for three weeks under six different 

stress conditions (as described in Table 3.1). Room temperature (control) 

preconditioning was propagated on BM at 23±1°C with a 12 hour photoperiod under 

a photosynthetic photon flux density (PPFD) of ~30 µM m-2s-1 light conditions supplied 

by 21 W fluorescent lamps. High sucrose preconditioning varied from the control only 

in its sucrose content (180 mM sucrose in the media). The two light stress 

preconditioning regimes were different to the control culture only in their light levels 

with ~17 and ~93 µM light m-2s-1 for low and high light preconditioning regimes, 

respectively. The two temperature preconditioning stress regimes were different to 
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the control culture only in temperature: high temperature (high temp, 35°C with a 12 

hour photoperiod) and alternating temperature (alt temp, 25/5°C with a 12 hour 

photoperiod). In vitro shoots, after four weeks on BM, were separated into individual 

shoots and trimmed to ~50 mm before being placed onto fresh BM. After 3 weeks 

preconditioning, the number of new shoots (from a starting point of 9 shoots / jar), 

weight of each shoot (g), height of each shoot (mm), colour of the leaves, and the 

amount of dead leaves around the shoots was recorded in the in vitro shoots. 

Electrolyte leakage and calculation of LT50 

Lomandra sonderi leaf material exposed to the various preconditioning stress 

treatments was analysed for electrolyte leakage and LT50 as described in detail by  

Menon et al. (2014). Leaf material in 200 µl deionised water was gradually cooled at 

a rate of 1.5°C h-1  from -1°C to -10°C using a cooling bath (PolySciences Inc) and 

samples were taken out each hour and stored on ice. After 24 h, samples were diluted 

in 5 ml deionised water. 1 ml was transferred to 10 ml deionised water and electric 

conductivity was measured (C1) using a 900-C Conductivity Meter (TPS Australia). 

Total electrolyte loss was obtained by boiling the samples (100°C for 30 min) and then 

measuring electrolyte conductivity (C2) as described above. The percentage loss of 

electrolytes (% loss of electrolytes = (C1/C2) * 100) with zero correction to account 

for any other electrolyte leakage that may have occurred (Zero correction = % leakage 

 

Table 3.1. Preconditioning treatments of L. sonderi in vitro shoots applied 3 weeks prior to the 

cryopreservation experiment, determination of electrolyte leakage or antioxidant analysis 

 

Preconditioning 

treatment 

Stress Abbreviation Temperature Light 

conditions 

Sucrose 

conc. 

Room temperature 

(control) 

None RT 24 ± 1°C ~ 30 µM m-2 s-1 60 mM 

Alternating 

temperature  

Low alternating 

temperature 

AT 25/5°C ~ 30 µM m-2 s-1 60 mM 

High temperature  Extreme temperature HT 35°C ~ 30 µM m-2 s-1 60 mM 

High sucrose Water stress HS 24 ± 1°C ~ 30 µM m-2 s-1 180 mM 

Low light Sub optimal light 

conditions 

LL 24 ± 1°C ~17 µM m-2 s-1 60 mM 

High Light Supra optimal light 

conditions 

HL 24 ± 1°C ~93 µM m-2 s-1 60 mM 
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of sample – % leakage of control) was then normalised to maximum percentage 

electrolyte leakage (Normalised value = Zero correction / highest % leakage value * 

100). This normalised value was used to construct sigmoidal curves for the calculation 

of LT50, the temperature at which 50% of electrolytes have leaked out of the sample 

(Menon et al. 2014) using GraphPad Prism (version 5.03, GraphPad Software, San 

Diego USA). 

Cryopreservation 

Droplet-vitrification, rewarming and recovery as described by Menon et al. (2012) 

were followed to cryopreserve shoot tips of L. sonderi. Briefly, after the various 

preconditioning regimes, shoot tips were isolated onto the BM and incubated for 48h 

at 25°C in darkness. The shoot tips were transferred to a loading solution (LS: 2 M 

glycerol and 0.4 M sucrose in liquid BM) for 20 min at 23°C and then treated in Plant 

Vitrification Solution 2 (PVS2: 30% (w/v) glycerol, 15% (w/v) ethylene glycol, 0.4 M 

sucrose, 15% (w/v) dimethyl sulfoxide (Sakai et al. 1990), with half strength MS salts 

at pH 6.0) for 10 min at 23˚C. Each shoot tip was placed onto a sterile aluminium foil 

strip along with a 1 µl droplet of PVS2. This foil was placed in a sterile cryovial and 

the cryovial was plunged into liquid nitrogen (LN). After one hour, the cryovials were 

warmed in a 40°C water bath for 10 seconds and the shoot tips were then transferred 

into a washing solution (WS: 1 M sucrose in liquid BM) to rinse for 20 min at 23°C. 

The shoot tips were then placed onto recovery medium (RM: solid BM containing 1.0 

µM zeatin and 1.0 µM gibberellic acid) and incubated at 25°C for 2 weeks in darkness, 

after which they were placed at 23°C with a 12 h photoperiod (photon flux density ~30 

µM m-2s-1). Survival data was collected 6 weeks after the cryopreservation 

experiment. 

Antioxidant analysis 

The antioxidant activities of SOD, CAT, GPx and GR were measured in shoot tips to 

determine if the stresses experienced during the various preconditioning regimes 

altered the antioxidant capacity of the plants. Shoot tips were then analysed for 

antioxidant activity (CAT, GPx and GR activity) comparing two preconditioning 

regimes (room temperature and alternating temperature) after preconditioning, 

preculture, one day on recovery medium (1 d R) and seven days on recovery medium 

(7 d R) after cryopreservation. The shoot tips were not analysed during the 

cryopreservation protocol (such as after exposure to PVS2) due to the possible 

interference of the cryoprotective agents with the analysis. Commercially available 

BioVision assay kits were used for detection and quantification of the antioxidant 
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enzymes SOD, GR, GPx and CAT. To determine antioxidant enzyme levels, 

approximately 20 mg of shoot tip material was homogenised in the assay kit specified 

assay buffer and centrifuged at 10,000 x g for 15 min at 4°C with the supernatant 

collected for assay. Absorbance was measured using a microplate reader (MultiPlate 

Reader, PerkinElmer analysed using EnSpire Manager v 4.10). Briefly, SOD activity 

was measured by detecting the absorbance of formazine dye (OD 450 nm) produced 

from the reduction of WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-

phenyl)-2H-tetrazolium monosodium salt) by the superoxide anion. SOD from the 

sample inhibits the formation of superoxide anions produced by xanthine oxidase, 

resulting in a measured percentage inhibition in comparison to the control. GR activity 

was measured by detecting the formation of TNB2- (2-nitro-5-thiobenzoic acid) (OD 

405 nm) formed when GSH reacts with DNTB (5,5’-dithio-bis(2-nitrobenzoic acid)), as 

per Ellman’s reagent, as GR from the sample catalyses the formation of GSH from 

glutathione disulphide (GSSG). One unit is defined as the amount of enzyme activity 

to generate 1 µmol TNB min-1 at 25°C. GPx activity was measured by detecting the 

reduction of NADPH (OD 340 nm) in the samples as NADPH is consumed by GR 

catalysing the conversion of GSSG to GSH, and GSSG is formed as GPx reduces 

cumene hydroperoxide. One unit is defined as the amount of enzyme activity that 

causes oxidation of 1 µmol NADPH to NADP+ min-1 at 25°C. CAT activity was 

measured by detecting the coloured product formed when unconverted H2O2 reacts 

with the OxiRed probe (OD 570 nm). One unit is defined as the amount of enzyme 

activity that decomposes 1 µmol H2O2 min-1 at 25°C pH 4.5. External standards over 

a linear absorbance range for TNB (R2 = 0.995), NADPH (R2 = 0.994) and H2O2 (R2 = 

0.998) were used for the GR, GPx and CAT assays, respectively. 

Statistical analysis 

Samples were collected in five replicates (20 shoot tips) for each cryopreservation 

experiment. Three replicates for each electrolyte leakage and antioxidant enzyme 

tests were carried out, with electrolyte leakage data analysed using GraphPad Prism5 

(version 5.0.3.477). Statistical comparison of the antioxidant, electrolyte leakage 

(LT50) and cryopreservation experiments was done using analysis of variance 

(ANOVA) with p<0.05 using the Tukey’s test using the software SigmaPlot (Version 

11.0, 2008). Statistical analysis of correlations was done using the Pearson 

correlation test. 
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Results 

Preconditioning effect on in vitro shoot growth 

Table 3.2 shows the effect that the preconditioning regimes had on the in vitro shoot 

growth. Low light and alternating temperature preconditioning were the most 

successful regimes with 6 new shoots per jar, followed by the room temperature, high 

light, high sucrose and then the high temperature regimes (with 5, 4, 3 and 2 new 

shoots per jar, respectively). The weight and height of each in vitro shoot did not differ 

significantly between the preconditioning regimes. The colour of the shoots did not 

differ except in the high temperature preconditioned shoots, which had light green 

coloured leaves (Fig 3.2F), while the high temperature preconditioned shoots also 

had a large number of dead leaves. The high sucrose and high light preconditioning 

regimes also had some dead leaves in comparison to the other preconditioning 

regimes. The room temperature and alternating temperature regimes were very 

similar with soft shoots and very few dead leaves, while the low light preconditioning 

regime had the softest shoots and no dead leaves were observed. 

 

 Table 3.2. Effect of 3 weeks preconditioning regimes. Comparison of formation of new shoots 

across the various preconditioning regimes. Asterisks indicate the frequency of dead leaves 

occurring (No asterisk = none, * = low, ** = medium, *** = high). Different letters denote 

significant differences across the preconditioning regimes (P < 0.05). 

 

Treatment 
New shoots 
/ jar 

Weight / 
shoot (g) 

Shoot height 
(mm) 

Colour of 
shoots 

Frequency 
of dead 
leaves 

Room 
Temperature 
(control) 

4.75 ± 0.48ab 0.15 ± 0.01 78.89 ± 6.97 green  

High Sucrose 2.75 ± 0.48ab 0.16 ± 0.02 60.63 ± 4.62 green ** 

Low Light 6.25 ± 1.49a 0.12 ± 0.01 76.67 ± 5.01 green  

High Light 3.75 ± 0.85ab 0.14 ± 0.02 76.56 ± 7.88 green ** 

Alternating 
Temperature 

6 ± 1.35a 0.16 ± 0.02 67.33 ± 4.43 green * 

High 
Temperature 

1.75 ± 0.25b 0.13 ± 0.03 65.5 ± 8.68 light green *** 
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Post-cryogenic survival 

Seven preconditioning regimes were tested to assess their effect on control (-LN) and 

post-cryogenic (+LN, Fig 3.3) survival. The different abiotic stress preconditioning 

regimes listed in Table 3.1 resulted in substantial differences in post-cryogenic 

survival. For example, the control room temperature preconditioning regime resulted 

in the highest cryogenic survival rate (56%), although this was not significantly 

different from the next highest treatment (survival rate in the low light preconditioning 

regime: 46%). The high temperature and alternating temperature preconditioning 

regimes showed similar post-cryogenic survival rates with 28% and 29%, 

respectively. The high sucrose and high light preconditioning regimes resulted in the 

lowest post-cryogenic survival rates observed, with 19% and 14%, respectively. Little 

difference was observed in the control survival; however, the high temperature 

 

 

Figure 3.2. Representative preconditioned in vitro shoots. In vitro shoots of Lomandra sonderi 

exposed to room temperature (A), high sucrose (B), low light (C), high light (D), alternating 

temperature (E), high temperature (F) preconditioning regimes for 3 weeks. 

 

A B 

E 

C 

D F 
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preconditioned shoot tips did show a significantly lower survival rate (66%) compared 

to the room temperature and alternating temperature preconditioning regimes (with 

survival rates of 97% and 96%, respectively). No correlation was observed comparing 

control survival to post-cryogenic survival (Fig 3.5A, R2 = 0.04). 

Electrolyte leakage 

As seen in Table 3.3, the preconditioned plants showed slight differences in cell 

membrane resistance to freezing temperatures, with the highest LT50 of -2.95°C in the 

control, followed by high light (-3.2°C), low light (-3.3°C), high temperature (-3.67°C), 

whilst the greatest resistance was observed in the alternating temperature 

preconditioning regime (-4.71°C). However, no statistically significant differences in 

LT50 were detected between the preconditioning regimes. The high sucrose 

preconditioned leaf material did not show a sigmoidal response to the freezing 

temperatures, which may be due to the large amount of dead leaf material observed 

after three weeks. The LT50 also showed no correlation to post-cryogenic survival (Fig 

3.5B, R2 = 0.12). 
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Figure 3.3. Survival of L. sonderi shoot tips. Effect of various preconditioning regimes under 

control (-LN) conditions. (B) Effect of droplet-vitrification protocol (+LN). Preconditioning 

regimes: RT, room temperature; AT, alternating temperature; HT, high temperature; LL, low 

light; HL, high light; HS, high sucrose. The bars represent the standard error of the means. 

Bars labelled with different letters have significant differences across the preconditioning 

regimes (P < 0.05). 
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Antioxidant analysis of preconditioned shoot tips 

The activity of SOD was measured by quantifying the enzymatic inhibition of the 

formation of the superoxide radical, with increased inhibition indicating increased 

antioxidant activity in the samples. SOD activity was determined to be greatest in the 

shoot tips exposed to the room temperature preconditioning regime (39%), and was 

significantly higher than in the high temperature, high sucrose and alternating 

temperature preconditioning regimes (26%, 21% and 18% activities, respectively, as 

shown in Fig 3.4A). The low light and high light preconditioning regimes (36% and 

31% activities, respectively) showed no significant difference to the room temperature 

preconditioning regime. A positive correlation was observed between SOD activity 

and post-cryogenic survival (Fig 3.5C, R2 = 0.46, P = 0.02). 

GR activity was measured by detecting the formation of TNB2- when GSH reacts with 

DNTB. The highest activity was detected with the high light preconditioning regime 

(313 mU g-1 FW), and was significantly higher than that in the high temperature 

preconditioning regime, which showed the lowest activity (136 mU g-1 FW, as shown 

in Fig 3.4B). No significant differences were observed between the other 

preconditioning regimes and no correlation was detected between GR activity and 

post-cryogenic survival (Fig 3.5D, R2 = 0.03). 

 

Table 3.3. Effects of preconditioning regimes on LT50 temperature (°C ± SE). 

 

PRECONDITIONING LT50 (°C) 

Room Temperature -2.95 ± 1.72 

High Sucrose NA 

Low Light -3.30 ± 1.61 

High Light -3.20 ± 2.71 

Alternating Temperature -4.71 ± 1.36 

High Temperature -3.67 ± 2.19 
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GPx activity was measured by detecting the reduction of NADPH in the samples as it 

was consumed during the catalytical conversion of GSSG to GSH, since GSSG is 

formed upon the reduction of cumene hydroperoxide by GPx. The results of this 

analysis suggested that the larger the extent of NADPH reduction, the greater the 

activity of GPx. The largest activity was detected in the high light preconditioning 

regime (4379 mU g-1 FW) followed by the room temperature, low light, high sucrose, 

alternating temperature and high temperature preconditioning regimes (4360, 3914, 

3041, 2331 and 1675 mU g-1 FW, respectively, as shown in Fig 3.4C). Nonetheless, 

no statistically significant differences were detected between any of the 

preconditioning regimes. A weak positive correlation was detected between GPx 

activity and post-cryogenic survival (Fig 3.5E, R2 = 0.10). 
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Figure 3.4. Effects of various preconditioning regimes on the antioxidant enzyme activity of L. 

sonderi. The bars represent the standard error of the means Preconditioning regimes: RT, 

room temperature; AT, alternating temperature; HT, high temperature; LL, low light; HL, high 

light; HS, high sucrose. 
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CAT activity was measured by detecting the coloured product formed when 

unconverted H2O2 reacts with the OxiRed probe.  CAT activity was highest in the low 

light preconditioning regime (102 mU g-1 FW, as shown in Fig 3.4D). This was 

significantly higher than in the alternating temperature preconditioning regime (18 mU 

g-1 FW). No statistically significant differences were detected in the other 

preconditioning regimes, and no correlation was detected between CAT activity and 

post-cryogenic survival (Fig 3.5F, R2 = 0.00). 
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Figure 3.5. Scatter plot comparing control survival, electrolyte leakage and antioxidant activity 

to post-cryogenic survival. Preconditioning regimes: RT, room temperature; AT, alternating 

temperature; HT, high temperature; LL, low light; HL, high light; HS, high sucrose. 
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Comparison of antioxidant analysis of shoot tips during stages of the cryopreservation 

protocol 

Shoot tips were also analysed for GR, GPx and CAT activity after preconditioning, 

preculture, and 1 and 7 days post-cryopreservation (1 d R and 7 d R, respectively). 

The activity of CAT showed no significant difference between the preconditioned, 

precultured, 1 day recovered shoot tips and 7 day recovered shoot tips (see Fig 3.6A), 

however, both preconditioning regimes showed increased CAT activity after the 

preculture stage. The room temperature preconditioned shoot tips showed decreased 

CAT activity after cryopreservation, while the alternating temperature preconditioned 

shoot tips showed an increase in the 1 day recovered shoot tips, which then reduced 

for the 7 day recovered shoot tips. Fig (3.6B) shows that the activity of GPx in the 

room temperature preconditioned shoot tips decreased significantly once the shoot 

tips had been cryopreserved (from 4207 to 1317 mU g-1 FW), whilst in the alternating 

temperature preconditioned shoot tips the activity of GPx increased from 2331 to 3110 

to 3562 mU g-1 FW for the preconditioned, precultured and 1 day recovered shoot 

tips, respectively. This activity then fell for the 7 day recovered shoots to 2082 mU g-

1 FW, which was just slightly higher than the room temperature 7 day recovered shoot 

tips. No statistically significant differences were observed between the various 

cryopreservation stages in the alternating temperature preconditioned shoot tips. In 

the case of GR (as seen in Fig 3.6C), its activity changed significantly throughout the 

cryopreservation protocol, increasing significantly during the 2 day preculture in 

comparison to the preconditioned shoot tips (from 259 to 419 mU g-1 FW in the case 

of the room temperature preconditioning regime). GR activity then decreased 

significantly after cryopreservation, with 1 d R shoot tips showing an activity of 93 mU 

g-1 FW in the room temperature preconditioning regime. GR activity continued to drop 

during the recovery phase to 10 mU g-1 FW after 7 days in the room temperature 

preconditioning regime. Comparison between the room and alternating temperature 

preconditioning regimes showed no significant differences between these two 

regimes throughout the cryopreservation process, with GR activity being, in fact, very 

similar in both regimes. 
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Figure 3.6. Antioxidant activity of CAT, GPx and GR through the cryopreservation protocol 

comparing between the 3 week room temperature (RT, black bars) or alternating temperature 

(AT, grey bars) preconditioning regime. 

 



53 

 

Discussion 

This study aimed at measuring and understanding the influence of abiotic stress 

factors on the post-cryogenic survival of the south-west Western Australian 

Mediterranean species L. sonderi. A variety of stresses were investigated during the 

preconditioning regime, such as high temperature stress, osmotic stress and high and 

low light stress, with a view to determining the effects of these different abiotic 

conditions on post-cryogenic survival, electrolyte leakage and antioxidant activity 

(Table 3.1). 

Stress preconditioning commonly uses a low non-freezing cold temperature stress to 

alter cellular compositions, such as membrane structure and fluidity, antioxidant 

concentrations and accumulation of solutes, to give the sample material the greatest 

possibility of surviving the stresses of cryopreservation (Funnekotter et al. 2013; 

Menon et al. 2014; Baek and Skinner 2003). The application of a cold temperature 

preconditioning regime prior to cryopreservation has indeed been shown to increase 

post-cryogenic survival in L. sonderi (Menon et al. 2014). Interestingly in this study, 

the application of an abiotic stress preconditioning regime did not appear to increase 

post-cryogenic survival of L. sonderi, with the highest survival rate achieved observed 

in the room temperature treatment regime, which showed more than 60% survival 

following cryogenic storage (Fig 3.3). The assessment of control survival (-LN) was 

carried out to separate the toxic effects of cryoprotective agents from any possible 

harmful effects of the preconditioning regimes. For these non-cryopreserved 

treatments the high temperature preconditioning regime was the only treatment that 

showed statistically significantly lower survival (67%) compared to all the other 

treatments. This high temperature (35°C) preconditioning regime may have likely 

damaged the plant before the shoot tips were isolated. In addition, the increased dead 

leaves of the plant (Table 3.2) made shoot tip excision more difficult as the tissue was 

more fibrous, thus possibly resulting in more damage to the shoot tips during excision.  

The effect of the preconditioning regimes on post-cryogenic survival appears to have 

been detrimental, with the exception of the low light preconditioning regime, which 

showed slightly lower post-cryogenic survival (no statistically significance difference 

to the room temperature preconditioning). The high sucrose and high light 

preconditioning regimes resulted in the lowest observed cryogenic survival, with both 

below 20%. Plants in both of these preconditioning regimes were more fibrous and 

had more dead leaves compared to those in the room temperature preconditioning 

treatment. The alternating temperature and high temperature regimes also resulted 

in significantly lower post-cryogenic survival in comparison to the room temperature 
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preconditioning. The application of a cold alternating temperature (20/-1°C) 

preconditioning regime has previously been shown to increase post-cryogenic 

survival in L. sonderi (Menon et al. 2014), and it is not clear as to why it did not have 

a similar effect in this study. This may be due to the less extreme temperatures used 

compared to those used by Menon et al. (2014), although the post-cryogenic survival 

rates were similar when the alternating temperature preconditioning regime was 

applied: 32% as reported by Menon et al. (2014) and 29% in this study. Interestingly, 

survival rates in the room temperature preconditioning regime differed substantially, 

with 56% found in this study compared to 14% in the study of Menon et al. (2014). 

This difference may also be attributed to the influence of the operator on shoot tip 

extraction or the additional age of the in vitro shoots as the same clonal line is used 

in this study. 

Electrolyte leakage (LT50) 

The process of cold-acclimation can stabilise cell membranes against cellular 

dehydration induced by freezing (Thomashow et al. 1997), however not all plant 

species show this response. The extent of cell membrane damage can be quantified 

by measuring electrolyte leakage, as the larger the extent of damage to the integrity 

of membranes, the larger the amount of electrolytes that will leak out of cells. The 

preconditioning regimes did result in non-significant alterations to the LT50, where the 

alternating temperature preconditioned shoots showed the greatest resistance to cold 

temperatures. Previously the application of an alternating cold temperature 

preconditioning regime was reported to decrease the LT50 (from -2.5 to -5.5°C); 

however, the chill tolerance achieved was not as great (Menon et al. 2014). This 

provides further confirmation that the temperature of -1°C used previously in the 

alternating temperature preconditioning regime applied by Menon et al. (2014) led to 

a greater cold acclimation response in L. sonderi.   

Cold hardening of plants by the application of a high sucrose medium has shown 

similar effects to cold acclimation in date palm (Fki et al. 2013); however, due to the 

non-sigmoidal curve observed in our determinations, it was not possible to determine 

if the high sucrose preculture resulted in increased freezing tolerance. Light levels 

(both high and low light) during preconditioning had little effect on LT50 in comparison 

to the control preconditioning regime. These preconditioning regimes were not 

expected to alter the chilling tolerance of L. sonderi, as light should have little effect 

on cell membrane composition and stability unless excessive photo-oxidation occurs, 

which may lead to lipid peroxidation and damage to critical membranes. The high 
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temperature preconditioning regime resulted in an increased resistance of cell 

membranes to freezing temperatures but, like in the case of the high sucrose 

preconditioning regime, this may be due to the high amount of dead leaf material 

observed in the in vitro shoots after the preconditioning regime. Collection of any dead 

or dying leaf material for electrolyte leakage analysis is unlikely to give consistent 

measurements between the replicates.  

Whilst the preconditioning regimes did alter the electrolyte leakage observed, the LT50 

temperatures determined were not found to correlate with increased post-cryogenic 

survival. For example, leaf material from the room temperature preconditioning 

regime showed the least resistance to freezing temperatures but exhibited the 

greatest post-cryogenic survival, whilst leaf material from the alternating temperature 

preconditioning regime showed the greatest resistance to freezing temperature, but 

exhibited only average survival after cryopreservation. There have been many reports 

that have linked cold acclimation, defined as increased tolerance to freezing 

temperatures after exposure to low non-freezing temperatures (Hincha and Zuther 

2014), to increased cryopreservation survival; however, the cold acclimation response 

of L. sonderi is limited, with only a small change in LT50 (2-3°C). Species that show a 

greater change in LT50 (>10°C), such as peach (Arora et al. 1992), may exhibit a better 

correlation to post-cryogenic survival. The advantage of cold acclimation in regards 

to improving post-cryogenic survival may not be directly linked to increased cell 

membrane freezing tolerance alone, but rather to other benefits such as increased 

sugar and solute content and greater antioxidant activity, both of which may protect 

the shoot tips throughout the cryopreservation protocol. 

Antioxidants  

Oxidative stress caused by increased ROS production can be initiated by a variety of 

abiotic stresses, such as desiccation, light (UV stress), temperature, salinity, heavy 

metals and ozone stress (Agarwal 2007; Chaitanya et al. 2002; Romero-Puertas et 

al. 2006; Sumithra et al. 2006; Zgallaï et al. 2006; Rao and Reddy 2008; McKersie et 

al. 1993). The ROS superoxide is commonly produced during mitochondrial electron 

transport and during photosynthesis. SOD is the major defence against the 

superoxide radical (Bowler et al. 1992). Exposure to high light levels has been shown 

to increase SOD production and activity in response to increased superoxide 

formation (Tsang et al. 1991). Increased SOD activity along with increased GR activity 

have also been observed in drought tolerant tomatoes and maize (Malan et al. 1990; 

Bowler et al. 1992). In this study, the level of SOD activity was determined to be 
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highest in the room temperature preconditioned shoot tips. The low light, high light 

and high temperature preconditioning regimes resulted in no significant changes in 

SOD activity, but showed reduced activity in comparison to the room temperature 

preconditioned shoot tips. High light exposure (5000 lux) has been shown to increase 

SOD transcription (Tsang et al. 1991); however, an increase in SOD activity was not 

observed in this study, and this may be due to the light intensity being too low to 

induce a response, as the photosynthetic apparatus will not be over-excited resulting 

in the formation of the superoxide radical. Alternatively, increased SOD production 

may have indeed occurred in leaf material whilst shoot tips showed little change due 

to the low levels of photosynthesis that occur in them, thus limiting the increase in the 

levels of SOD required to protect the cells from ROS. The main source of ROS would 

then come from respiration, and this may be the reason why room temperature 

preconditioned shoot tips showed the highest level of SOD activity, as they have the 

highest growth of all the preconditioning regimes, whilst the alternating temperature 

preconditioning regime exhibited stunted growth and the lowest level of SOD activity.  

Large amounts of H2O2 can be produced during photosynthesis (Asada 2006). 

Removal of this H2O2 is vital since otherwise the more damaging hydroxyl radical may 

be produced through Fenton’s reaction (Halliwell and Gutteridge 2007). CAT protects 

cells from ROS damage as it decomposes H2O2 into water and oxygen. Little 

significant differences in CAT activity were detected between the preconditioning 

regimes. CAT activity differed significantly only between the low light and alternating 

temperature preconditioned shoot tips (Fig 4D), and showed no correlation to post-

cryogenic survival (Fig 5F). GPx is also involved in protecting the cells from H2O2 as 

well as organic peroxides (Navrot et al. 2006). GPx activity showed no significant 

differences between the preconditioning regimes (Fig 4C), and a weak positive 

correlation to post-cryogenic survival was observed (Fig 5E). GR is important for 

maintaining the reduced sacrificial antioxidant GSH, which is an important antioxidant 

and multifunctional metabolite. The high light preconditioned shoot tips showed the 

greatest GR activity, significantly higher than the high temperature preconditioned 

shoot tips. No other differences were observed between the rest of the preconditioning 

regimes. 

The application of the high light preconditioning regime differed from the rest of the 

preconditioning regimes, as revealed by the higher SOD, GR and GPx antioxidant 

activities than would be expected in view of the rates of post-cryogenic survival (Fig 

3.5). These observations suggest that antioxidant activity of SOD, GR, GPx and 
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possibly CAT in the high light preconditioned shoot tips is unlikely to be the reason for 

their low post-cryogenic survival as the antioxidant activity is not compromised. 

Changes in antioxidants activity throughout the cryopreservation protocol 

Whilst the analysis of antioxidant activity provided insight into the effects that 

preconditioning can have on in vitro shoots, it appears that the antioxidant activity 

observed in the preconditioned shoots had large variations throughout the 

cryopreservation protocol, as determined by the levels of activity of GR, GPx and CAT 

measured after the 2 day preculture as well as 1 and 7 days following 

cryopreservation and placement on recovery medium (Fig 6). While GR activity in the 

preconditioned shoot tips did not show any correlation to post-cryogenic survival, the 

activity of GR showed the greatest variation through the cryopreservation stages. Its 

activity increased after the preculture stage, possibly in relation to the excision 

damage as the shoot tips recover during this period. GR activity showed a large 

reduction in activity after the cryopreservation protocol and continued to decline 

during 7 days following cryopreservation. The low level of GR activity may be due to 

the high amount of dead tissue present in the recovering shoot tips, as it is expected 

that over 40% of the shoot tips will not survive the cryopreservation process due to 

cryo-injury (60% survival was observed in the room temperature preconditioned shoot 

tips). These dead shoot tips would affect the apparent enzymatic activity, leading to 

the lower level of GR activity detected. However, GR activity showed a greater 

sensitivity to cryo-injury in comparison to GPx and CAT, which did not show a large 

reduction in activity after cryopreservation. GR is vital for maintaining the redox 

balance within the cells, not just for GSH but also for ascorbate. Without sufficient 

levels of GR activity the cells can become oxidised, which may lead to excessive 

damage and a reduction in post-cryogenic survival or in slowed regrowth of shoot tips 

as they attempt to repair the oxidative damage. Continued examination of GR activity 

may be useful to determine if GR activity can return to the rate observed in the 

preconditioned shoot tips, as declining antioxidant enzyme activity has been linked to 

senescence (Bowler et al. 1992). GPx is an important antioxidant enzyme involved in 

scavenging H2O2 and reducing lipid peroxides into their respective alcohols. Little 

significant differences were observed in GPx activity throughout the cryopreservation 

protocol. The only change noted was a reduction in GPx activity after cryopreservation 

in the control preconditioned shoot tips, similarly to the reduction in GR activity. Whilst 

GPx activity decreased in the 7 day old post-cryogenic shoot tips, the activity was not 

significantly different to that in the preconditioned shoot tips. CAT activity showed the 

least change throughout the cryopreservation protocol. The control preconditioning 
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regime showed a greater CAT activity compared to the alternating temperature 

preconditioning regime; however, this difference was greatest in the preconditioned 

shoot tips.  

Conclusions 

Six preconditioning regimes were investigated in this study and room temperature 

preconditioned shoot tips showed the greatest post-cryogenic survival, followed by 

low light preconditioning, alternating temperature, high temperature, high sucrose and 

high light preconditioning, as shoots showed progressively lower post-cryogenic 

survival rates than in the room temperature regime. Analysis of the freezing tolerance 

showed little correlation to post-cryogenic survival; however, L. sonderi showed only 

limited increase in freezing tolerance (LT50). The resistance of plants to the deleterious 

effects of cryopreservation may be enhanced by increasing the availability of 

antioxidants in the tissue before exposure to the stresses of cryopreservation.  

The antioxidant activities of SOD and GPx in the preconditioned shoot tips showed a 

positive correlation to post-cryogenic survival, whilst GR and CAT activities showed 

no correlation. Analysis of the antioxidants showed that GR activity significantly 

decreased after cryopreservation, whilst GPx and CAT did not change. The high light 

preconditioned shoot tips showed increased antioxidant activity, exhibiting the 

greatest GR and GPx activities of all the preconditioning regimes, but nonetheless 

having the lowest post-cryogenic survival rate. It is not clear why the high light 

preconditioning regime led to such low survival rates; however, there are many other 

factors that can influence post-cryogenic survival, including the many other 

antioxidants such as ascorbate peroxidases and the major sacrificial antioxidant 

ascorbic acid. 
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Chapter 4 – Antioxidant analysis of low-molecular weight thiols and 

ascorbic acid during cryopreservation of native Australian plant shoot 

tips 

 

Abstract 

Low molecular weight (LMW) thiols (cysteine, gamma-glutamylcysteine and 

glutathione) and ascorbic acid, which represent, the two major water soluble 

antioxidants in plants, were analysed throughout the cryopreservation protocol of 

three native Australian plant species (Anigozanthos viridis, Lomandra sonderi and 

Loxocarya cinerea). Post-cryogenic regeneration was greatest in A. viridis (78%), 

then L. sonderi (50%), whilst L. cinerea did not show any post-cryogenic regeneration. 

The application of a 3-week 5°C preconditioning regime resulted in significantly lower 

post-cryogenic regeneration for A. viridis (33%) but had little effect on the other two 

species. Total antioxidant concentration decreased significantly with each step 

throughout the cryopreservation protocol, particularly in the cryoprotection and 

washing stages. Antioxidant levels then increased during the subsequent 7-day post-

cryopreservation recovery period, with the greatest increase measured in A. viridis 

shoot tips. Concentrations of LMW thiols and their corresponding disulphides were 

used to calculate the corresponding half-cell reduction potentials. Results suggest 

that the ability of these plant species to maintain a strong reducing environment 

throughout the cryopreservation protocol was found to correlate with post-cryogenic 

survival. 

 

Introduction 

The application of cryopreservation for the conservation of plant species allows the 

long-term storage of a wide range of plant material, usually in liquid nitrogen (LN) 

(Bajaj 1995). Cryopreservation relies on the ability of specimens to regenerate after 

rewarming from ultra-low (-196°C) temperature storage. Cryopreservation typically 

involves a multi-stage process, including the propagation of the plant species in tissue 

culture, excision of shoot tips, preculture, exposure to cryoprotective agents (CPAs), 

ultra-cooling, rewarming, washing (also known as unloading) and recovery stages 

(Kaczmarczyk et al. 2012). There is a wide variation in cryo-capability, particularly 

between species, but it also appears within clonal lines of species as well (Reed 
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2008). Understanding why some species exhibit low survival and regeneration after 

cryopreservation is vital for advancing the techniques currently used in this process.  

The stresses involved in the cryopreservation process can lead to the formation of 

reactive oxygen species (ROS) that can disrupt the delicate redox balance of cells, 

leading to oxidative stress and reduced regeneration of plant samples after 

cryopreservation (Benson and Bremner 2004). ROS include damaging free radicals 

such as superoxide and hydroxyl radical, as well as non-radicals such as hydrogen 

peroxide and singlet oxygen, all of which can interact with and damage a wide range 

of cellular components such as lipids, proteins and nucleic acids (Halliwell and 

Gutteridge 2007). Antioxidants such as glutathione and ascorbic acid (AsA) constitute 

a major line of defence against ROS because they are preferentially oxidised to form 

relatively unreactive products that are rapidly reduced or exported from the cell, a 

mechanism which maintains redox homeostasis within cells and prevents oxidative 

damage to lipids, proteins and nucleic acids (Benson and Bremner 2004; Halliwell 

and Gutteridge 2007; Foyer and Noctor 2011). 

Glutathione is a tripeptide (γ-glutamylcysteinylglycine) found in most eukaryotes and 

some prokaryotes. Along with other low-molecular weight (LMW) thiols, such as 

gamma-glutamylcysteine (γ-Glu-Cys) and cysteine (Cys), glutathione contains a 

sulphhydryl group that can act as a strong reducing agent. In addition to their 

antioxidant roles, LMW thiols are important for the transport of reduced sulphur (Tausz 

et al. 2004). Reduced glutathione (GSH) is a direct scavenger of ROS including OH●, 

1O2, HOCl and H2O2, and also removes H2O2 indirectly by acting as a co-substrate for 

the glutathione peroxidase enzyme. GSH also protects protein-SH groups from 

oxidation, acts as a signalling molecule and participates in the ascorbate-glutathione 

cycle (Halliwell and Gutteridge 2007; Noctor et al. 2012; Foyer et al. 2008). The ratio 

of reduced GSH to glutathione disulphide (GSSG, oxidised glutathione) is usually very 

high (>80%), and GSSG is rapidly reduced back to GSH by glutathione reductase. 

Due to the high levels of GSH present in cells, the ratio of GSH to GSSG is a large 

contributor to the ‘redox state’, and the half-cell reduction potential of the 

glutathione/glutathione disulphide redox couple is used as an indicator of the cellular 

redox state (Schafer and Buettner 2001; Foyer et al. 2008). Cys and γ-Glu-Cys are 

precursors of glutathione. The first step in the glutathione biosynthesis pathway is 

catalysed by gamma-glutamate-cysteine ligase to form γ-Glu-Cys, and the second 

step is catalysed by glutathione synthetase to form GSH (Noctor et al. 2012). 

AsA, also known as vitamin C or ascorbate, is found in almost all eukaryotic cells and 

has a wide range of functions for protecting the cells from ROS damage. AsA has 
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been shown to scavenge O2
●-, HO2

●, OH●, 1O2, HOCl and reduce alpha-tocopheroxyl 

to alpha-tocopherol, and is also an important co-factor for ascorbate-dependant 

peroxidases (Halliwell and Gutteridge 2007). AsA is the major water soluble 

antioxidant in plants and is particularly abundant in chloroplasts, with concentrations 

of up to 20 mM compared to around 3-5 mM for glutathione (Foyer et al. 2008; 

Smirnoff and Wheeler 2000). However, AsA may have a pro-oxidant effect in the 

presence of transition metals such as iron and copper, resulting in the formation of 

the hydroxyl radical. These pro-oxidant effects are not limited to AsA as GSH, 

tocopherol, NAD(P)H and several plant phenolics have also demonstrated similar 

effects, which must be taken into consideration as a possible source of ROS 

production, particularly since iron is a component of the propagation medium used for 

plant tissue culture (Antony et al. 2013; Uchendu et al. 2010a).  

Little is known about how antioxidants are affected throughout the cryopreservation 

protocol or indeed whether they can be utilised to inform or improve current cryogenic 

approaches. Whitaker et al. (2010) observed the production of superoxide in Trichilia 

dregeana embryonic axes at multiple stages in the cryopreservation protocol and 

suggested that excessive ROS damage was the cause of low survival. Increased 

levels of volatile gases were detected in carrot cells after cryopreservation and 

thawing, indicating the occurrence of extensive membrane damage due to lipid 

peroxidation (Benson and Withers 1987). As antioxidants are the natural defence 

against the accumulation of ROS and their by-products, plant material with intrinsically 

high antioxidant capacity may be more stress tolerant. The application of exogenous 

antioxidants during the cryopreservation protocol has been shown to increase survival 

and regeneration post-cryopreservation in some studies (Uchendu et al. 2010a; 

Uchendu et al. 2010b; Wang and Deng 2004), but does not always improve survival 

(Canepa et al. 2011). 

Preconditioning prior to cryopreservation improves post-cryogenic survival for a wide 

range of species (Chang et al. 2000; Funnekotter et al. 2013; Kaczmarczyk et al. 

2008; Leunufna and Keller 2005; Gupta and Reed 2006; Menon et al. 2012). 

Preconditioning typically involves exposing the in vitro shoots to low non-freezing 

temperatures to induce an acclimation response which results in better survival when 

shoots are subsequently exposed to freezing temperatures (Hincha and Zuther 2014; 

Thomashow 1998). Preconditioned shoot tips are more resistant to temperature 

stresses due to a variety of cellular changes, such as increased content of sugars and 

solutes, altered fatty acid compositions which make membranes more resistant to 

leakage, and increased antioxidant capacity (Funnekotter et al. 2013; Fujikawa et al. 
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1999; Hincha and Zuther 2014; Kamata and Uemura 2004; Menon et al. 2014; Sasaki 

et al. 1996). Cold acclimated plant species also have decreased lipid peroxidation 

(O'Kane et al. 1996), increased glutathione production (Kocsy et al. 2000) and 

increased antioxidant activity (Prasad 1996). Some tropical species may, however, 

be susceptible to chilling injury when exposed to low temperature. Fadzillah et al. 

(1996) reported rice shoot cultures were unable to acclimate to low temperatures of 

4°C and displayed decreased growth rates, increased H2O2 accumulation, reduced 

glutathione reductase and catalase activity, reduced glutathione content, and a lower 

ratio of GSH: GSSG compared to cultures at 25°C. Similar reductions in antioxidant 

activity have been reported with maize seedlings that were not able to cold acclimate 

(Prasad 1996). Exposure to low temperatures generally reduces the scavenging 

ability of antioxidants leading to ROS accumulation, which can operate as a signal for 

cold acclimation (Suzuki and Mittler 2006). It is suggested that plants that are best 

able to cold acclimate have a greater ability to mitigate this increased ROS production 

through increased production of antioxidants before the ROS titre becomes too high, 

whereas cold-sensitive species do not produce sufficient antioxidants to neutralise 

the increase of ROS resulting in lethal oxidative damage (Prasad 1996). 

Australia contains a diverse range of plant species with over 70% found nowhere else 

in the world. South-west Western Australia is considered a biodiversity hotspot with 

over 8000 species, of which around 2600 species require some form of conservation 

and 420 of these currently considered to be threatened (Kaczmarczyk et al. 2011b; 

Department of Parks and Wildlife 2014). Three endemic Western Australian species 

were considered in this study: Anigozanthos viridis ssp. terrapectans 

(Haemodoraceae), Loxocarya cinerea (Restionaceae) and Lomandra sonderi 

(Asparagaceae). Anigozanthos viridis ssp. terrapectans is a small rhizomatous short-

lived perennial herb that has a restricted range and is listed as a threatened species 

by the Western Australian Department on Parks and Wildlife (FloraBase, Western 

Australian Herbarium). Loxocarya cinerea and Lomandra sonderi are dioecious 

rhizomatous perennial herbs, which are important in post-mining restoration 

(Kaczmarczyk et al. 2013; Menon et al. 2012). These species are considered 

recalcitrant for post-mining rehabilitation efforts, due to their low seed production and 

complex dormancy issues. Thus these species are micropropagated under nursery 

conditions and planted back to mine restoration sites by hand to reinstall species 

diversity in the restored sites to levels reflective of the pre-mining environment. Prior 

research has indicated that A. viridis and L. sonderi can be cryopreserved using 

vitrification protocols, while L. cinerea has proven extremely difficult with only very low 
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and sporadic regeneration from shoot tips after cryostorage in liquid nitrogen (Menon 

et al. 2012; Kaczmarczyk et al. 2013; Turner et al. 2000).  

This study aimed to determine if antioxidant homeostatic capacity of shoot material 

could be artificially improved (via temperature preconditioning treatments), and if this 

might, in turn, improve stress tolerance and consequently show greater recovery from 

cryogenic conditions. The effect of preconditioning on post-cryogenic survival and 

antioxidant content of apical shoot tips was investigated in three Australian species 

subject to three different temperature regimes. LMW thiols and their corresponding 

half-cell reduction potentials as well as AsA content were analysed to determine (a) 

how the concentrations of antioxidants change and, (b) whether differences in 

antioxidant capacity (reduction potential of antioxidants) between species are related 

to their ability to survive stresses incurred during the cryopreservation process.   

 

Materials and methods 

Plant material 

Anigozanthos viridis and L. sonderi in vitro shoots were obtained from Kings Park and 

Botanic Gardens. Loxocarya cinerea in vitro shoots were obtained from Alcoa of 

Australia’s Marrinup Nursery in Western Australia. All three species were subcultured 

on a half strength Murashige and Skoog basal medium (BM) as previously described 

(Funnekotter et al. 2013; Kaczmarczyk et al. 2013; Menon et al. 2012). Anigozanthos 

viridis and L. cinerea were maintained on BM containing 60 mM sucrose, 0.8% (w/v) 

agar and 0.5 µM 6-benzylaminopurine (BA). Lomandra sonderi was maintained on 

the same medium described above except with 0.2 µM BA. All species were 

subcultured every 3-4 weeks. 

Preconditioning 

Three different temperature preconditioning regimes were applied for 3 weeks prior 

to cryopreservation and antioxidant analysis. In vitro shoots from all three species 

were placed at either a control temperature of 25°C, an alternating temperature 

regime of 25/5°C day/night cycle or a low temperature of 5°C, all with a 12 h 

photoperiod (photosynthetic photon flux density of ~30 µmol m-2s-1 at culture level, 

supplied via 2 x 21 W fluorescent lamps per 60 x 90 cm shelf) (Fig 1). 
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Figure 4.1. Preconditioned in vitro shoots. Preconditioned in vitro shoots of Anigozanthos 

viridis (A), Loxocarya cinerea (B) and Lomandra sonderi (C) exposed to 25°C (I), 25/5°C 

day/night cycle (II) or 5°C (III) preconditioning temperatures (with a 12 h photoperiod, PFFD 

of ~30 µmol m-2s-1) after 3 weeks. 

 

A 

(I) (II) (III) 

B 

C 
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Cryoprotectant solutions 

Preculture medium (PM) consisted of BM, 0.8% (w/v) agar, and either 60 mM sucrose, 

0.2 M sucrose or 0.4 M sucrose for L. sonderi, L. cinerea and A. viridis, respectively 

(Menon et al. 2012; Kaczmarczyk et al. 2013; Turner et al. 2000). Loading solution 

(LS) consisted of BM with 2 M glycerol and 0.4 M sucrose. Plant vitrification solution 

2 (PVS2) consisted of 30% (w/v) glycerol, 15% (w/v) ethylene glycol, 15% (w/v) 

dimethyl sulfoxide and 0.4 M sucrose all in BM (Sakai et al. 1990). Washing solution 

(WS) consisted of BM and 0.75 M sucrose. Recovery medium (RM) consisted of BM 

with 60 mM sucrose, 2 mM choline chloride, 1 μM zeatin, 1 μM gibberellic acid and 

0.8% (w/v) agar. 

Cryopreservation technique 

Following preconditioning, isolated shoot tips were placed on to their respective PM 

and incubated at the previously applied preconditioning regime (25°C, 25/5°C or 5°C) 

for 48 h in the dark. Shoot tips were incubated in LS at room temperature for 20 min 

prior to transfer to PVS2. Previously optimised cryopreservation CPA incubation times 

were used to cryopreserve the three species: A. viridis and L. cinerea were incubated 

in PVS2 on ice for 30 and 20 min, respectively, while L. sonderi was incubated for 10 

min in PVS2 at room temperature (Kaczmarczyk et al. 2013; Menon et al. 2012; 

Turner et al. 2000). After PVS2 incubation shoot tips were placed into 1 µl droplets of 

PVS2 on aluminium foil strips, transferred to a cryo-vial and plunged into liquid 

nitrogen (LN). After a minimum of 1 h in LN, cryo-vials were rewarmed in a 40°C 

waterbath for 10 seconds, and shoot tips were incubated in WS for 20 min at room 

temperature. Shoot tips treated as described above excluding exposure to LN were 

used as controls for determination of potential toxic side effects of the CPAs alone as 

distinct from the effects of LN exposure. 

Analysis of survival and regeneration of shoot tips 

After the WS incubation, shoot tips were placed onto RM and incubated at 25°C in 

darkness for 4 weeks. Shoot tips were then transferred to fresh RM and incubated for 

a further 4 weeks at 25°C under low light conditions (12 h photoperiod, ~15 µmol m-

2s-1). Survival was recorded where shoot tips were green and swollen or if callusing 

occurred. Regeneration was recorded where normal shoot re-growth was observed. 
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Antioxidant extraction 

Analysis of LMW thiols and AsA in shoot tips exposed to the three different 

preconditioning regimes was performed after the preconditioning, preculturing, 

cryoprotection, washing and recovery stages of the protocol (Fig 4.2). Between 15 

and 25 mg of shoot tips (~30 shoot tips) were homogenised in LN with 2 ml 0.1 M 

HCl.  

HPLC analysis of LMW thiols 

LMW thiols were analysed using a modified method as described by Kranner (1998). 

Briefly, total thiol content was determined through reduction of disulphides using 

dithiothreitol (DTT) prior to fluorescent labelling of thiols with monobromobimane. For 

the analysis of oxidised thiols, N-ethylmaleimide (NEM) was used to block thiols, prior   

 

 

Figure 4.2. Cryopreservation protocol. Dotted arrows signify where shoot tips were analysed 

for antioxidant content. Adapted from Kaczmarczyk et al. (2012); originally published under 

CC BY 3.0 license. Available from: http://dx.doi.org/10.5772/32860 

 

https://mail.bgpa.wa.gov.au/owa/redir.aspx?C=3EgwX9JlxE6YgXVmO_2ZIXt8LyXm59EI7h65LtgjMruhTCfaCbnKas1eJaa0mbYMFZTrZtsHwZM.&URL=http%3a%2f%2fdx.doi.org%2f10.5772%2f32860
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to the reduction of disulphides with DTT and labelling with monobromobimane. 

Labelled thiols were separated by reversed-phase HPLC (Jasco, UK) using a HiQ Sil 

C18HS column (2.1 mm x 250 mm; KyaTech) with gradient elution comprising 0.25% 

acetic acid (v/v) pH 3.9 and methanol at a flow rate of 0.4 mL min-1, and detected 

using a fluorescence detector (excitation wavelength of 380 nm, emission wavelength 

of 480 nm). Peak areas were calibrated against analytical standards of GSH, γ-Glu-

Cys and Cys (Sigma-Aldrich). The half-cell reduction potentials of the LMW thiol-

disulphide redox couples (ELMW disulphide / 2 LMW thiol) were calculated using the Nernst 

equation (Birtic et al. 2011; Kranner et al. 2006; Schafer and Buettner 2001): 

 

𝐸 𝐿𝑀𝑊 𝑑𝑖𝑠𝑢𝑙𝑝ℎ𝑖𝑑𝑒 / 2 𝐿𝑀𝑊 𝑡ℎ𝑖𝑜𝑙 = 𝐸0′ −  
𝑅 𝑇

𝑛 𝐹
 ln

[thiol]2

[disulphide]
 

 

Where E0’ is the standard half-cell reduction potential at pH 7 (-240 mV for EGSSG/2GSH, 

and -226 mV for Ecystine/2Cys and Ebis-γ-GC/2γ-GC), R is the gas constant (8.314 J K-1 mol-

1), T the temperature in K, n is the number of electrons transferred, and F is the 

Faraday constant (9.6485 x 104 C mol-1). The molar concentrations of LMW thiols and 

disulphides were calculated based on the water content of the shoot tips, which was 

estimated by subtracting the mass of dry shoot tips from that of fresh shoot tips and 

using the density of water (1 g/mL) to calculate the volume of water available for 

dissolution. The overall redox environment (Ethiol-disulphide) was calculated according to 

Birtic et al. (2011):  

 

𝑅𝑒𝑑𝑜𝑥 𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡 =  ∑ 𝐸𝑖

𝑛 (𝑐𝑜𝑢𝑝𝑙𝑒)

𝑖−1

× [𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑒𝑠]𝑖 

 

Where Ei and [reduced species]i are the half-cell reduction potential and the 

concentration of the reduced species of each individual redox couple. 

HPLC analysis of AsA 

For AsA analysis, 50 µl of the 0.1 M HCl extract was diluted with 450 µl 0.1 M HCl 

and analysed by HPLC for reduced AsA content. For total AsA (AsA + 

dehydroascorbic acid [DHA]) content, 50 µl of extract was incubated with 450 µl 100 

mM NaPO4 containing 5 mM tris(2-carboxyethyl)phosphine (TCEP) at pH 5.6 for 4 h 
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to reduce all DHA to AsA. Ascorbic acid was analysed by reversed-phase HPLC using 

a HiQ Sil C83W column (4.6 mm x 250 mm; KYA Tech) with a 30 mM potassium 

phosphate (pH 2.8) mobile phase and a flow rate of 1 mL min-1. Ascorbic acid was 

detected at 248 nm using a photodiode array detector and calibrated against an AsA 

analytical standard. 

Statistics 

All antioxidant experiments consisted of a minimum of 3 replicates. Cryopreservation 

experiments contained 20 shoot tips per replicate. Statistical analysis was performed 

using SigmaPlot (Version 12.0). Post-hoc tests were completed using the Tukey test 

(P<0.05) for statistical significance. 

 

Results 

Post-cryogenic survival and regeneration 

Anigozanthos viridis showed the greatest cryo-capability with 78% regeneration after 

cryopreservation, followed by L. sonderi with 50% regeneration. For both species the 

best regeneration was obtained following preconditioning at 25°C. Loxocarya cinerea 

showed no regeneration post-cryopreservation but post-cryogenic survival was 

observed in all three preconditioning regimes with a maximum 43% survival after 

preconditioning at 5°C (Fig 4.3). The application of a 5°C preconditioning regime 

resulted in significantly lower regeneration in the cryopreserved A. viridis shoot tips 

(Fig 4.3), with no significant differences in shoot survival or regeneration observed 

between the 25/5°C and 25°C preconditioning regimes. Preconditioning had little 

effect on the survival and regeneration of L. cinerea and L. sonderi shoot tips (Fig 

4.3).  

The preconditioning regimes had a noticeable effect on the in vitro growth of shoots 

of the three species. The application of the 5°C preconditioning resulted in visibly 

stunted growth after 3 weeks for A. viridis and L. sonderi, whilst L. cinerea was a 

lighter green colour when incubated at 5°C compared to shoots grown at 25°C. No 

difference in growth was seen between the 25/5°C and 25°C preconditioning regimes 

in all 3 species (Fig 4.1).  

LMW thiol analysis 

LMW thiols (Cys, γ-Glu-Cys and glutathione) were measured during 5 stages of the 

cryopreservation protocol (preconditioned, precultured, cryoprotected, washed and 
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recovered shoot tips) in A. viridis (Fig 4.4), L. cinerea (Fig 4.5) and L. sonderi (Fig 

4.6). GSH was the most abundant LMW thiol in all species and at all stages of the 

cryopreservation protocol. In preconditioned shoot tips the highest levels of GSH were 

in L. sonderi followed by L. cinerea. In both species GSH concentrations were highest 

in shoot tips that had been preconditioned at 5°C and lowest in shoot tips 

preconditioned at 25°C.  
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Figure 4.3. Survival and regeneration of Anigozanthos viridis, Loxocarya cinerea and 

Lomandra sonderi following cryopreservation. Survival (black bars) and regeneration (grey 

bars) of shoot tips before (-LN) and after (+LN) cryopreservation in A. viridis, L. cinerea and L. 

sonderi. Data shows mean ± SE. Different letters donate significant differences (One-way 

ANOVA Tukey’s Test P < 0.05). 
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In contrast, the concentration of GSH in 5°C preconditioned A. viridis shoot tips was 

much lower, at around one third of the concentration in the other two species, and the 

highest GSH concentration was instead observed following 25/5°C preconditioning 

(Fig 4.4). The difference in total glutathione (GSH+GSSG) concentrations between 

the preconditioning treatments was greatest for L. cinerea, which had 2- to 3-fold 

higher total glutathione concentrations in 5°C preconditioned shoot tips compared to 

shoot tips preconditioned at 25°C and 25/5°C. In comparison, the total glutathione 

concentration in 5°C preconditioned shoot tips of L. sonderi was 1.5-fold higher than 

in 25°C preconditioned shoot tips. The higher total glutathione concentration observed 

in the 5°C preconditioned shoot tips of L. cinerea compared to 25°C and 25/5°C 

preconditioned shoot tips was maintained throughout the cryopreservation protocol 

until the recovery stage, where all L. cinerea shoot tips contained similar amounts of 

total glutathione regardless of the preconditioning regime to which they were 

subjected (Fig 4.5).  

As seen in Fig 4.5 and 4.6, the concentration of total glutathione in the shoot tips of 

L. sonderi and L. cinerea was highest during preconditioning, and subsequently 

declined during the preculture, cryoprotection and washing stages before increasing 

during the recovery stage. The shoot tips of A. viridis showed a similar pattern, but 

total glutathione concentrations were maintained at preconditioning levels during 

preculture. All three species showed a similar increase in total glutathione levels 

during the recovery stage in relation to the glutathione concentrations during 

preconditioning. The greatest increase was observed during recovery of 25°C 

preconditioned shoot tips of L. sonderi and A. viridis, and 25°C and 25/5°C 

preconditioned shoot tips of L. cinerea, with total glutathione concentrations reaching 

60% of the concentrations observed during 25°C preconditioning compared to 30-

40% of the concentrations observed during 5°C preconditioning (p = 0.04). 

In the preconditioned shoot tips of all three species the majority (>98%) of total 

glutathione comprised GSH. This was maintained until the washing and recovery 

stages, when the ratio of GSH to GSSG decreased slightly in L. cinerea and L. 

sonderi. In L. sonderi 90% - 93% of total glutathione was comprised of GSH during 

the washing and recovery stages, whilst in L. cinerea ca. 88% comprised GSH. 

Anigozanthos viridis maintained ca. 97% of the total glutathione pool as GSH 

throughout washing and recovery for shoot tips preconditioned at 25°C, while shoot 

tips that had been preconditioned at 5°C had 90% and 94% of the total glutathione 

pool in the reduced form following washing and recovery, respectively. 
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Figure 4.4. Analysis of total concentration of LMW thiols cysteine, gamma-glutamyl cysteine 

and glutathione for Anigozanthos viridis. White bars show reduced thiol concentration and 

black bars show corresponding disulphide thiol concentration ± SE of total thiol concentration. 

Red circles show the respective half-cell reduction potential of each redox couple (Ecystine/2Cys, 

Ebis-γ-GC/2γ-GC and EGSSG/2GSH) ± SE (right hand y-axis). Different letters indicate significant 

differences between treatments: black lower case letters for total thiol concentration and red 

upper case letters for half-cell reduction potentials (One-way ANOVA Tukey’s Test P < 0.05). 
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Figure 4.5. Analysis of total concentration of LMW thiols cysteine, gamma-glutamyl cysteine 

and glutathione for Loxocarya cinerea. White bars show reduced thiol concentration and black 

bars show corresponding disulphide thiol concentration ± SE of total thiol concentration. Red 

circles show the respective half-cell reduction potential of each redox couple (Ecystine/2Cys, Ebis-

γ-GC/2γ-GC and EGSSG/2GSH) ± SE (right hand y-axis). Different letters indicate significant 

differences between treatments: black lower case letters for total thiol concentration and red 

upper case letters for half-cell reduction potentials (One-way ANOVA Tukey’s Test P < 0.05). 
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Figure 4.6. Analysis of total concentration of LMW thiols cysteine, gamma-glutamyl cysteine 

and glutathione for Lomandra sonderi. White bars show reduced thiol concentration and black 

bars show corresponding disulphide thiol concentration ± SE of total thiol concentration. Red 

circles show the respective half-cell reduction potential of each redox couple (Ecystine/2Cys, Ebis-

γ-GC/2γ-GC and EGSSG/2GSH) ± SE (right hand y-axis). Different letters indicate significant 

differences between treatments: black lower case letters for total thiol concentration and red 

upper case letters for half-cell reduction potentials (One-way ANOVA Tukey’s Test P < 0.05). 
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The redox state of GSH is best described by the half-cell reduction potential (EGSSG/2 

GSH), which takes into account not only the ratio of GSH: GSSG, but also the 

concentration of GSH. A more positive EGSSG/2 GSH indicates less reducing conditions 

within the cells. During preconditioning the EGSSG/2 GSH ranged from -223 mV to -213 

mV in L. sonderi shoot tips, -212 to -198 mV in L. cinerea shoot tips, and -215 to -208 

mV in A. viridis shoot tips (Fig 4.4). In both L. cinerea and L. sonderi the EGSSG/2 GSH 

was most reducing (most negative) in 5°C preconditioned shoot tips, whilst in A. viridis 

it was most reducing in 25/5°C preconditioned shoot tips. EGSSG/2 GSH was less reducing 

(most positive) in 25°C preconditioned shoot tips of A. viridis and L. sonderi. There 

were no significant correlations between EGSSG/2 GSH in preconditioned shoot tips and 

survival or regeneration post-cryopreservation. EGSSG/2 GSH shifted towards less 

reducing (more positive) values during the washing stage. The shift was greatest for 

L. cinerea. There was, nonetheless, a negative correlation between EGSSG/2 GSH during 

recovery and regeneration (R2 = 0.91, p < .001; not shown) and survival (R2 = 0.75, p 

= 0.001; Fig 4.7), i.e. survival and regeneration were greater in the shoot tips with the 

most reducing (lowest) EGSSG/2 GSH value. 

Cys and γ-Glu-Cys were far less abundant than GSH, with each generally 

representing less than 2% of the total LMW thiols in A. viridis and L. sonderi shoot 

tips. Cys and γ-Glu-Cys were present at similar concentrations in L. sonderi and A. 

viridis, but γ-Glu-Cys was more abundant than Cys in shoot tips of L. cinerea and 

represented ca. 4% of the total LMW thiols. Both Cys and γ-Glu-Cys followed a similar 

pattern to GSH during the cryopreservation protocol, with a marked decline during the 

cryoprotection and washing stages. Similar to glutathione, total γ-Glu-Cys 

concentrations were higher in L. cinerea shoot tips following preconditioning at 5°C 

compared to preconditioning at 25°C and 25/5°C. The half-cell reduction potentials 

were calculated for the Cys/cystine and γ-Glu-Cys/bis-γ-Glu-Cys redox couples. 

Ecystine/2 Cys during recovery showed a significant inverse relationship with survival (R2 

= 0.65, p = 0.006; Fig 4.7) and regeneration (R2 = 0.81, p <0.001; not shown). In 

contrast, Ebis-γ-Glu-Cys/2 γ-Glu-Cys showed no relationship with survival or regeneration. The 

overall LMW thiol-based redox environment was calculated and showed a shift 

towards more positive (oxidising) values throughout the cryopreservation protocol (Fig 

4.7). Following 25°C and 25/5°C preconditioning, L. sonderi tended to have the most 

negative (reducing) redox environment, and L. cinerea the most positive (oxidising), 

but following 5°C preconditioning the shoot tips of A. viridis had the most positive 

redox environment. The redox environment during the recovery stage showed a 

negative correlation with regeneration (R2 = 0.73, p = 0.003; not shown),  
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but there was no significant correlation with survival (Fig 4.7). However, all the species 

showed a shift to a more oxidised environment in the recovered shoot tips in 

comparison to the preconditioned shoot tips (Fig 4.7). 

Ascorbic acid analysis 

Loxocarya cinerea had the highest concentrations of ascorbic acid of the 3 species, 

with over 1.6 mmol g-1 DW in preconditioned shoot tips compared with 1 and 0.5 mmol 

g-1 DW for L. sonderi and A. viridis, respectively (Fig 4.8). A large decrease in the total 

AsA content (-73%) of L. cinerea shoot tips occurred during the preculture stage, and 

the AsA content continued to decrease during the cryoprotection and washing stages. 

The lowest AsA concentration of 0.09 mmol g-1 DW was observed during the washing 

stage of 25°C preconditioned shoot tips, and represented a 94% reduction in total 

AsA concentration compared to the concentration after the preconditioning stage. A 

similar reduction was observed in L. sonderi shoot tips, whilst A. viridis showed a 

reduction of around 90%. Total AsA concentrations increased during the recovery 

stage for all species. The highest level of increase was in A. viridis, which showed 

between 450% and 740% increase in total AsA in 25/5°C and 25°C preconditioned 

shoot tips, respectively, during recovery compared to washed shoot tips. This 

increase during recovery restored total AsA in 25°C preconditioned shoot tips to the 

levels observed during preconditioning, but in 25/5°C and 5°C preconditioned shoot 

tips total AsA was restored to only around 50% of the preconditioning levels. The 

increase in total AsA concentrations in L. cinerea during recovery ranged from 150% 

in 25/5°C preconditioned shoot tips to 270% in 25°C preconditioned shoot tips in 

relation to concentrations after the washing stage. This resulted in total AsA 

concentrations in recovered shoot tips that were only around 20% of the total AsA 

concentrations during preconditioning. Restoration of total AsA levels during recovery 

of L. sonderi shoot tips was slightly better, with increases of between 300% (25/5°C 

preconditioned shoot tips) and 560% (5°C preconditioned shoot tips) in relation to the 

concentrations in washed shoot tips, which resulted in total AsA concentrations of 

between 30 and 45% of the preconditioning values.   
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Figure 4.8. Analysis of total ascorbic acid concentration after different steps of the 

cryopreservation protocol in Anigozanthos viridis (A), Loxocarya cinerea (B) and Lomandra 

sonderi (C). 25°C (black bars), 25/5°C (grey bars) and 5°C (white bars) preconditioned shoot 

tips at the respective cryopreservation stages shown in each graph. Data represents mean ± 

SE, different letters denote significant differences (One-way ANOVA, Tukey’s Test P < 0.05). 
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There was no significant difference between the total AsA concentrations in the shoot 

tips of the three species during recovery (Fig 4.9A), and, therefore, no correlation 

between total AsA concentration during recovery, and survival or regeneration of the 

shoot tip (R2 = 0.12). However, negative correlations between total AsA 

concentrations during preconditioning and survival (R2 = 0.79, p = 0.0014) and 

regeneration were observed (R2 = 0.81, p < .001). 

Comparing the change in AsA concentration between the preconditioned shoot tips 

and recovered shoot tips, A. viridis showed the least difference (-1.9%) while L. 

cinerea  showed the greatest difference (-84.3%). As seen in Fig 4.9B, a positive 

correlation was observed between this change in AsA concentration and post-

cryogenic survival (R2 = 0.69) and regeneration (R2 = 0.68). 
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Figure 4.9. Scatterplot comparing ascorbic acid (AsA) concentration to post-cryogenic survival 

and regeneration. Graph (A) shows post-cryogenic survival vs AsA concentration in the 

preconditioned shoot tips (closed symbols) or post-cryogenic survival vs AsA concentration in 

the recovered shoot tips (open symbols). Graph (B) shows the percentage change in AsA 

concentration between the preconditioning and recovery stages vs either post-cryogenic 

survival (closed symbols) or post- cryogenic regeneration (open symbols). Results show 

Anigozanthos viridis (circles), Loxocarya cinerea (squares) and Lomandra sonderi (triangles) 

± SE, dotted lines show regression line with regression values indicated. 
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Discussion 

Cryopreservation 

Anigozanthos viridis, L. sonderi and L. cinerea were chosen for this study as native 

Australian plant species with previously described cryopreservation protocols and 

quite variable post-cryogenic survival and regeneration (Kaczmarczyk et al. 2013; 

Menon et al. 2012; Turner et al. 2000). These three species display a wide range of 

cryo-capability, allowing comparison between them and, therefore, imparting a 

greater understanding of the stresses experienced by plants during cryopreservation 

and in particular the different stages leading up to LN immersion.  

Little is known about the ability of Australian plants to cold acclimate. Previous work 

on L. sonderi showed some increased tolerance to freezing temperatures when the 

plants were preconditioned (Menon et al. 2012). The application of an alternating cold 

temperature preconditioning regime has also shown benefits for the Australian 

species Grevillea scapigera (Funnekotter et al. 2013). Cold acclimation has been 

linked to increased levels of antioxidants and greater antioxidant enzyme activity 

(Kocsy et al. 2000), which helps to maintain the redox homeostasis through the 

stresses of the cryopreservation protocol. Assessment of survival and regeneration of 

the shoot tips from the three species after 8 weeks on RM showed considerable 

differences between their cryo-capabilities. Anigozanthos viridis exhibited the greatest 

regeneration rate with 78% regrowth, followed by L. sonderi with 50% regrowth whilst 

L. cinerea showed no post-cryogenic regeneration (although 43% of the shoot tips 

showed post-cryogenic survival). Previous work had shown cold preconditioning (5°C 

and 25/5°C) to be beneficial for L. sonderi, with post-cryogenic survival increasing by 

over 15% points (Menon et al. 2012), but in this study preconditioning did not have as 

large an effect on cryopreservation survival and regeneration as expected. However, 

a more extreme temperature difference (20/-1°C) in the 25/5°C preconditioning 

regime and a slightly different temperature (23°C) in the control regime were used in 

the previous study instead of the temperature regimes used here, which may account 

for these observed differences. Previous work on L. cinerea showed no significant 

influence of cold preconditioning on shoot tip survival (Funnekotter et al. 2013), with 

similar results observed in this study. In contrast, the application of 5°C 

preconditioning was detrimental to post-cryopreservation regeneration of A. viridis, 

resulting in 33% of shoot tips regenerating compared to 78% of 25°C preconditioned 

shoot tips. The in vitro shoots of A. viridis showed stunted growth with the 5°C 

preconditioning regime in comparison to the 25/5 and 25°C preconditioning regimes 
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(Fig 4.1A), indicating the presence of stressful conditions to the shoots; however, in 

this case the low temperature may have been too extreme for this species to result in 

the beneficial effects of cold acclimation, and therefore resulting in reduced post-

cryogenic regeneration.  

Antioxidant analysis 

The application of the 5°C preconditioning regime resulted in significantly higher 

amounts of GSH in comparison to the 25°C preconditioning regime for L. sonderi and 

L. cinerea. Increased antioxidants in plants are a common response during cold 

acclimation (Prasad 1996; Kocsy et al. 2001). The fact that A. viridis did not show this 

response is an indication that the preconditioning temperature did not result in cold 

acclimation. This lack of a response is a likely contributing factor to the observed lower 

post-cryogenic survival in the 5°C preconditioning regime. 

Total LMW thiol content decreased significantly throughout the cryopreservation 

protocol in all three molecules measured (glutathione, Cys, γ-Glu-Cys). In particular, 

a large reduction in thiol content was seen in the cryoprotected and washed stages 

(up to 97% reduction) in comparison to the preconditioned and precultured stages. 

Analysis of shoot tips at the recovery stage typically showed an increase in thiol 

concentrations compared to shoot tips at the washing stage, but none of the thiol 

contents recovered to the levels measured at the preconditioning stage. It is difficult 

to make use of the total glutathione, Cys and/or γ-Glu-Cys thiol content trends to 

explain why A. viridis has the best cryo-capability, as it did not have the greatest pool 

of thiols or maintain a higher amount of thiols throughout the cryopreservation 

protocol. However, it should be noted that L. cinerea showed the greatest reduction 

(-51 to -64%) in glutathione content in shoot tips at the preculture stage, whilst A. 

viridis showed an increase of 87% in glutathione for the 25°C conditioned shoot tips 

at the preculture stage and displayed the greatest post-cryogenic regeneration. This 

may indicate the inability of L. cinerea to recover from the damages of excision; 

however, more work is required to tease this factor out further. With the decline of 

glutathione in the cryoprotected and washed shoot tips an accumulation of Cys would 

be expected if glutathione was degraded. However, this was not seen in our findings, 

possibly indicating that the thiols were bound to proteins during protein thiolation 

(Dixon et al. 2005), which may account for the increase in thiols in the recovered shoot 

tips as protein thiolation is a reversible process. The reduction may also be due to the 

thiols being exported from the cells, which is most probable in the washed shoot tips 

if membrane pores formed either from the action of CPAs (Hughes and Mancera 
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2013; Hughes and Mancera 2014; Hughes et al. 2012) or ice crystallisation damage 

(Steponkus 1984). 

The sensitivity of antioxidants to oxidation facilitates the analysis of the redox state of 

cells. GSH is commonly used as an indicator of redox state by measuring the half-cell 

reduction potential. Increased oxidative stress will result in the oxidation of GSH to 

GSSG. If the production of these oxidised antioxidants exceeds the ability of plants to 

reduce them, then the reduction potential will increase, indicating excessive ROS 

formation. The half-cell reduction potential is commonly used in seed storage 

experiments, linking the reduction of germination to a change in the half-cell reduction 

potential as the stored seeds become more oxidised over time (Colville and Kranner 

2010; Birtic et al. 2011; Chen et al. 2013; Nagel et al. 2014). EGSSG/2GSH was more 

positive (oxidising) in recovered shoot tips compared to preconditioned shoot tips of 

all three species, and the greatest shift in EGSSG/2GSH was observed in L. cinerea. The 

higher oxidation of L. cinerea shoot tips is a likely reason why no regeneration was 

observed despite the observation of shoot tip survival, since GSH and the GSH/GSSG 

ratio have been linked to cellular proliferation (Sánchez-Fernández et al. 1997).  

Similar to the levels of thiols observed throughout the cryopreservation process, 

measurements of AsA levels showed reductions in the concentrations throughout the 

cryopreservation protocol stages from the preconditioned through to the washing 

stage; however, this was a more gradual decrease at each stage rather than the large 

reduction detected in the cryoprotected shoot tips with the LMW thiols. The levels of 

AsA increased as the shoot tips were placed on the recovery medium. Similar to the 

thiols, A. viridis 25°C preconditioned shoot tips were an exception, as levels of AsA in 

shoot tips at the preculture stage were greater than at the preconditioning stage, whilst 

L. cinerea had the largest reduction in AsA levels in the precultured shoot tips. 

Anigozanthos viridis had the lowest AsA concentration in the preconditioned shoot 

tips of the three species, yet exhibited the highest post-cryogenic regeneration. Our 

findings indicate that there is an inverse relationship between preconditioned AsA 

concentration and post-cryogenic survival (Fig 4.9A). However, it is unlikely that 

increased AsA concentration in the shoot tips should result in reduced regeneration 

after cryopreservation. Comparison of the AsA concentration in the recovered shoot 

tips showed no correlation to post-cryogenic survival, with all species showing similar 

concentrations of AsA in the shoot tips. However, the change in AsA concentration 

between preconditioned and the recovered shoot tips showed a positive correlation 

to post-cryogenic survival and regeneration (Fig 4.9B), suggesting that A. viridis was 

better able to recover and resynthesise AsA to levels that confer protection from ROS. 
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It is also possible that other antioxidants are able to be recruited to compensate for 

the low levels of AsA detected in A. viridis, which may in turn suggest a degree of 

redundancy with respect to options for antioxidant defence in A. viridis that may not 

exist in L. cinerea. 

Conclusions 

This study characterised changes in the concentration of the water-soluble 

antioxidants, LMW thiols and AsA, throughout the cryopreservation protocol to further 

our understanding of the stresses that cryopreservation imposes on the shoot tips of 

three native Australian species. Antioxidant pools were determined to decrease 

throughout the cryopreservation protocol; however, the total content of antioxidants 

does not appear to be sufficient or effective at protecting shoot tips from cryo-injury. 

Understanding the precise role that each antioxidant plays in protecting cells and 

tissues during the cryopreservation process remains a challenging prospect. These 

antioxidants have a wide range of interactions and signalling processes, and it may 

be unrealistic to expect that the presence of an increased pool or a higher proportion 

of reduced antioxidants will always result in greater cryo-capability of a plant species. 

Indeed, analysis of the half-cell reduction potential showed the greatest change in L. 

cinerea, particularly in the washed and recovered shoot tips. We postulate that this 

elevated oxidation, possibly due to the diminished pool of antioxidants after 

cryopreservation, is a likely cause for the lack of post-cryogenic regeneration.  

Antioxidants are, however, unlikely to be the only factor that influences post-cryogenic 

regeneration. Many other factors can influence the ability of plants to regenerate, such 

as membrane damage, protein uncoupling, DNA damage, metabolic activity and 

osmotic stress, all of which will have some effect on plant regeneration. This study 

has nonetheless provided further evidence that antioxidants have a critical role to play 

in successful cryopreservation, but that the way this occurs appears to be complex 

and almost certainly species-dependent. 
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Chapter 5 – Evaluation of the new vacuum infiltration vitrification (VIV) 

cryopreservation technique for native Australian plant shoot tips  

 

Preface 

The following chapter has been accepted for publication in the CryoLetters journal. 

Manuscript was submitted to CryoLetters (13/11/2014), accepted for publication after 

revision (19/12/2014), revised manuscript was submitted with a response to reviewers 

(see appendix, 08/01/2015) and manuscript was accepted in the CryoLetters journal 

(15/01/2015). 

 

Abstract 

BACKGROUND: The application of a vacuum during the incubations in 

cryoprotective agents such as PVS2 allows for increased penetration, reducing total 

incubation times required before vitrification and post-cryopreservation regeneration 

is achieved.  OBJECTIVE: This study compared a conventional droplet-vitrification 

protocol to the new vacuum infiltration vitrification protocol in four Australian plant 

species.  MATERIALS AND METHODS: The new vacuum infiltration vitrification 

applied an 80 kPa vacuum during incubations in loading solution and PVS2. Infiltration 

of the cryoprotective agents into shoot tips was determined by differential scanning 

calorimetry measuring ice formation in the thermographs comparing a range of 

loading solution and PVS2 incubation times.  RESULTS: The application of the 

vacuum infiltration vitrification technique resulted in a significantly reduced PVS2 

incubation time for cryogenic survival and regeneration for all four species, reducing 

the time needed to adequately protect shoot tips by half to a quarter when compared 

to a conventional droplet-vitrification technique. 

 

Introduction 

Advances in cryopreservation biotechnology have allowed for efficient long-term 

storage methods for the preservation of genetically important plant material. 

Cryopreservation techniques have been developed for a wide range of species and 

plant material (dormant buds, seeds, embryos, somatic embryos, shoot tips and callus 

cultures) (Bajaj 1995). The progression of new techniques such as vitrification (Sakai 

et al. 1990), then droplet vitrification (modified from the droplet freezing technique 
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(Kartha et al. 1982)) and currently novel vacuum infiltration vitrification (VIV) and V-

cryo-plate techniques have reportedly improved post-cryostorage survival while 

simplifying and accelerating critical stages of cryopreservation (Nadarajan and 

Pritchard 2014; Yamamoto et al. 2012).  

Avoiding detrimental intra- and extra-cellular ice formation during cryopreservation is 

a key issue for the development of successful cryogenic techniques (Sakai and 

Yoshida 1967). Exposure of plant material to cryoprotective agents (CPAs) such as 

dimethyl sulfoxide, glycerol, ethylene glycol and a variety of sugars can result in the 

formation of vitrified water (Mandumpal et al. 2011), thus preserving cellular structure 

during cooling to cryogenic temperatures (Benson 2008; Sakai and Engelmann 2007; 

Sakai et al. 1990). Cryopreservation for many plants requires lengthy incubation in 

CPAs.  

The use of a vacuum to speed the infiltration of chemicals into various plant tissues 

is a common practice for gene transformation (agroinfiltration) and increasing storage 

life of fruit (Bechtold and Pelletier 1998; Ponappa et al. 1993). The application of 

vacuum during incubation in solutions is thought to reduce and eliminate trapped air 

bubbles within the microtopographical features of the plant tissues (such as the leaf 

primordium and trichomes), resulting in greater contact of the solutions with the 

surfaces of the samples. This improved contact is credited with gaining a more 

uniform infiltration as well as removing intercellular air in vacuoles and apoplastic 

compartments, allowing the influx of CPAs at a much greater rate (Nadarajan and 

Pritchard 2014). Initial cryopreservation experiments using rat tissue showed positive 

results for increasing CPA infiltration into tissues when utilising a vacuum (Soejima et 

al. 2012). This technique was also successfully applied to the zygotic embryos of three 

plant species (Carica papaya, Laurus nobilis and Passiflora edulis) greatly reducing 

the incubation times required (from 30 to 60 min down to 1 to 5 min) during PVS2 

exposure to achieve corresponding post-cryopreservation growth (Nadarajan and 

Pritchard 2014). 

The purpose of this study is to advance biotechnology research for ex situ 

conservation to help stem the loss of plant biodiversity in a biodiversity hotspot, the 

south-west of Western Australia (Kaczmarczyk et al. 2011b). Four native species 

including two threatened taxa were used to test the new VIV cryopreservation 

technique, Androcalva perlaria (Malvaceae), Anigozanthos viridis ssp. terrapectans 

(Haemodoraceae), Lomandra sonderi (Asparagaceae) and Loxocarya cinerea 

(Restionaceae). In this study both conventional droplet-vitrification and the new 

vacuum infiltration vitrification cryopreservation techniques were assessed and the 
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post-cryopreservation survival and regeneration of shoot tips of the four study species 

compared. Thermal analysis was undertaken to establish both the extent of ice 

formation and infiltration of CPAs in cryopreserved tissues, in response to the use of 

both cryogenic approaches. 

 

Materials and methods 

Plant material and in vitro conditions 

Loxocarya cinerea (clone XH804) in vitro shoots were provided for experimental 

analysis from Alcoa of Australia’s Marrinup Nursery, Western Australia. Anigozanthos 

viridis, Lomandra sonderi (clone LSOP) and Androcalva perlaria (clone 96) in vitro 

shoots were provided by Kings Park and Botanic Garden, Western Australia.  

Basal medium (BM) consisting of half strength Murashige and Skoog (Murashige 

1962) macro- and micronutrients with 100 μM NaFeEDTA), 1 μM thiamine 

hydrochloride, 2.5 μM pyridoxine, 4 μM nicotinic acid, 500 μM myo-inositol and 500 

μM 4-morpholineethanesulfonic acid (MES) was used in all subculturing media and 

cryopreservation solutions. 

In vitro shoots of A. viridis, L. cinerea and L. sonderi were maintained on BM with 60 

mM sucrose, 0.8% w/v agar and 0.2 μM 6-benzylaminopurine (BA), at pH 6.0 and 

autoclaved at 121°C for 20 min. In vitro shoots of A. perlaria were maintained on the 

same medium described above except with 1.25 μM kinetin and 0.125 μM BA. All 

shoots were subcultured on a 3-4 weekly interval and maintained at 22-25°C with a 

12 h light/12 h dark photoperiod (PPFD approximately 30 μmol m-2s-1 at culture level). 

Cryopreservation solutions 

Preculture medium (PM-1) consisting of BM with 0.2 M sucrose and 0.8% w/v agar 

was used for A. viridis, L. cinerea and L. sonderi. For A. perlaria PM-2 consisted of 

BM with 1.2 M glycerol and 0.8% w/v agar. Loading solution (LS) consisted of BM with 

2 M glycerol and 0.4 M sucrose. Plant Vitrification Solution 2 (PVS2), consisted of BM 

with 0.4 M sucrose, 30% w/v glycerol and 15% w/v ethylene glycol and dimethyl 

sulfoxide at 15% w/v (Sakai et al. 1990). Washing solution (WS) consisted of BM with 

0.75 M sucrose. Recovery medium (RM) consisted of BM with 60 mM sucrose, 2 mM 

choline chloride, 1 μM zeatin, 1 μM gibberellic acid and 0.8% w/v agar. 
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Conventional droplet-vitrification (CV) cryopreservation technique 

Shoot tips for A. viridis, L. cinerea and L. sonderi (~1.5 x 0.5 mm, 1.0 x 0.3 mm and 

1.2 x 0.5 mm respectively) were isolated onto PM-1 for 48 h incubation at 25°C with 

no exposure to light as previously described (Funnekotter et al. 2013; Kaczmarczyk 

et al. 2013; Menon et al. 2012), A. perlaria shoot tips (~1.0 x 0.5 mm) were isolated 

onto PM-2 and maintained under the same conditions as the in vitro shoots for 48 h. 

Shoot tips were placed in 2 ml LS for 20 min at room temperature (22-25°C) and then 

transferred to 2 ml PVS2 for various incubation durations at room temperature. After 

PVS2 incubation the shoot tips were placed into 1 μl PVS2 droplets on aluminium 

foils, transferred to a cryo-vial and cryo-vial was plunged into LN. Cryo-vials were 

rewarmed after 1 h in a 40°C water-bath for 10 s then shoot tips on foils were removed 

from the cryo-vials and incubated in WS for 20 min at room temperature.  

Vacuum infiltration vitrification (VIV) cryopreservation technique 

VIV cryopreservation technique was the same as above except for exposing the 

shoots to a vacuum during the 5 min LS and various PVS2 solution incubations using 

a 200 mm ø Kartell vacuum chamber. Vacuum was applied using a Rietschle Thomas 

vacuum pump (model 905CD23-194) with 80 kPa vacuum for the duration of the 

incubation. Vacuum was released over a 30 s period at the end of the incubation 

period. 

Survival and regeneration assessment post-cryopreservation 

After the WS incubation, shoot tips were placed onto RM for 4 weeks at 25°C with no 

light as done previously with L. cinerea and L. sonderi (Kaczmarczyk et al. 2013; 

Menon et al. 2012). Shoot tips were then transferred to fresh RM and cultured at 22-

25°C with a 12 h light/12 h dark photoperiod (PPFD, approximately 30 μmol m-2s-1). 

Survival and regeneration of shoot tips post-cryopreservation were determined after 

8 weeks, with survival recorded when shoot tips were green and swollen, or if 

callusing occurred (i.e. development and growth of non-specialised plant cells) that 

was also counted as survival. Regeneration was recorded if the original material 

showed actual shoot development, i.e. resumed normal shoot growth (Fig 5.1).  
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Thermal analysis 

Thermal analysis of the shoot tips to identify the formation of ice crystals was done 

using differential scanning calorimetry (DSC). A Perkin-Elmer DSC 8000 instrument 

with a Perkin-Elmer CLN2 controlled LN accessory was used and controlled by Pyris 

V10.1 software, with the DSC instrument calibrated using an indium standard. Two 

shoot tips weighing 0.5-1 mg were placed in 30 μl DSC pans and hermetically sealed. 

Samples were held at 30°C for 1 min then cooled to -60°C at a rate of 10°C/min. 

Samples were then held at -60°C for 1 min and then rewarmed to 30°C at a rate of 

50°C/min. Peak areas from the cooling curve were normalised to sample weight and 

the peak temperature was calculated using the Pyris 10.1 software when detected. 

Statistics 

Thermal analysis experiments were replicated three times for each treatment 

condition tested. Cryopreservation experiments involved 20 shoot tips for each 

treatment replicated four times. One-way-ANOVAs were used to determine statistical 

differences between treatments using Sigmaplot (Version 12.0, 2011, Systat Software 

Inc.). Where required, post hoc tests were completed using Fishers LSD to determine 

specific treatment differences. 

 

Results 

Thermal analysis 

As expected all species showed large ice peaks after the preculture and LS 

treatments (Table 5.1). Progressively longer incubations in PVS2 were applied until 

no ice peak was detected in all replicates. The shoot tips of A. viridis required at least 

20 min LS + 15 min PVS2 CV incubation before no discernible ice peak was  

 

 

Figure 5.1. Post-cryogenic regeneration. Representative shoot tip showing post-cryogenic 

regeneration of Anigozanthos viridis (A), Lomandra sonderi (B), Loxocarya cinerea (C) and 

Androcalva perlaria (D). 

 

A C B D 
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Table 5.1. Comparison of ice formation in DSC themographs. CV – conventional vitrification 

technique, VIV – vacuum infiltration vitrification technique, LS – loading solution (2 M glycerol 

+ 0.4 M sucrose), PVS2 – plant vitrification solution 2 (30% w/v glycerol, 15% w/v ethylene 

glycol, 15% w/v DMSO + 0.4 M sucrose), ND – not detected. VIV incubation applied at room 

temperature with 80 kPa vacuum tested on four plant species: Anigozanthos viridis, Lomandra 

sonderi, Loxocarya cinerea and Androcalva perlaria (n = 3). 

Species Technique Treatment 
Peak Area 
(J/g ± SE) 

Peak 
Temperature 

A. viridis  0.2 M sucrose preculture 166.6 ± 43.8 -19.2 ± 0.2 

 CV 20 min LS 98 ± 4 -32 ± 2.1 

 VIV 5 min LS 95.5 ± 31.6 -25.9 ± 1 

 CV 20 min LS + 5 min PVS2 33.4 ± 14 -35.9 ± 1.9 

 CV 20 min LS + 10 min PVS2 0.3 ± 0.3 -35.7 ± 14.6 

 CV 20 min LS + 15 min PVS2 ND ND 

 VIV 5 min LS + 2.5 min PVS2 21.1 ± 8.5 -29.1 ± 0.9 

 VIV 5 min LS + 5 min PVS2 9 ± 7.9 -30.3 ± 2.5 

 VIV 5 min LS + 7.5 min PVS2 1.4 ± 1 -36.8 ± 0.8 

 VIV 5 min LS + 10 min PVS2 ND ND 

L. sonderi  0.2 M sucrose preculture 231.9 ± 20.9 -17.7 ± 1.6 

 CV 20 min LS 129.9 ± 29 -22.8 ± 0.8 

 VIV 5 min LS 134.6 ± 45.4 -20.5 ± 2.6 

 CV 20 min LS + 2.5 min PVS2 31.8 ± 23.5 -44.5 ± 2.5 

 CV 20 min LS + 5 min PVS2 8.3 ± 1.4 -39.8 ± 1.8 

 CV 20 min LS + 10 min PVS2 0.2 ± 0.2 -33.5 ± 0 

 VIV 5 min LS + 2.5 min PVS2 25.9 ± 14.8 -37.7 ± 5.4 

 VIV 5 min LS + 5 min PVS2 0.3 ± 0.2 -33.2 ± 0.8 

 VIV 5 min LS + 7.5 min PVS2 ND ND 

L. cinerea  0.2 M sucrose preculture 177.4 ± 35.6 -14.6 ± 0.9 

 VIV 5 min LS 104.3 ± 9.1 -17 ± 1.4 

 CV 20 min LS + 5 min PVS2 24.2 ± 1.2 -33.1 ± 1.3 

 CV 20 min LS + 10 min PVS2 6.5 ± 5 -39.2 ± 3.7 

 CV 20 min LS + 15 min PVS2 0.9 ± 0.3 -29 ± 2.7 

 CV 20 min LS + 20 min PVS2 1.1 ± 0 -29 ± 0 

 CV 20 min LS + 25 min PVS2 ND ND 

 VIV 5 min LS + 2.5 min PVS2 41.2 ± 4.4 -19.1 ± 1.5 

 VIV 5 min LS + 5 min PVS2 14.9 ± 10.5 -28.9 ± 1.1 

 VIV 5 min LS + 7.5 min PVS2 5.7 ± 2.7 -37.2 ± 4.3 

 VIV 5 min LS + 10 min PVS2 3.2 ± 1.3 -34.7 ± 5.2 

 VIV 5 min LS + 12.5 min PVS2 5.9 ± 3 -26.9 ± 1.9 

 VIV 5 min LS + 15 min PVS2 6.7 ± 4.9 -35.8 ± 5.7 

 VIV 5 min LS + 17.5 min PVS2 ND ND 

 VIV 5 min LS + 20 min PVS2 ND ND 

A. perlaria  1.2 M glycerol preculture 65.7 ± 14.6 -25.9 ± 1.4 

 VIV 5 min LS + 5 min PVS2 6.9 ± 2.1 -30.4 ± 0.9 

 VIV 5 min LS + 7.5 min PVS2 6.6 ± 5.3 -15.6 ± 0 

 VIV 5 min LS + 10 min PVS2 0.5 ± 0.4 -19.4 ± 0 
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detected (Table 5.1). By comparison, no ice peak was detected after a 5 min LS + 10 

min PVS2 with VIV applied (Table 5.1). Lomandra sonderi and A. perlaria showed 

similar ice peak reductions with increased incubation time of PVS2 (Table 5.1). 

However L. cinerea required the longest incubation time of all the species before no 

ice peak was detected, with 20 min LS + 25 min PVS2 CV incubation or 5 min LS + 

17.5 min PVS2 VIV incubation (Fig 1C+D). Ice crystallization peak areas for L. cinerea 

did not decrease with increased PVS2 incubation times, with an extension of the 

incubation time from 7.5 min up to 15 min using the VIV technique showing similar 

small ice peaks (Table 5.1). 

Cryopreservation 

The shoot tips of three species were cryopreserved to compare the CV technique with 

the new VIV technique. Shoot tips were measured for survival and regeneration for 

both control (-LN) and cryopreserved (+LN) treatments. No apparent difference in 

post-cryogenic regeneration of the shoots was detected between the CV and VIV 

techniques. Thermal analysis results suggested that applying 5 min VIV LS was 

similar to the 20 min CV LS incubation (Table 5.1), thus 5 min VIV LS incubations 

were applied for all VIV cryopreservation experiments. Various VIV PVS2 incubation 

times were applied to reflect the thermal analysis results for comparison between 

detectable ice peaks and cryopreserved survival rates of the four study species.  

Anigozanthos viridis showed significantly higher shoot tip survival with the VIV 

technique (66%) compared to the CV technique (30%) after cryopreservation; 

however, shoot tip regeneration did not differ significantly (P > 0.05) between the two 

techniques (31% and 20% respectively). Regeneration of cryopreserved shoot tips 

required a minimum of 7.5 min incubation time in PVS2 with the CV technique, whilst 

the use of the VIV technique reduced the minimum incubation time to 2.5 min before 

cryopreserved regeneration was observed (Fig 5.2). 

CV cryopreservation of L. sonderi achieved a maximum 50% regeneration utilising 10 

min PVS2 incubation with at least 7.5 min PVS2 incubation required before 

regeneration (20%) of shoot tips was observed (Fig 5.3). In comparison, VIV 

cryopreservation achieved regeneration of 27% after only 5 min PVS2 incubation, with 

a maximum cryopreserved regeneration rate of 42% after 10 min in PVS2. Loxocarya 

cinerea showed no regeneration of shoot tips using CV despite high levels of 

cryogenic survival (up to 85%). VIV cryopreservation did achieve shoot tip 

regeneration in L. cinerea when 5 or 10 min PVS2 incubation times were utilised,  
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with 7 and 10% regeneration respectively (Fig 5.4). However, regeneration was 

variable and not observed in all replicate treatments. Androcalva perlaria showed the 

highest rates of cryogenic survival and regeneration of all species tested, with 40% 

regeneration using 5 min VIV PVS2 incubation and increasing to 75% when the 

incubation period was increased to 10 min (Fig 5.5). All shoot tips that survived 

cryopreservation underwent regeneration to form shoots.  

Comparison of potential CPA toxicity with the control treatment (-LN) showed no 

significant differences in survival and regeneration between the CV and VIV 

techniques for the same incubation times for both A. viridis and L. cinerea. Lomandra 

sonderi showed an apparent increase in CPA toxicity when the VIV technique was 

applied at 2.5 and 5 min, with shoot regeneration being significantly lower in 

comparison to the CV technique (86% to 55% and 92% to 51%, respectively). Overall, 

survival and regeneration of L. sonderi shoot tips appeared to 
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Figure 5.2. Survival and regeneration of Anigozanthos viridis shoot tips following 

cryopreservation. Survival and regeneration of shoot tips before (-LN, A and C) and after (+LN, 

B and D) cryopreservation comparing conventional (A and B) and vacuum infiltration (C and 

D) vitrification techniques. A 20 min loading solution (LS) was applied to CV treatments, while 

a 5 min LS +vacuum infiltration step was applied to VIV treatments. Black bars represent 

survival of the shoot tips and grey bars represent regeneration of the shoot tips following 

normal development. Data shows mean ± SE. 

  



102 

 

be more consistent with the VIV method without exposure to LN, with very little 

variation from 2.5 to 10 min exposure times. 

 

Discussion 

CPAs have two main actions: they suppress the formation of ice crystals and protect 

the cells when they are dehydrated. CPAs suppress ice formation by increasing the 

viscosity of free liquid water in cells and tissues, thus interfering with ice nucleation 

and allowing water to supercool until a vitrified state is achieved (Kauzmann 1948; 

Mishima and Stanley 1998). The application of CPAs is vital if successful 

cryopreservation techniques are to be developed; however, some CPAs are 

phytotoxic including DMSO and glycerol, especially at the concentrations required to 

fully protect plant cells and tissues (Volk et al. 2006). It is therefore important to 
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Figure 5.3. Survival and regeneration of Lomandra sonderi shoot tips following 

cryopreservation. Survival and regeneration of shoot tips before (-LN, A and C) and after (+LN, 

B and D) cryopreservation comparing conventional (A and B) and vacuum infiltration (C and 

D) vitrification techniques. A 20 min loading solution (LS) was applied to CV treatments, while 

a 5 min LS +vacuum infiltration step was applied to VIV treatments. Black bars represent 

survival of the shoot tips and grey bars represent regeneration of the shoot tips following 

normal development. Data shows mean ± SE. 
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achieve the right balance between the provision of sufficient protection from ice 

damage and the avoidance of excessive dehydration and phytotoxicity. As all species 

differ morphologically, physiologically and biochemically, achieving an optimal internal 

CPA concentration for maximum post-cryopreservation regeneration can require 

extensive testing for individual species. The type of plant material, culture conditions 

of the plant material, the composition of the CPAs, exposure time and temperature 

during exposure to the CPAs, as well as the specific cryopreservation procedure used 

will all have a large cumulative effect on the regeneration capacity of plant tissues 

following cryopreservation (Funnekotter et al. 2013; Kaczmarczyk et al. 2012; 

Kaczmarczyk et al. 2011a; Kim et al. 2009a; Kim et al. 2009b; Kulus and Zalewska 

2014; Menon et al. 2014; Sakai and Engelmann 2007).  
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Figure 5.4. Survival and regeneration of Loxocarya cinerea shoot tips following 

cryopreservation. Survival and regeneration of shoot tips before (-LN, A and C) and after (+LN, 

B and D) cryopreservation comparing conventional (A and B) and vacuum infiltration (C and 

D) vitrification techniques. A 20 min loading solution (LS) was applied to CV treatments, while 

a 5 min LS +vacuum infiltration step was applied to VIV treatments. Black bars represent 

survival of the shoot tips and grey bars represent regeneration of the shoot tips following 

normal development. Data shows mean ± SE. 
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Post-cryopreservation regeneration of the shoot tips of four of the species tested in 

this study showed evidence of increased penetration rate of CPAs using the VIV 

technique compared to the CV technique (Table 5.1, Fig 5.2-5). Optimal internal CPA 

concentrations may be achieved more rapidly when applying the VIV technique, 

thereby enabling shorter incubation times and, consequently, more rapid processing 

of large numbers of plant samples. 

Comparison of regeneration rates between the CV and VIV controls indicates that the 

VIV technique results in greater apparent toxicity to the shoot tips of only one of the 

test species, L. sonderi, when comparing similar incubation times (Fig 5.3). However 

this result is not unexpected as VIV results in greater surface contact of the CPAs, 

with a faster rate of CPA penetration of shoot tips and more rapid CPA accumulation 

in tissues to the point where phytotoxic damage may occur. Therefore whilst the VIV 

technique substantially reduces the exposure time necessary for CPA exposure, care 

must be taken to avoid the potential for increased toxic side effects. Incubation of 

shoot tips in CPAs at 0°C is commonly used to reduce phytotoxic effects, with many 

studies showing that the application of PVS2 solutions is much more effective at lower 

temperatures, although these need to be applied for considerably longer periods of 

time (Menon et al. 2012; Volk et al. 2006). At lower temperatures (such as 0°C), 
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Figure 5.5. Survival and regeneration of Androcalva perlaria shoot tips following 

cryopreservation. Survival and regeneration of shoot tips before (-LN, A) and after (+LN, B) 

cryopreservation utilising the vacuum infiltration vitrification technique (+5 min LS step) Black 

bars represent survival of the shoot tips and grey bars represent regeneration of the shoot tips 

following normal development. Data shows mean ± SE. 
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however, penetration of the CPAs is also reduced (due to increased viscosity and 

reduced molecular diffusion), therefore requiring longer incubation times (Cho et al. 

2002; Matsumoto et al. 1994). Application of the CPAs at 0°C or the use of diluted 

PVS2 may benefit the VIV technique by reducing phytotoxic effects whilst lengthy 

incubation times will still be avoided. Whilst this is beneficial for many species, tropical 

species in particular suffer when exposed to CPAs for long durations at low 

temperatures and show a better capacity for regeneration when a higher temperature 

(room temperature) coupled with a shorter incubation time is used (Sakai et al. 2008). 

In this study the application of room temperature incubation for all cryogenic solutions 

was utilised to simplify development and comparison of the new protocol. In addition, 

previous work undertaken on L. sonderi indicated a requirement for room temperature 

incubation for best regeneration following cryopreservation (Menon et al. 2012). 

The use of DSC for the detection of ice formation/melting peaks in the thermographs 

is helpful for the development of new cryopreservation protocols, with the ability to 

determine precisely the optimum incubation time in CPA solutions to prevent or at 

worst minimise ice formation (Kaczmarczyk et al. 2013). This information indicates 

whether or not vitrification is achieved and, therefore, excessive CPA exposure can 

be minimised and phytotoxic damage reduced, all of which greatly reduce the range 

of cryopreservation experiments needed to determine optimum incubation times. 

Thermal analysis confirmed that the infiltration of CPAs into the shoot tips is increased 

when using the VIV technique. The overall incubation times for the VIV technique 

were reduced by half (L. cinerea) down to a quarter (L. sonderi) of the time when 

compared to the CV technique. Whilst this was not as great as the ~10 fold reduction 

seen for isolated embryos/axes (Nadarajan and Pritchard 2014), Nadarajan et al. 

(2014) compared the two techniques with CV incubations done at 0°C, whilst the VIV 

incubations in this present study were done at room temperature. Comparison of 

thermal analysis previously done on L. cinerea, where PVS2 was applied at 0°C using 

CV showed an optimal incubation period of over 60 min in PVS2 (Kaczmarczyk et al. 

2013), revealed that an incubation of 25 min in PVS2 at room temperature (25°C) was 

sufficient to remove the detection of an ice formation peak (Table 1), which 

demonstrates the substantial influence that temperature imposes on the effectiveness 

of PVS2 incubation times. 

However, it appears that the optimum incubation time suggested from the thermal 

analysis data is not necessarily optimal for maximum regeneration of shoot tips after 

cryopreservation. The optimum PVS2 incubation suggested by the thermographs for 

A. viridis was 15 min for CV and 10 min VIV, yet the highest cryopreserved 
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regeneration observed resulted from an incubation period of 10 min for CV and 5 min 

for VIV (Fig 5.1). This was also seen in the other three species, where the optimal 

incubation time suggested by the thermographs was longer than the incubation time 

that resulted in the greatest cryopreserved regeneration. The majority of incubation 

times that showed regeneration had very small ice formation peak areas (less than 

10 J/g), which may be suppressed even further due to the higher cooling rate achieved 

with the droplet-vitrification method (7800°C/min compared to the 10°C/min cooling 

rate inherent in the DSC procedure used here) (Kaczmarczyk et al. 2011a). 

Furthermore, these small peaks may simply represent the formation of ice in non-

critical tissue regions and consequently the presence of this small amount of ice does 

not significantly impact meristem regeneration. 

Previous efforts at successfully cryopreserving L. cinerea shoot tips have had limited 

success (Funnekotter et al. 2013; Kaczmarczyk et al. 2013), and limited penetration 

of CPAs into the shoot tips may contribute to the cryogenic recalcitrant nature of this 

species. Of all four species tested, L. cinerea took the longest incubation time in PVS2 

before an ice formation peak was no longer detectable in the thermographs in both 

CV and VIV techniques (Fig 5.4). This confirms previous work reported where long 

incubation times were required for shoot tips in PVS2 at 0°C with ice formation peaks 

still detected after 60 min incubations (Kaczmarczyk et al. 2013). The low level of 

regeneration of cryopreserved L. cinerea shoot tips does not seem linked to the 

optimal incubation time suggested by the thermographs on the basis of the elimination 

of ice formation peaks (17.5 min PVS2 VIV incubation or 25 min PVS2 CV incubation), 

nor with the highest cryogenic survival achieved (with a 7.5 min PVS2 VIV incubation). 

Whilst previous work suggested that ice formation is an unlikely reason for the lack of 

regeneration after cryopreservation (Kaczmarczyk et al. 2013), the continual 

occurrence of ice formation peaks despite increasing incubation times suggest that 

penetration of CPAs in L. cinerea may not occur at a uniform rate across the shoot 

tips. At present, it is not known where this ice formation occurs within the shoot tips, 

but if ice formation occurs in the meristematic tissue then regeneration may be 

significantly compromised. This may explain the high levels of regeneration seen in 

the control (-LN) experiments as 50-85% of shoot tips that survived underwent 

successful regeneration, in comparison to cryopreserved (+LN) shoot tips that 

showed only 0-13% of the surviving shoot tips regenerating into actively growing new 

plant tissues (Fig 5.3). The high levels of post-cryogenic survival (up to 85%) indicate 

that the majority of the tissue in the shoot tips is sufficiently protected by the CPAs. It 

is therefore difficult to establish with any certainty why some shoot tips showed 



107 

 

regeneration and not others. Regeneration of a few shoot tips may be due to these 

tips having the optimum size for CPA penetration to avoid the small ice formation 

peaks detected in the thermographs, yet CV showed similar cryopreservation survival 

rates albeit with no regeneration. Thus if CPA penetration into the meristem is the 

issue, the application of the VIV technique may enhance penetration by allowing a 

more uniform and rapid distribution of the CPAs throughout the shoot tips undergoing 

PVS2 treatment. This aspect is worthy of further investigation as it may hold the key 

to optimal regeneration with difficult to cryostore species such as L. cinerea.   

The application of LS for 5 min and 5 or 10 min incubation in PVS2 when applying the 

VIV technique showed promising results for A. viridis, L. cinerea and L. sonderi. 

Previous work on A. perlaria showed high levels of post-cryogenic regeneration up to 

83% using a CV technique (Whiteley & Turner unpublished results). This result on A. 

perlaria (Fig 5.4) showed high regeneration of cryopreserved shoot tips (75%) when 

applying the VIV technique, confirming that the application of 5 min LS and 10 min 

PVS2 incubation under vacuum is a good starting point for the development of new 

cryopreservation protocols. The protocol used to cryopreserve A. perlaria in this study 

has previously been optimised for achieving high levels of regeneration and this may 

account for why the highest regeneration rates were observed in this species. Higher 

survival and regeneration rates may be expected if the propagation and preculture 

media were customised for each of the other three species (A. viridis, L. cinerea and 

L. sonderi); however, the use of identical culture conditions, and propagation and 

preculture media for these three species was undertaken to provide a greater 

understanding of the potential of the previously untried VIV technique with these 

species and the expected outcomes when a generic cryopreservation approach is 

applied to several dissimilar taxa. 

This study shows the large variation in cryo-capability commonly seen when applying 

the same cryopreservation protocol to multiple plant species, comparison of the 10 

min PVS2 incubation between the species showed the greatest post-cryogenic 

survival in A. perlaria then L. sonderi, both of which also showed good –LN 

regeneration, A. viridis had the lowest –LN regeneration and these three species all 

showed very little to no ice formation with 10 min PVS2 incubation. Thus the post-

cryogenic regeneration rates are most likely linked to the plants sensitivity to the 

CPAs. Loxocarya cinerea however showed a similar sensitivity to the CPAs as A. 

viridis and the largest amount of ice formation in the shoot tips, thus the low levels of 

post-cryogenic regeneration for L. cinerea is likely due to a combined effect of CPA 

phyototoxicity and crystallisation damage. 
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Conclusions 

To the best of our knowledge this is the first report utilising VIV for the 

cryopreservation of shoot tips of any Australian plant species. The application of the 

VIV technique resulted in a significantly reduced PVS2 incubation time for cryogenic 

survival and regeneration, reducing the time needed to adequately protect shoot tips 

by half to a quarter when compared to the CV technique (Table 5.1).  

The increase in vacuum pressure is thought to increase CPA infiltration (Zhao and 

Xie 2004). Consequently higher vacuum pressures may further reduce the incubation 

times required for optimum CPA penetration to be achieved. Although this was not 

tested in this study it warrants further investigation, particularly for L. cinerea which 

showed the least improvements when applying the VIV technique to reduce 

incubation times. This technique will also need to be tested on a wider range of 

species to fully understand its advantages and potential disadvantages if not used 

discriminately. 
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Chapter 6 – Application of exogenous ascorbic acid and lipid 

peroxidation analysis in the improved protocol for the successful 

cryopreservation of Australian plant species Loxocarya cinerea 

 

Abstract 

Loxocarya cinerea is an important plants species in mine-site rehabilitation programs. 

It is currently propagated through plant tissue culture but has proven exceptionally 

difficult to regenerate from cryogenically stored shoot tips. To improve current 

cryogenic approaches on this species the use of ascorbic acid (AsA) was assessed 

in concert with variations in the cryogenic protocol. Extending the preculture time 

(from 2 to 3, 5 and 7 d) was found to significantly increase regrowth of L. cinerea shoot 

tips after cryopreservation from 0% to 9%, 37% and 35% regeneration, respectively. 

The addition of 0.5 mM AsA to the preculture medium further increased regrowth from 

35% to 53% of shoot tips regenerating after cryopreservation of 7 day precultured 

shoot tips. Higher levels of malondialdehyde (MDA) were detected in recovering shoot 

tips that exhibited the best post-cryogenic regrowth, implicating a higher degree of 

lipid peroxidation where it would not otherwise be expected. The use of the C11-

BODIPY581/591 fluorophore, which shows a red to green fluorescence shift upon 

oxidation, indicated that increased oxidative stress occurred in shoot tips with low 

regeneration after cryopreservation, and this approach may be applicability to other 

problematic cryogenically recalcitrant species for observing oxidative stress.  

 

Introduction 

Cryopreservation allows for the cost effective long-term storage of a wide range of 

plant material without degradation for species that are rare and threatened, difficult to 

propagate via conventional means or do not grow true-to-type from seeds 

(Kaczmarczyk et al. 2012). Loxocarya cinerea (Restionaceae), an south-west 

Western Australian endemic plant species, is considered a recalcitrant species in 

post-mining rehabilitation due to complex dormancy and low seed production and, 

consequently, it is micropropagated and transplanted back into rehabilitation sites at 

present (Willyams 2005; Koch and Samsa 2007). Cryopreservation of L. cinerea has 

had little success with cryogenically stored shoot tips, showing very low regeneration 

and regrowth post-cryopreservation, although initial survival is reasonably high 

(~50%) (Funnekotter et al. 2013; Funnekotter et al. 2015; Kaczmarczyk et al. 2013).  
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Throughout the cryopreservation process, extracted shoots can be exposed to a wide 

range of stresses and the ability of plants to resist and overcome these stresses 

significantly influences post-cryogenic survival and regeneration. Cell membranes 

represent a primary site for cryo-injury, which occurs due to several different 

deleterious processes that occur during cryopreservation (Steponkus 1984). 

Membranes are susceptible to rupture through ice crystal penetration as well as 

deleterious phase changes that can result in the formation of non-bilayer phases and 

oxidative damage. All of these damages can affect the fluidity, stability, structure and 

active/passive cross membrane transportation systems required for proper 

membrane functionality (Funnekotter et al. 2013; Benson 2008; Hammerstedt et al. 

1990; Steponkus 1984; Menon et al. 2014). To address these damaging processes, 

cryoprotective agents (CPAs) are used to protect shoot tips from excessive ice 

crystallisation and related cellular damage. 

Lipid peroxidation (LPO) can also be highly destructive to membranes, fatty acids and 

membrane proteins, altering the semi-permeable characteristics and functionality of 

the membrane (Benson et al. 1992; Halliwell and Gutteridge 2007). Malondialdehyde 

(MDA) is a commonly used marker of LPO, produced during the process of LPO in 

polyunsaturated fatty acids (PUFAs) with more than two double bonds (Halliwell and 

Gutteridge 2007). MDA has been shown to alter proteins, DNA and RNA through 

Shiff’s base additions, causing cellular damage (Esterbauer et al. 1991; Marnett 

1999b). Previous work on blackberry shoot tips by Uchendu et al. (2010a) linked 

increased MDA formation with reduced post-cryogenic survival, with similar results 

observed in rice cells as well (Benson et al. 1992). 

The use of oxidation-sensitive fluorophores enables analysis of oxidative stress in 

individual shoot tips, thus providing an advantage over other types of analysis where 

shoot tips are pooled. This is of particular interest in post-cryogenic shoot tips, where 

pooled samples will contain a mix of regenerating, surviving and dead shoot tips, 

making the identification of the causes and locations of specific tissue damage 

problematic. The fluorophore C11-BODIPY581/591 is designed to mimic PUFAs and, 

upon oxidation, the fluorescence excitation and emission shift from red to green is 

used to perform a ratiometric comparison of oxidative stress (Drummen et al. 2004) 

where oxidation of the probe is comparable to or slightly quicker than LPO of PUFA 

(Pap et al. 1999; MacDonald et al. 2007). The application of the BODIPY581/591 

fluorophore to observe oxidative stress during cryopreservation has predominantly 

been used in animal spermatozoa analysis, where the stresses of cryopreservation 

have been shown to result in increased oxidative damage and LPO after 
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cryopreservation (Castellano et al. 2010; Brouwers et al. 2005; Domínguez‐

Rebolledo et al. 2010). 

The addition of exogenous antioxidants prior to, during or following the 

cryopreservation process has been shown to increase post-cryogenic survival. Wang 

and Deng (2004) observed increased survival of citrus with the addition of reduced 

glutathione (GSH). Similarly, Uchendu et al. (2010a) showed increased regrowth of 

blackberry shoot tips with the addition of tocopherol up to 15 mM or ascorbic acid 

(AsA) at concentrations up to 0.58 mM, while the application of GSH improved Rubus 

recovery (Uchendu et al. 2010b).  

However, the continued lack of success with post-cryogenic regeneration with L. 

cinerea required further investigation. Preliminary results suggested an extended 

preculture period for L. cinerea may improve its cryo-capability. In this study, multiple 

preculture periods (2, 3, 5 & 7 days) were tested to determine their effect on post-

cryogenic regeneration. A single concentration of AsA (0.5 mM) was also investigated 

to assess whether or not the presence of AsA in the preculture medium leads to any 

observable differences in post cryopreservation survival of L. cinerea. In addition to 

assessing the effects of extended preculture medium treatments, the formation of 

LPO as a marker of oxidative stress was also assessed by quantifying MDA in shoot 

tips after cryopreservation. Oxidative stress was determined using the C11-

BODIPY581/591 fluorophore using the ratio of red to green fluorescent intensity, while 

fluorescein diacetate (FDA) staining was used as an indicator of viability in the shoot 

tips after cryopreservation. 

 

Materials and methods 

Plant material and propagation medium 

In vitro shoots were excised from L. cinerea (clone XH804) obtained from Alcoa of 

Australia’s Marrinup Nursery. The in vitro shoots were maintained on a basal medium 

(BM), consisting of half strength Murashige and Skoog medium (Murashige 1962) 

modified to include 100 μM NaFeEDTA, 1 μM thiamine hydrochloride, 2.5 μM 

pyridoxine, 4 μM nicotinic acid, 500 μM myo-inositol and 500 μM 4-

morpholineethanesulfonic acid. In vitro shoots were maintained on multiplication 

medium consisting of BM, 60 mM sucrose, 0.2 µM benzylaminopurine (BA) and 8 g 

L-1 agar with pH set at 6.0. Three weeks prior to the cryopreservation experiment, the 

shoots were transferred onto fresh multiplication medium and cultured at 5°C with a 
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12 h light/dark photoperiod for preconditioning. Preculture medium (PM) consisted of 

BM with 0.2 M sucrose, and 8 g L-1 agar with pH set at 6.0, and recovery medium 

(RM) consisted of BM with 60 mM sucrose, 2 mM choline chloride, 1 µM gibberellic 

acid, 1 µM zeatin, and 8 g L-1 agar with pH set at 6.0. 

Cryopreservation solutions 

Loading solution (LS) consisted of 2 M glycerol and 0.4 M sucrose. Plant Vitrification 

Solution 2 (PVS2) consisted of 0.4 M sucrose, 30% w/v glycerol, 15% w/v ethylene 

glycol and DMSO at 15% w/v (Sakai et al. 1990). Washing solution (WS) consisted of 

0.75 M sucrose. 

Cryopreservation protocol 

Loxocarya cinerea shoot tips were cryopreserved using the vacuum infiltration 

vitrification cryopreservation method (Funnekotter et al. 2015). Shoot tips were 

isolated onto PM for 2, 3, 5 and 7 days at 25°C without light, then shoot tips were 

incubated in LS for 5 min with 80 kPa vacuum before being transferred to PVS2 for 

10 min incubation with 80 kPa vacuum. LS and PVS2 incubations were done at room 

temperature. After the PVS2 incubation, shoot tips were placed into 1 µl droplets of 

PVS2 on aluminium foils and transferred to a cryovial which was plunged in to liquid 

nitrogen (LN) for 1 h. Cryovials were re-warmed by plunging them into a 40°C water-

bath for 30 s. The foil strips containing the shoot tips were then incubated in WS for 

20 min at room temperature. Shoot tips were then placed on RM at 25°C with no light 

and regeneration of shoot tips was analysed after 4 weeks. Shoot tips were classified 

as regenerating if they resumed normal shoot growth following cryopreservation. 

Addition of exogenous ascorbic acid 

Ascorbic acid stock was set to a pH 5.8 then filter-sterilised and added into the PM 

after autoclaving for a final concentration of 0.50 mM (88 mg L-1). Shoot tips of L. 

cinerea were isolated onto the PM containing AsA for 2, 3, 5 and 7 days and 

cryopreserved as described above.  

Lipid peroxidation analysis 

MDA was analysed using the commercially available BioVision assay kit, which 

measures the formation of thiobarbituric acid reactive substances (TBARS) (Heath 

and Packer 1968).  Four weeks post-cryopreservation on RM, shoot tips of L. cinerea 

were pooled (~20 mg) and homogenised in 300 µl lysis buffer (supplied with assay 

kit). 200 µl of sample after centrifugation (13000 g x 10 min at 4°C) was incubated 
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with 600 µl thiobarbituric acid (TBA) reagent at 95°C for 1 h and then cooled on ice 

for 10 min. 200 µl of sample was then placed in a 96 well plate and absorbance of the 

MDA-TBA adduct was measured at 532 nm. The formation of the MDA-TBA adduct 

was calculated from external standards over a linear absorbance range (R² = 0.998). 

Fluorescent probes 

Shoot tips of L. cinerea freshly isolated or on RM 4 weeks post-cryopreservation were 

incubated in 50 µM C11-BODIPY581/591, obtained from the commercially available 

Image-iT lipid peroxidation kit (C10445, Life Technologies, USA), for 30 min at room 

temperature prior to observation using a Nikon Eclipse 80i microscope with a Nikon 

C-SHG1 Super High Pressure 100 W mercury lamp. A Nikon Triple Band Excitation 

DAPI-FITC-TRITC filter combination was used and images were captured using a 

Nikon DS-Fi1 camera with a Nikon DS-L2 stand-alone control unit. 

Analysis of the red and green intensities was performed using ImageJ software 

(version 1.48v). Images were split into their respective RGB channels, with the 

integrated density (product of area and mean grey value) of three 200 µm2 boxes 

measured from the red and green channels and corrected by subtracting the 

background integrated density. The relative proportion of green fluorescence was 

then calculated per shoot tip (green fluorescence intensity / total (red+green) 

fluorescence intensity). Merged images were made using ImageJ by overlaying the 

respective colour channels into one picture. 

Fluorescein diacetate (FDA) staining 

Shoot tips of L. cinerea freshly isolated or on RM 4 weeks post-cryopreservation were 

stained with FDA (5 mg/ml acetone) for 30 seconds. Shoot tips were then counter-

stained for 30 seconds in DAPI (4’-6’-diamidino-2-phenylindol, 0.1 mg/ml) at room 

temperature. Shoot tips were observed using the same microscope and capture 

equipment as described above. 

Statistical analysis 

Cryopreservation results for each treatment were replicated four times with 20 non-

cryopreserved shoot tips and 20 cryopreserved shoot tips per replicate. MDA analysis 

consisted of three replicates per treatment. Fluorescent staining of the shoot tips with 

BODIPY and FDA was done on 10 shoot tips per treatment. Statistical differences 

were calculated with one-way ANOVA using SigmaPlot (Systat Software Inc. version 
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12.0, 2011). Where required, post hoc tests were completed using Tukey’s test to 

determine specific treatment differences (P < 0.05). 

 

Results 

Cryopreservation  

Shoot tips of L. cinerea were cryopreserved to compare extended preculture times of 

2, 3, 5 and 7 days, with or without 50 mM AsA in the preculture medium (Fig 6.1). The 

control non-cryopreserved (-LN) shoot tips showed a significant increase in 

regeneration from the 2 day to the 3 and 5 day preculture treatments (63%, 90% and 

90%, respectively), with regeneration then decreasing for the 7 day precultured shoot 

tips (67%). The addition of AsA to the preculture medium showed no significant 

differences between the various preculture periods with regeneration of the non-

cryopreserved shoot tips above 86%; however, the application of AsA resulted in 

greater regeneration compared to the control, and the 2 day AsA 
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Figure 6.1. Regeneration of Loxocarya cinerea shoot tips 4 weeks post-cryopreservation. 

Comparison of regeneration of non-cryopreserved (-LN, A) and cryopreserved (+LN, B) shoot 

tips precultured for 2, 3, 5 and 7 days. Black bars show regeneration of control shoot tips with 

no ascorbic acid exposure while grey bars show regeneration of shoot tips exposed to 0.5 mM 

ascorbic acid during the preculture period. Different letters denote a statistically significant 

difference between all treatments (P < 0.05) in -LN or +LN. 
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precultured shoot tips also exhibited significantly higher regeneration compared to the 

2 day control shoot tips (Fig 6.1A). Extending the preculture time resulted in 

progressively greater post-cryogenic (+LN) regeneration for L. cinerea, with the 5 and 

7 day precultured shoot tips showing significantly higher regeneration compared to 

the 2 and 3 day precultured shoot tips for both the control and AsA treatment (Fig 

6.1B). The greatest post-cryogenic regeneration of L. cinerea shoot tips was observed 

in the 7 day precultured shoot tips exposed to 50 mM AsA (Fig 6.1B, 53%), with the 

application of AsA resulting in significantly higher post-cryogenic regeneration of 

shoot tips in the 7 day preculture treatment compared to shoot tips that were not 

exposed to AsA (35%), and generally higher post-cryogenic regeneration for the other 

preculture times (2, 3 and 5 days), although these increases were not significant. 
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Figure 6.2. MDA concentration in shoot tips 4 weeks post-cryopreservation for various 

preculture times. Black bars show MDA concentration of control shoot tips with no ascorbic 

acid exposure while grey bars show MDA concentration of shoot tips exposed to 0.5 mM 

ascorbic acid during the preculture period. Different letters denote a statistically significant 

difference between all treatments (P < 0.05). 
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Figure 6.3. Representative shoot tips stained with C11-BODIPY581/591. (A) Freshly isolated 

shoot tip, 2 (B), 3 (C), 5 (D) and 7 (E) day precultured shoot tips 4 weeks post-

cryopreservation. (I) red, (II) green and (III) merged red and green fluorescence images. 
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Lipid peroxidation results MDA 

The 2 d control precultured shoot tips had the lowest concentration of MDA detected 

which increased in the 3, 5 and 7 d precultured shoot tips (0.6, 1.3, 1.9 and 2.0 µmol 

g-1 FW respectively). The AsA precultured shoot tips was lowest in the 2 d shoot tips 

that increased in the 3 d shoot tips before decreasing in the 5 then 7 d shoot tips (1.2, 

2.0, 1.9, 1.6 µmol g-1 FW respectively). The MDA concentration of 2 d control 

precultured shoot tips was significantly lower than the 5 d and 7 d control precultured 

shoot tips, as well as the 3 d and 5 d AsA precultured shoot tips (1.9, 2.0, 2.0 and 1.9 

µmol g-1 FW respectively, Fig 6.2).  

C11-BODIPY581/591 fluorophore staining 

As seen in Fig 6.3, the red (Fig 6.3I) and green (Fig 6.3II) fluorescence intensities of 

the C11-BODIPY581/591 stained post-cryogenic shoot tips differed depending on the 

preculture time, with this difference most noticeable when comparing with the fresh 

shoot tips, which showed predominantly red fluorescence (Fig 6.3A), while the 2 d 

control precultured shoot tips showed predominantly green fluorescence, indicating 

large amounts of oxidative stress in this treatment (Fig 6.3B). 
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 Figure 6.4. Analysis of C11-BODIPY581/591 relative proportion of green fluorescence (green 

intensity/red+green intensity) in freshly isolated shoot tips or shoot tips 4 weeks post-

cryopreservation. Comparison of 2, 3, 5 & 7 d precultured shoot tips with AsA (0.5 mM) and 

without AsA (control). Different letters denote a statistically significant difference between the 

average green fluorescence conditions (P < 0.05). 
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The analysed images for red and green intensity were used to calculate the relative 

proportion of green fluorescence (Fig 6.4), with freshly isolated shoot tips showing the 

lowest green fluorescence, being significantly lower than all the post-cryogenic shoot 

tips tested. The 2 d control precultured shoot tips showed the highest relative 

proportion of green fluorescence of all tested treatments, which decreased with the 

extended 3, 5 and 7 d preculture period (0.57, 0.49, 0.46 and 0.45 respectively). The 

application of AsA to the preculture medium further decreased the observed relative 

proportion of green fluorescence at each preculture time, which was statistically lower 

in the 2 d precultured shoot tips (Fig 6.4). 

FDA / DAPI fluorophore staining 

FDA fluorescence staining was used to identify viable shoot tips, as upon hydrolysis, 

it begins fluorescing (emission at 530 nm), indicating the presence of living tissue. As 

seen in Fig 6.5, FDA staining of the post-cryogenic shoot tips showed green 

fluorescence, indicating 100% survival across all treatments (data not shown). Shoot 

tips were then counter-stained with DAPI as a control background stain to normalise 

the fluorescence intensity. The merged images better represent the difference 

between a freshly isolated shoot tip and the dead, surviving and regenerating shoot 

tips after cryopreservation (Fig 6.5). 

 

Discussion 

Previous attempts to cryopreserve L. cinerea shoot tips either showed no post-

cryogenic regeneration (Funnekotter et al. 2013), or very low regeneration (<10%) 

(Funnekotter et al. 2015; Kaczmarczyk et al. 2013). Kaczmarczyk et al. (2013) also 

cryopreserved callus tissue of L. cinerea with much greater success (>90%), yet the 

recovering callus tissue showed very slow regrowth and may be more susceptible to 

genetic alterations (Kaczmarczyk et al. 2012; Harding 2004).The application of a low 

temperature preconditioning regime prior to cryopreservation has shown benefits for 

a wide variety of plant species. Low temperature preconditioning in L. cinerea has 

shown to alter phospholipid and sterol compositions in plant membranes (Funnekotter 

et al. 2013), and increase the cellular concentrations of glutathione and ascorbic acid 

(Chapter 4). While preconditioning did not increase post-cryogenic survival in those 

studies, these changes are thought to be beneficial for increasing tolerance to the 

stresses of cryopreservation, and this was the reason why a 3 week 5°C 

preconditioning regime was used in this study. On examination of prior results, 

modifications to the preculture temperature and duration were deemed necessary to 



123 

 

assist with recovery from excision stress to obtain healthy shoot tips for 

cryopreservation. 

Extending the preculture period for L. cinerea shoot tips significantly improved post-

cryogenic regrowth from zero shoot tip regeneration for a 2 day preculture to 37% with 

the 5 day preculture. Control (-LN) regrowth showed improved tolerance to the CPAs 

 

 

 

 

Figure 6.5. Representative shoot tips stained with FDA and DAPI. (A) Freshly isolated shoot 

tip, (B) dead shoot tip, (C) surviving shoot tip, (D) regenerating shoot tip 4 weeks post-

cryopreservation. Scale bar represents 200 µm. 
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with the extended 3 and 5 day preculture duration. The additional time on the 

preculture medium may provide the shoot tips with additional time to recover from 

excision damage, as previous work has shown significant oxidative burst formation 

during excision of embryonic axis of chestnuts (Roach et al. 2008). The application of 

AsA to the preculture medium resulted in greater regeneration of the shoot tips across 

all treatments in comparison to the control precultured shoot tips, which is consistent 

with previous work. For example, Uchendu et al. (2010a) showed a large uptake of 

AsA in shoot tips when treated with exogenous AsA in the preculture medium and 

observed corresponding increases in regrowth of the treated shoot tips after 

cryopreservation. AsA and iron can participate in the Fenton reaction to produce 

hydroxyl radicals (Halliwell and Gutteridge 2007), and the addition of exogenous AsA 

with iron present in the media, especially in the recovery media, has been shown to 

be detrimental for regrowth after cryopreservation (Uchendu et al. 2010a; Canepa et 

al. 2011). The LS and PVS2 solutions in this study incorporates no MS salts (which 

contains 100 µM iron in the form of NaFeEDTA) to avoid the possible deleterious 

effects of iron, which otherwise may have resulted in increased oxidative stress during 

CPA incubation. For this reason the addition of AsA was not tested in the recovery 

medium. 

Lipid peroxidation can be comprised of many different reactions, resulting in a range 

of oxidation products. MDA is just one of the possible products of LPO and commonly 

measured using TBA. The stresses experienced by shoot tips during cryopreservation 

have been shown to increase MDA formation (Uchendu et al. 2010a; Verleysen et al. 

2004; Zhang et al. 2010; Fretz and Lörz 1995). In this study, an increase in MDA was 

observed in the recovered shoot tips that showed the greatest post-cryogenic survival 

(Fig 6.2), contrary to what was expected, i.e. that MDA content should be decrease 

with treatments that increase regrowth after cryopreservation. For example, 

Muckenschnabel et al. (2002)  observed a decrease in MDA in rotting tissue of 

Arabidopsis thaliana infected with Botrytis cinerea. Other studies have also observed 

decreasing MDA with extended aging in Pisum sativum seeds and soybean axes 

(Colville et al. 2012; Stewart and Bewley 1980). Thus the higher levels of MDA 

observed in this study may be attributed to the decomposition of the lipid fractions of 

surviving cells during the heating stage of the extraction process, as well as the 

interactions of TBA with other compounds (Halliwell and Gutteridge 2007). The 

detected concentration of MDA in this study was similar to that reported by Benson et 

al. (1992), and Fretz and Lörz (1995); however, the use of HPLC for the detection of 
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MDA has shown greater sensitivity and specificity for MDA (Uchendu et al. 2010a; 

Davey et al. 2005; Zhao et al. 2011). 

The use of the C11-BODIPY581/591 probe has been used as a measure of lipid 

peroxidation in spermatozoa freeze-thawing and cryopreservation with increased 

relative proportion of green fluorescence linked to spermatozoan damage (Ferrusola 

et al. 2009; Domínguez‐Rebolledo et al. 2010; Partyka et al. 2011). Analysis of fresh 

shoot tips stained with the C11-BODIPY581/591 probe (Fig 6.3) showed the lowest 

green fluorescence intensity, indicating the presence of low levels of oxidative stress, 

and this was used for comparison with the cryopreserved shoot tips from the different 

preculture treatments (Fig 6.4). The relative proportion of green fluorescence was 

highest in the 2 day control precultured shoot tips and decreased as the preculture 

period increased, indicating decreasing oxidative stress in the shoot tips with an 

extended preculture period. This trend agrees with the rates of post-cryogenic 

regeneration, as extended preculture shoot tips showed greater regrowth (Fig 6.4). 

The addition of AsA to the preculture appears to have further decreased the relative 

proportion of green fluorescence, however, the addition of exogenous antioxidants 

may interfere with the ratiometric fluorescence of this probe (MacDonald et al. 2007). 

As the C11-BODIPY581/591 probe is more sensitive to oxidation than PUFA 

(MacDonald et al. 2007), future work on the addition of the probe prior to 

cryopreservation may be beneficial, as this will also allow observation of oxidation of 

the probe through cryopreservation, and the probe may provide a small amount of 

antioxidant activity. 

FDA has been used as a marker of survival after cryopreservation in many previous 

studies (Sakai et al. 1991; Yamada et al. 1991). In this study FDA was used to confirm 

the presence of surviving shoot tips after cryopreservation (Fig 6.5); however, all 

shoot tips showed FDA fluorescence, indicating the presence of viable tissue. DAPI 

was used to counter-stain and normalise the fluorescence intensity to try and separate 

dead shoot tips from shoot tips that survived cryopreservation. Merged images 

showed little DAPI stain in the fresh shoot tips and regenerating shoot tips, whilst the 

surviving and dead post-cryogenic shoot tips showed large areas of low FDA 

fluorescence, indicating the presence of dead tissue with smaller sections of live 

tissue. FDA-DAPI staining showed no discernible point to differentiate between dead 

and surviving shoot tips. 
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Conclusions 

This study shows that extending the preculture time increased regrowth of L. cinerea 

shoot tips after cryopreservation, and this was a significant improvement over 

previous work. The addition of 0.5 µM AsA further increased regrowth, with 53% of 

shoot tips regenerating after cryopreservation. MDA formation during recovery of the 

shoot tips was not as expected, with greater MDA detected in the shoot tips that 

showed greater post-cryogenic regrowth; however, this may have been an artefact of 

the extraction method and requires further investigation. However C11-BODIPY581/591 

fluorescence showed increased oxidative stress occurring in shoot tips with low 

regeneration after cryopreservation, consistent with previous known studies. Future 

work using this probe may be applicable to other problematic cryogenically 

recalcitrant species for analysing fluorescence throughout the cryopreservation 

protocol, and may be useful for identifying the particular stages where oxidative stress 

occurs in the shoot tip. This information may guide improvements to the cryoprotective 

stages of cryopreservation, including the preculture step and the more precise use of 

appropriate antioxidants. 
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Chapter 7 – Conclusions and Future Directions 

 

Introduction 

The research reported in this thesis provides an in-depth analysis of oxidative stress 

and the antioxidants that neutralise these stresses during the cryopreservation 

process of a number of native Australian plant species. The main aims of this were to 

try to determine why some species show good or average cryo-capability (such as 

Anigozanthos viridis and Lomandra sonderi), while other species show a very limited 

capacity to regenerate after cryopreservation for no obvious reasons (such as 

Loxocarya cinerea). Understanding where and when the damage occurs during the 

process of cryopreservation is essential for the improvement of current 

cryopreservation protocols. The following is a summary of the most significant findings 

reported in the previous chapters and concludes with recommendations for future 

research and areas where new and insightful findings may be uncovered.  

 

Developing a successful cryopreservation protocol for Loxocarya cinerea 

Loxocarya cinerea has been labelled cryogenically recalcitrant due to very low or no 

post-cryogenic regeneration for this species. Extensive work has been done to 

understand why this species does not survive the stresses imposed by 

cryopreservation using thermal analysis (Kaczmarczyk et al. 2013), analysis of 

phospholipids, sterols and sugars (Funnekotter et al. 2013) as well as analysing 

antioxidants (Chapter 4). Improvements to the previous cryopreservation protocol was 

first achieved in Chapter 5, the application of a vacuum during the CPA incubations 

increased penetration of the CPAs. Resulting in a reduced incubation time in the toxic 

CPAs, reducing stress on the shoot tips. Low levels of post-cryogenic regeneration 

was achieved for L. cinerea. Further improvements to the VIV protocol was completed 

in Chapter 6 with the addition of an extended preculture with exogenous AsA included 

in the medium. Utilising this modified cryopreservation protocol resulted in over 50% 

regeneration for L. cinerea. 
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Oxidative stress during cryopreservation 

Achieving regeneration of any plant species after cryopreservation relies on a wide 

range of factors: from the health of the in vitro shoots to the ability of shoot tips to 

resist ice crystallisation damage, osmotic stress, the toxicity of cryoprotective agents 

(CPAs) and oxidative stress during the cryopreservation process and finally the 

provision of the appropriate conditions to nurture and support the recovery, growth 

and regeneration of competent cells and tissues into healthy new plants. 

In vitro shoot preconditioning for stress abatement 

All the species investigated in this study are found exclusively in the south-west 

Western Australian Floristic region, and there have been many problems with 

obtaining healthy in vitro cultures for highly propagation-recalcitrant species in this 

region. Slow in vitro establishment, latent contamination, general poor growth, low 

multiplication, hyperhydric transformation (of shoots), callusing of stems and/or leaves 

or abnormal growth (e.g. fasciation, stunting, leaf curling), blackening or necrosis of 

various tissues and various levels of sometimes damaging phenolic leakage into the 

medium have previously been reported for species found in this region (Bunn 2005; 

Bunn et al. 2005; Bunn et al. 2007; Rossetto et al. 1992; Bunn et al. 2011; Bunn and 

Tan 2002). 

Preconditioning regimes prior to cryopreservation are used to stimulate the stress 

metabolism responses of plants, commonly resulting in increased sugar production, 

altered membranes that exhibit greater stability, and increased antioxidant content. 

These alterations can help shoot tips resist the stresses associated with 

cryopreservation, resulting in greater post-cryogenic survival. However, little is known 

about the response of Australian species in in vitro cultures to the stresses of 

preconditioning. The application of a preconditioning regime (be it low or high 

temperature, low or high light or increased osmotic stress) resulted in no observable 

improvements in the cryopreservation of L. sonderi, A. viridis and L. cinerea (Chapter 

3 & 4). It is likely that these preconditioning regimes applied excessive stress to the 

in vitro shoots, as discussed in Chapter 3. High temperature, high light, and high 

sucrose preconditioning stresses resulted in stunted growth, low multiplication rate 

and increased number of dead leaves in the cultures. This damage to in vitro shoots 

is a likely cause for the reduced post-cryogenic survival seen with L. sonderi and the 

reduced antioxidant activity observed in the preconditioned shoot tips. However, the 

application of a low temperature preconditioning regime did increase the glutathione 

content in shoot tips of L. cinerea and L. sonderi but not A. viridis (Chapter 4). 
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Therefore, it appears that the successful application of preconditioning regime is 

reliant on the health of the in vitro shoots (i.e. increased growth, production of new 

shoots, green leaves) after preconditioning and the ability of shoots to acclimate to 

the stress without experiencing excessive damage, leading to increased resilience to 

the stresses of cryopreservation.  

Preculture 

The preculture period is defined as the period after excision of the shoot tips 

(containing actively growing meristematic tissues) from the in vitro shoots, but before 

the shoot tips are exposed to CPAs such as loading solutions and PVS1, PVS2 and 

PVS3. Shoot tips are usually placed onto a desiccation medium for 1 – 7 days, 

depending on the species. This period allows shoot tips to recover from any excision 

damage that may have occurred as well as beginning the desiccation process as 

water is removed from tissues due to negative osmotic pressure. Indeed, extending 

the preculture period for L. cinerea from 2 days to 5 days significantly improved post-

cryogenic regeneration. The extended preculture is likely beneficial as it allows the 

shoot tips to recover to a greater extent due to the slow growth response seen in L. 

cinerea (results not shown). Analysis of glutathione and ascorbic acid (AsA) in the 2 

day precultured shoot tips of L. cinerea showed a large reduction in antioxidants 

compared to the preconditioned shoot tips, whereas A. viridis shoot tips precultured 

at 25°C showed an increase in glutathione and AsA (Chapter 4). Interestingly, L. 

sonderi showed similar reductions of glutathione and AsA in its precultured shoot tips 

and may also benefit from an extended preculture period.  

Cryoprotection 

The addition of CPAs is critical for achieving the vitrification of water within plant 

tissues and is integral to the whole cryogenic process. Without adequate 

cryoprotection by CPAs, ice crystallisation will occur within the shoot tips with 

disastrous consequences. Nevertheless, excessive exposure to CPAs can be just as 

deleterious as many CPAs are cytotoxic and can also lead to excessive dehydration 

causing significant tissue damage. Chapter 5 reports the testing of the vacuum 

infiltration vitrification (VIV) cryopreservation technique aimed at reducing exposure 

times to CPAs without compromising vitrification. The application of a vacuum during 

the incubation of shoot tips in CPAs showed significant benefits for reducing 

incubation times, which was confirmed by determining the extent of ice formation in 

the shoot tips using differential scanning calorimetry (DSC) measurements. As some 

CPAs are highly toxic, any process that avoids excessive CPA exposure is likely to 
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be beneficial for all species to a lesser or greater degree and may be particularly 

applicable to those that appear to be unusually sensitive to CPA exposure. 

Interestingly, post-cryogenic regeneration was obtained from all four species tested 

with the VIV technique utilising the same incubation times (5 min loading solution + 

10 min PVS2), suggesting that this technique provides more consistent CPA 

penetration into the shoot tips. However as this is the first report the use of VIV to 

cryopreserve shoot tips from any Australian species, additional work on a greater 

variety of plant species is recommended to better understand the potential 

advantages and/or disadvantages of utilising and adopting this approach. 

Post-cryogenic recovery 

Post-cryogenic recovery was lowest when the greatest amount of oxidative stress to 

the shoot tips was observed (Chapters 3, 4 & 6). Measurements of the half-cell 

reduction potential and C11-BODIPY581/591 fluorescence, as indicators of oxidative 

stress in the shoot tips, showed strong correlations between increased oxidative 

stress and reduced post-cryogenic regeneration. Loxocarya cinerea showed the 

greatest sensitivity to oxidative stress of all the three species tested (Chapter 4), with 

a large increase in oxidised glutathione disulphide (GSSG) detected in the washing 

and recovery stages of cryopreservation, which was confirmed with C11-

BODIPY581/591 fluorescence experiments (Chapter 6). 

The change in redox potential seen in the three species may be attributed to the large 

reduction in antioxidant activity of the antioxidant enzyme glutathione reductase (GR) 

following cryopreservation (Chapter 3). This may account for the increased formation 

of GSSG detected after cryopreservation, as the reduction of GSSG back to GSH will 

occur at a much slower rate if GR titre and synthesis is severely reduced or disrupted. 

Thus, the degradation of GR may be a major cause of oxidative stress in shoot tips of 

the study species after cryopreservation. 

 

Future work 

This study focused on the activity of antioxidants during the cryopreservation process 

and investigated lipid peroxidation damage through the formation of malondialdehyde 

(MDA). However, reactive oxygen species (ROS) can still interact with and damage 

other cellular components, such as DNA and proteins. Damage to vital proteins 

involved in metabolism will severely inhibit the recovery and regeneration of shoot tips 

after cryopreservation, but similarly damage to DNA can result in deleterious genetic 
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mutations. Future studies that explore these areas will be essential for providing an 

overall picture on the role of oxidative stress in cryopreservation. 

Analysis of MDA in the post-cryogenic shoot tips of L. cinerea led to interesting 

findings, where greater levels of MDA were observed in shoot tips with higher post-

cryogenic regeneration rates (Chapter 6). It was hypothesised that shoot tips with low 

post-cryogenic regeneration would have an initial increase in MDA that is degraded 

over time as the shoot tip dies. Further testing of MDA at multiple stages in the 

recovery period will be needed to confirm these observations. Lipid peroxidation can 

also result in the formation of 4-hydroxynonenal (HNE), which has shown to exhibit 

greater toxicity to cells as it can damage mitochondria, inhibit the synthesis of DNA 

and proteins, and interfere with the action of repair proteins such as chaperones 

(Halliwell and Gutteridge 2007; Nishikawa et al. 1992). Therefore combined analysis 

of MDA and HNE may give a more comprehensive representation of lipid peroxidation 

in post-cryogenic shoot tips.  

Future work using the C11-BODIPY581/591 fluorophore probe to observe oxidative 

stress of individual shoot tips throughout the various stages of cryopreservation may 

be extremely useful to identify where oxidative stress occurs. This knowledge will 

guide improvements to specific cryoprotective stages with, for example, the addition 

of exogenous antioxidants. 

While cold temperatures are commonly used to precondition plants prior to 

cryopreservation, preconditioning appeared to have little effect on post-cryogenic 

regeneration (L. cinerea and L. sonderi) or was even detrimental (A. viridis) (Chapter 

4). Likewise, abiotic preconditioning stresses (light, osmotic and high temperatures) 

showed no benefit for L. sonderi. Artificially inducing a stress response with plant 

growth regulators, such as acetyl salicylic acid and salicylic acid, has shown to 

increase drought, heat and chilling stress tolerance (Senaratna et al. 2000), and may 

prove more beneficial in Australian plant species. 
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Conclusions 

The findings reported in this thesis show that oxidative stress plays a significant role 

in cryogenic survival influencing tissue survival and recovery in several different ways. 

Reduced antioxidant enzyme activity and sacrificial antioxidant content, a lesser 

reducing redox environment and increased oxidation of C11-BODIPY581/591 were all 

found to correlate with decreased cryogenic survival. Understanding the complex 

interactions of the antioxidant enzymes and the many redundancies plants have in 

their antioxidant systems means that it is essentially impossible to determine whether 

a single antioxidant enzyme (or lack thereof) is responsible for the lack of post-

cryogenic survival for any given plant species as the complex interactions and 

interplay between different factors is likely to be just as important. 

Cryopreservation, as a long-term conservation technique, provides one of the best 

storage solutions for valuable and conservation dependant plant species. The 

development of the cryopreservation protocol for L. cinerea has been a valuable 

learning experience on the recalcitrance of some species to the stresses of 

cryopreservation. Furthering our understanding of the physiology and biochemistry of 

Australian plants is instrumental in advancing and improving current conservation 

programs, and may have benefits for many other species around the world. 
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Chapter 5 – Response to Reviewers 

 

Reviewer 1 

Comment Author's response 

Vacuum infiltration seems to be an 
alternative approach in cryoprotection of 
larger and/or hardy (semipermeable) 
materials, rather than the small and tender 
samples, like in vitro shoot tips. Also, the 
effect can be significant only if the samples 
are not seriously sensitive to the cytotoxicity 
of cryoprotection with vitrification solutions. 
Therefore, I should say that the 
approach/rationale of this study is 
inappropriate, since the material is small 
and tender as well as sensitive to 
cytotoxicity of cryoprotection, though the 
author did not provide the size of the shoot 
tips. 

While the application of the VIV technique 
may give a greater difference in larger 
hardy samples, we feel that this method 
still provides some benefits for in vitro 
shoots. 

 

We have inserted into the methods an 
indication of the average shoot tip size for 
each of the three species listed in the 
‘Conventional droplet-vitrification (CV) 
cryopreservation technique’ methods 
section (page 2 line 149 & 153). 

The authors tried to select the optimum 
cryoprotection duration using DSC and then 
did cryopreservation experiments under the 
conditions defined through DSC. But, as 
described in INTRODUCTION section, the 
cryopreservation protocols for these species 
were already developed. Thus, more direct 
parallel comparison of both regrowth of –LN, 
+LN and DSC data is recommended with a 
narrow range of cryoprotection duration. 

Due to time constraints we did not 
measure specific growth rates of 
recovering shoots from the different 
treatments assessed so cannot add this 
extra information. We have however 
added some photographs to illustrate 
regenerating shoot tips as the other 
reviewer suggested (Figure 1 page 3). 

Another issue need to address is the 
interpretation of the results. For example, 
the post-cryo regeneration of L. sonderi, 
~40% of post-cryo regeneration is likely the 
outcome of the less sensitivity to cytotoxicity 
during cryoprotection (no crystallization + 
less toxicity with ~60% rege at 10 min);  L. 
cinerea, crystallization + low regeneration of 
–LN (40%) at 10 min resulted nil post-cryo 
rege.;  A. perlaria, high rege of >90% with 
no crystallization at 10 min produced >70% 
post-cryo rege 

We have added several points in the 
discussion to reflect this comment (page 
9 line 561-579). 

“This study shows the large variation 

in cryo-capability commonly seen when 

applying the same cryopreservation 

protocol to multiple plant species, 

comparison of the 10 min PVS2 

incubation between the species showed the 

greatest post-cryogenic survival in A. 

perlaria then L. sonderi, both of which 

also showed good –LN regeneration.  

Whilst A. viridis had the lowest –LN 

regeneration with the 10 min PVS2 

incubation, these three species all showed 

very little to no ice formation with 10 min 

PVS2 incubation and thus the post-

cryogenic regeneration rates are most 

likely linked to the plants sensitivity to the 

CPAs. Loxocarya cinerea however 

showed a similar sensitivity to the CPAs 

as A. viridis and the largest amount of ice 
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formation in the shoot tips, thus the low 

levels of post-cryogenic regeneration for 

this species is likely due to a combined 

effect of CPA phyototoxicity and 

crystallisation damage.” 

The half of the four species seems very 
sensitive to cryoprotection with PVS2 and 
thus optimized preconditioning of the 
samples is a critical factor rather than 
vacuum infiltration. 

We generally agree with this comment. 
Previous work (Menon et al. 2012, 2014) 
has shown the benefits of 
preconditioning (with low temperatures) 
for L. sonderi and indeed several of the 
study species seem to be very sensitive 
to the cryoprotection chemicals. 
However, in our study we have 
demonstrated that similar levels of 
survival can be attained when using 
much shorter VIV approaches thus 
significantly reducing exposure to 
deleterious cryogenic chemicals. 

Fig. 1 seems to be redundant. The DSC 
data are presented in Table 1. Hence, Fig. 1 
can be deleted; otherwise a model diagram 
of fresh, preculture, osmoprotected, 
cryoprotected with a range of duration might 
be enough. 

As suggested by both reviewers Figure 
1 has been removed. 

The manuscript is well written and easy to 
follow.  

We thank the reviewer for this positive 
feedback. 

  

Reviewer 2 

Comment Author's response 

This paper describes optimization of 
cryopreservation protocols using vacuum 
infiltration for shoot tips of four native 
species in Western Australia. The use of 
vacuum is useful for the materials, which 
have microtopographical features with easy 
making air bubbles, difficult to penetrate 
cryoprotectant solutions or/and dehydrate. 
So the contribution here lies in the 
demonstration that exposure time to 
cryoprotective solutions can be shortened 
by the use of the vacuum with infiltration 
check by thermal analysis. 

We agree with the reviewer’s view of our 
manuscript that the main contribution of 
our paper to the cryogenic literature is 
demonstrating that through adopting VIV 
approaches exposure times to cryogenic 
chemicals can be significantly shortened. 

It is recommended to authors to add 
evidences of getting normal shoots (photos).  

As suggested by the reviewer we have 
added several photographs to highlight 
the healthy growth of recovering shoot 
tips for each species (Figure 1 page 3). 

In the text any repetition should be avoided. Where identified repeated text has been 
deleted. 
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Table 1 and Figure 1 have almost same 
results, it is better to remove Figure 1. As 
well as, long sentences should be changed 
to short, especially using semicolon.  

As suggested by both reviewers Figure 
1 has been removed.  

 

As well as, long sentences should be 
changed to short, especially using 
semicolon 

Where possible we have changed long 
sentences to short ones and removed 
some semicolons. 

  

Introduction  

Lines 28-57: Paragraph should be 
transferred to discussion section (at top of 
discussion). “Cryoprotective agents (CAPs) 
have two main ------------plant tissues 
following cryopreservation [5;------23].”  

 

As suggested by the reviewer this 
paragraph has been moved to the start 
of the discussion (page 6 line 327 - 356). 

 

Lines 87-96: Add red words “Four native 
species including two threatened, used to 
test the new VIV cryopreservation 
technique, Androcalva perlaria (Malvaceae), 
Anigozanthos viridis ssp. terrapectans 
(Haemodoraceae), Lomandra sonderi 
(Asparagaceae) and Loxocarya cinerea 
(Restionaceae).”  

As suggested by the reviewer this has 
been done. (page 2 line 85-91) 

Remove this sentence. “Cryopreservation 
protocols exist for these species, two of 
which are threatened A. viridis ssp. 
terrapectans and A. perlaria); with post LN 
survival ranging from 10-80% [7; 17; 28].” If 
needed, put others. 

As suggested by the reviewer this has 
been done. 

  

Materials and Methods 

Plant material and in vitro conditions  

 

Lines 4-5: Replace “L. sonderi (clone LSOP) 
and A. perlaria (clone 96)” with “Lomandra 
sonderi (clone LSOP) and Androcalva 
perlaria (clone 96)”. 

As suggested by the reviewer this has 
been done. (page 2 line 106) 

Lines 20-21: Replace “Androcalva perlaria 
in vitro shoots” with “In vitro shoots of A. 
perlaria”. 

As suggested by the reviewer this has 
been done. (page 2 line 122) 

  

CV cryopreservation techniques  

Lines 3-4: “without no exposure to light” Is 
this usually in the 3 species shoot tips?. If 
so, indicate Ref. 

As suggested by the reviewer references 
have been added to the section. (page 2 
line 152) 
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Line 12: “transferred to a cryo-vial and 
plunged into LN.” Is this mean the foil was 
directly immersed into LN or not? Make 
clear. 

This has been modified to improve 
clarity as follows: “transferred to a cryo-
vial and cryo-vial was plunged into LN” 
(page 2 line 162) 

Lines 13-15: Also, “Cryo-vials were 
rewarmed after 1 h in a 40°C water-bath for 
10 s then incubated in WS for 20 min at 
room temperature.” Is this mean cryo-vial 
with the foil was rewarmed in a 40C water 
bath for 10 s and then the foils were taken 
out from cryo-vial and moved into WS? 
Make clear and rewrite in detail.  

This has been modified to improve clarity 
as follows: “Cryo-vials were rewarmed 
after 1 h in a 40°C water-bath for 10 s 
then shoot tips on foils were removed 
from the cryo-vials and incubated in WS 
for 20 min at room temperature.” (page 3 
line 163) 

Survival and regeneration assessment post-
cryopreservation 

 

Line 2: “for 4 weeks at 25°C with no light.” Is 
this incubation normal? Some references? 

As suggested by the reviewer several 
references have been added to the 
section (page 3 line 185) 

Line 5-6: Change “μmol m-2 s-1” to “μmol 

m-2s-1” 

As suggested by the reviewer this has 
been corrected. (page 3 line 188) 

  

Results  

Table 1 and Figure 1 have same results. I 
think Figure 1 is not necessary in this paper. 
If delate Figure 1, and change other figure 
numbers. 

As suggested by the reviewer Figure 1 
has been removed.  

Thermal analysis  

Line 5 and elsewhere: Change 
“Anigozanthos viridis” to “The shoot tips of 
A. viridis” 

As suggested by the reviewer this has 
been done. (page 3 line 233) 

Lines 7-8 and elsewhere: Change “ice peak 
was detected (Fig 1A); by comparison, no 
ice peak” to “ice peak was detected (Table 
1). By comparison, no ice peak”. 

As suggested by the reviewer this has 
been done. (page 3 line 235)  

Lines 10-28: Remove this part and change 
to “Other three species also showed similar 
ice peak reductions with increasing 
incubation time of PVS2 (Table 1).” 

This has been partly addressed. We do 
not wholly agree with the reviewers 
suggested change but have modified to 
something similar. (page 3 line  241-252) 

Cryopreservation  

Lines 6-10: The sentence “Anigozanthos 
viridis, -- as previously described.” Should 
be removed because previously described 

As suggested by the reviewer this has 
been removed. 

Lines 19-22 and elsewhere: Change 
“Anigozanthos viridis showed significantly ---
- cryopreservation; however ---.” to “The 

We have left this as it is as we see no 
problem in using semi colons in this 
context. 
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shoot tips of A. viridis showed significantly --
-- cryopreservation. However ---.” 

Line 30 and elsewhere: Change “Fig 2” to 
“Fig 1”. 

This has not been changed as Fig 2 is 
correct 

  

Discussion  

Line 2; “three of species” is four? As pointed out by the reviewer this has 
been addressed. (page 7 line 358) 

Line 5 and elsewhere: Change “to the CV 
technique (Fig 2-5), indicating optimal” to “to 
the CV technique (Fig 1-4?). Optimal” 

The figure numbers are correct but split 
into two sentences as suggested. (page 7 
line 361) 

Line 25: “for CPA exposure,,” delate “,” As suggested by the reviewer this has 
been removed. 

Line 85: Put “(Table 1)” like “formation peak 
(Table 1), ” 

As suggested by the reviewer this has 
been done. (page 8 line 441) 

Line 98: Put “(Fig 1)” like “5 min for VIV (Fig 
1).  

As suggested by the reviewer this has 
been done. (page 8 line 454) 

Line 153: Put “(Fig 3)” like “tissues (Fig 3). ” As suggested by the reviewer this has 
been done. (page 9 line 510) 

Line 173: Put “(Table 1)” like “the CV 
technique (Table 1).” 

As suggested by the reviewer this has 
been done. (page 10 line 589) 

Line 180: Change “Androcalva perlaria 
showed high” to “This result on A. perlaria 
(Fig 4) showed high”. 

As suggested by the reviewer this has 
been done. (page 9 line 537) 
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