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Abstract 

 

Landolphia kirkii is scrambling shrub forming an integral part of the flora along the 

coastal areas of north-eastern South Africa. The non-sustainable harvesting of fruit as 

food source, by monkeys and rural communities and the highly recalcitrant nature of their 

seeds threatens the continuation of the species. In addition, the ability of the plants to 

produce high quality rubber makes its long-term conservation highly desirable. 

Previously, attempts have been made to cryopreserve germplasm of L. kirkii, but no 

survival had been recorded at cryogenic temperatures of below -140ºC. 

 

 The present study reports on the effects of rapid dehydration, chemical cryoprotectants 

and various cooling rates, thawing and imbibition treatments on survival of embryonic 

axes excised with cotyledons completely removed, as well as with 3 mm portion of each 

cotyledon attached, from fresh, mature, recalcitrant seeds of L. kirkii. Survival was 

assessed by the ability for both root and shoot development in in vitro culture, the 

tetrazolium test and electrolyte leakage readings. 

 

 At seed shedding, embryonic axes were at the high mean water content of 2.24 g g
-1

 (dry 

mass basis). All axes (with and without attached cotyledonary segments) withstood rapid 

(flash) drying to a water content of c. 0.28 g g
-1

; however, the use of chemical 

cryoprotectants, singly or in combination, before flash-drying was lethal. Rapid cooling 

rates were detrimental to axes flash-dried to 0.28 g g
-1

, with no explants showing shoot 

production after exposure to -196ºC and -210ºC. Ultrastructural examination revealed 

that decompartmentation and loss of cellular integrity were associated with viability loss 

after rapid cooling to cryogenic temperatures, although lipid bodies retained their 

morphology regardless of the thawing temperature employed. Furthermore, analysis of 

the lipid composition within embryos of L. kirkii revealed negligible amounts of capric 

and lauric acids, suggested to be the medium-chained saturated fatty acids responsible for 

triacylglycerol crystallisation when lipid-rich seeds are subjected to cryogenic 

temperatures. Hence, lipid crystallisation was not implicated in cell death following 

dehydration, exposure to cryogenic temperatures and subsequent thawing and 
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rehydration. Rapid rehydration of embryonic axes of L. kirkii by direct immersion in a 

calcium-magnesium solution at 25ºC for 30 min (as apposed to slow rehydration on 

moistened filter paper or with rehydration in water) was associated with highest survival 

post-dehydration. Cooling at 1ºC min
-1

 and 2ºC min
-1

 facilitated survival of 70 and 75% 

respectively of axes with attached cotyledonary segments at 0.28 g g
-1

 after exposure to -

70ºC. Viability retention of 40 and 45% were recorded when embryonic axes with 

attached cotyledonary segments were cooled at 14 and 15ºC min
-1

 to temperatures below 

-180ºC. However, no axes excised without attached cotyledonary segments produced 

shoots after cryogenic exposure. The use of slow cooling rates is promising for 

cryopreservation of mature axes of L. kirkii, but only when excised with a portion of each 

cotyledon left attached. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



 iv

Preface 

 

The experimental work described in this dissertation was carried out in the School of 

Biological and Conservation Sciences, University of KwaZulu-Natal, Durban, under the 

supervision of Professors Patricia Berjak and Norman W. Pammenter. 

 

This study represents original work by the author and has not otherwise been submitted in 

any form for any degree or diploma to any tertiary institution. Where use has been made 

of the work of others it is duly acknowledged in the text. 

 

 

 

 

Provain Kistnasamy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v

Declaration 1 - Plagiarism 

 

I, Provain Kistnasamy declare that  

 

1. The research reported in this thesis, except where otherwise indicated, is my 

original research. 

 

2. This thesis has not been submitted for any degree or examination at any other 

university. 

 

3. This thesis does not contain other persons’ data, pictures, graphs or other 

information, unless specifically acknowledged as being sourced from other 

persons. 

 

4. This thesis does not contain other persons' writing, unless specifically 

acknowledged as being sourced from other researchers.  Where other written 

sources have been quoted, then: 

a. Their words have been re-written but the general information attributed to 

them has been referenced. 

b. Where their exact words have been used, then their writing has been 

placed in italics and inside quotation marks, and referenced. 

 

5. This thesis does not contain text, graphics or tables copied and pasted from the 

Internet, unless specifically acknowledged, and the source being detailed in 

the thesis and in the References sections. 

 

 

Signed: ………………………………………….. 

 

 

 



 vi

Declaration 2 - Publications 

 

 

DETAILS OF CONTRIBUTION TO PUBLICATIONS that form part and/or include 

research presented in this thesis (include publications in preparation, submitted, in press 

and published and give details of the contributions of each author to the experimental 

work and writing of each publication).  

 

Publication 1: Kistnasamy, P., Berjak, P. and Pammenter, N.W. 2011. The effects of 

desiccation and exposure to cryogenic temperatures on embryonic axes of Landolphia 

kirkii. CryoLetters 32 (1): 28 – 39. 

 

I carried out all the experimental work and wrote this paper and my supervisors provided 

input on a series of draft copies.  

 

 

Signed: .................................................. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vii

Table of contents 

Chapter 1: Introduction                                                                               1                    

1.1 Plant genetic resource conservation                                          1 

1.2 In situ conservation                                       2 

1.3 Ex situ conservation                     3 

1.3.1 Seed storage as a means of ex situ germplasm conservation              5 

1.4 Seeds                                          5 

1.4.1 Orthodox seeds                                          7 

1.4.2 Recalcitrant seeds                                                                                                        8 

1.4.2.1 Lipid composition                   9 

1.5 Desiccation sensitivity                  11 

1.6 Dehydration of recalcitrant seeds                                   14 

1.6.1 Effects of developmental status on response to dehydration            16 

1.6.2 Rates of drying                   19 

1.7 Storage of recalcitrant seeds               22 

1.7.1 Cryopreservation                25 

1.7.1.1 Explant type                   26 

1.7.1.2 Dehydration as a pretreatment for cryopreservation            28 

1.7.1.3 Cryoprotection                         31 

1.7.1.4 Controlled rate and slow cooling              34 

1.7.1.5 Rapid cooling                             37 

1.7.1.6 Thawing                       38 

1.7.1.7 Rehydration                 40 

1.7.1.8 Viability assessment and in vitro regeneration                                  42 

1.8 Landolphia kirkii and rationale for this study             43 

 

Chapter 2: Materials and methods                46 

2.1 Harvesting and seed handling               46 

2.2 Water content determination                47 

2.3 Decontamination protocol                47 

2.4 Germination medium                 48 



 viii 

2.5 Viability assays                                                               49 

2.6 Dehydration                      50   

2.7 Rehydration                               51                                                   

2.8 Lipid composition                                                                                               51 

2.8.1 Electron microscopic morphometry                                                                51 

2.8.2 Determination of total lipid content (dmb)                                                                51 

2.8.3 Determination of fatty acid composition                                                                  52 

2.9 Cryoprotection                                                                                      53 

2.10 Cooling                                                                                                    54 

2.10.1 Rapid cooling                                         54 

2.10.2 Slow cooling                  55 

2.10.2.1 Cooling in cryovials                                          55 

2.10.2.2 Cooling in Mr Frosty                                       56 

2.10.2.3 Programmable freezer                                    56 

2.11 Electrolyte leakage                                                   57 

2.12 Electron microscopy                                          58 

2.13 Statistical analysis                      58 

 

Chapter 3: Results and discussion                                          59 

3.1 Decontamination                  59 

3.2 Germination                  61 

3.3 Shedding water content                                       63 

3.4 Assessment of initial viability                                                65 

3.5 Responses to dehydration                                                       67 

3.6 Lipid Composition                                                                             73 

3.7 Cryoprotection                                                                         76 

3.8 Cooling                                                                              86 

3.8.1 Initial trials                             86 

3.8.2 Rehydration                                                                                     89 

3.8.3 Electrolyte Leakage                                                     91 

3.9 Cryopreservation trials                                                               94 



 ix

3.9.1 Rapid cooling                                                                   95 

3.9.2 Controlled rate and slow cooling                                       98 

3.9.3 Viability assessment after cryopreservation                           107 

3.9.4 Excision damage                                                                 108 

3.9.5 Thawing                109 

3.10 Electron microscopy                             110 

 

Concluding remarks and future research                                     119 

 

References                                                                                122 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 x

Acknowledgements 

 

I would firstly like to thank my supervisors, Professors Patricia Berjak and Norman 

Pammenter for their invaluable input, guidance and expertise throughout my study.  All 

their efforts are greatly appreciated. 

 

I am also very grateful to Professor D.J. Mycock (University of Witwatersrand) for 

affording me the opportunity to utilise their equipment and facilities, and to Dr Kershree 

Padayachee for offering her assistance wherever required. 

 

Special thanks are due to Vishal Bharuth for assisting with Transmission Electron 

Microscopy procedures.  I am extremely grateful for all his help. 

 

Thanks are also due to Atif Naim for his input and assistance with statistical analyses. 

 

I would also like to thank all my friends and colleagues at the Plant Germplasm 

Conservation Research laboratory who assisted with seed collection, and for always 

supporting me. 

 

I am most grateful to my family for their support and understanding throughout the 

course of this study, and always. 

 

A special thank you is due to Ashika Jaimangal who spent endless hours during the 

course of this research helping me with seed collection, cleaning and processing. I am 

extremely grateful for her support and everything she has done. 

 

Finally, I would like to acknowledge the financial support of the National Research 

Foundation. 

 



 

 1

Chapter 1: Introduction 

 

1.1 Plant genetic resource conservation 

 

Biodiversity can be defined as the total sum of biotic variation, ranging from the genetic 

level to ecosystems, and can be used to indicate the diversity of species, the diversity 

within species, and the diversity of ecosystems (Martens et al., 2003). Recent reports 

indicate that the loss of global biodiversity is accelerating at an alarming rate (Chapin III 

et al., 2000; Martens et al., 2003; Rao, 2004). The causes of this loss can be attributed to 

a variety of reasons including destruction of tropical rainforests (Ford-Lloyd and Jackson, 

1991; Turner, 1996; Gullison et al., 2007), increases in development activities (Rao, 

2004; Reidsma et al., 2006), changes in agricultural practices (McLaughlin and Mineau, 

1995; Rao, 2004; Reidsma et al., 2006), invasion by alien species (Diamond, 1989; Sax 

and Gaines, 2003) and the much publicised climate change due to elevated atmospheric 

carbon dioxide concentrations (Kappelle et al., 1999; Malcolm et al., 2006; Botkin et al., 

2007). To prevent extinction of species by the above-mentioned causes, plant germplasm 

is conserved by a variety of methods and techniques. Germplasm represents all the 

different genotypes i.e. the genetic diversity of a species. The main objective of its 

conservation is to ensure that useful germplasm is available at any given time (Nitzsche, 

1983) to meet the needs of different users (Rao, 2004). 

 

The loss of plant biodiversity is most worrying, with food sources and plants with 

medicinal properties being threatened with extinction. Rao (2004) highlighted this in 

stating that “plant genetic resources for food and agriculture are the basis of global food 

security.” Franks (1999) also suggested that it is widely accepted that the genetic base of 

commercial cultivars has been narrowed down, particularly due to plant breeders no 

longer utilising primitive, related but unselected forms such as landraces, but rather 

choosing to use germplasm that is highly selected (referred to as elite material). The 

International Union for Conservation of Nature (IUCN) Red List of endangered species 

further emphasises this plight showing that 8724 out of the 18 351 species (i.e. 48%) 
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threatened with extinction are plants (IUCN, 2010). The conservation of germplasm 

through conventional, as well as novel techniques/methods is of the highest priority and 

can be broadly divided into two strategies of approach, in situ and ex situ conservation 

(Ford-Lloyd and Jackson, 1991; Nevo, 1998; Withers and Engelmann, 1998; Engelmann 

and Engels, 2002; Rao, 2004; Benson, 2008). 

 

1.2 In situ conservation 

 

In situ conservation, also referred to as ‘on site’ conservation, is the conservation of wild 

species (Gladis, 2000) and uncultivated plant communities (Rao, 2004) within their 

natural habitats (Park et al., 2005) and ecosystems, which include protected wilderness  

areas and reserves (Withers and Engelmann, 1998). However, Prance (1997) stated that 

in situ conservation is not restricted to protected areas of undisturbed natural ecosystems. 

That author and others further suggested that disturbed areas harbour a large amount of 

biodiversity, and disturbance is of vital importance for the maintenance of dynamic 

stability (White and Jentsch, 2001; Odion and Sarr, 2007), as well as for the increase of 

species diversity (Prance, 1997; Jentsch and White, 2002). For example, many wild crop 

species which are becoming vitally important because of the genetic erosion of much of 

the breeding material, occur in disturbed areas rather than in natural protected areas 

(Prance, 1997).      

 

In situ conservation within farming areas, termed on-farm conservation, is relatively new 

(Hammer et al., 2003) but is being widely applied by farmers for the conservation of 

agricultural biodiversity (crop cultivars) in agro-ecosystems (Rao, 2004). This technique 

is employed to protect, maintain, develop and use local varieties of crop species 

(Hammer et al., 2003; Park et al., 2005), the agro-biodiversity of which, should be self-

supporting and favour dynamic, evolutionary genetic processes and the complexity of 

genetic interactions in the agricultural ecosystem (Park et al., 2005). The genetic 

diversity provided by on-farm conservation provides farmers with more options to 

develop new and more productive crops that are adapted to environmental change, and 

are resistant to pests and diseases, through selection and breeding (Rao, 2004). 
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The major benefit of in situ conservation is that the genetic system is maintained, while 

allowing the ongoing processes of natural selection, evolution and adaptation 

(Kleinschmit, 1994) through the interaction between species and their physical 

environment (Kleinschmit, 1994; Prance, 1997; Franks, 1999). Conversely, it is not 

always possible to conserve species in their natural habitat due to total habitat 

destruction, including invasion by alien species (Prance, 1997). Furthermore, in situ 

conservation requires the permanent appropriation of land, constant management 

(Williams, 1997), and is vulnerable to technological innovation and diffusion, economic 

and political change, and potentially the most important factor, environmental changes 

(Brush, 2000). Therefore a viable alternative to in situ conservation, i.e. ex situ 

conservation, has to be developed. However, the two approaches are no longer seen as 

exclusive alternatives (Brush, 2000), where in situ conservation can be dismissed in 

favour of ex situ (Maxted et al., 1997); they are rather viewed as complementary 

approaches (Brush, 2000). It has been suggested that neither method alone, is sufficient to 

conserve the total range of genetic resources that exist and that each approach addresses 

different aspects of genetic resources (Maxted et al., 1997; Brush, 2000). 

 

1.3 Ex situ conservation 

 

Ex situ, in contrast to in situ conservation, involves the collection of plant germplasm 

from its natural environment and protecting it in an artificial environment such as field 

genebanks, in vitro storage, DNA storage, cryopreservation, pollen storage and seedbanks 

or genebanks (Engelmann and Engels, 2002). It is used to safeguard populations that are 

in danger of destruction, replacement, deterioration or even extinction (Rao, 2004). Field 

genebanks are generally the preferred method of storage for plant species such as banana, 

potato, yam, cassava, sugarcane and sweet potato that either do not produce seeds, or 

produce seeds that are sterile or highly heterozygous, in which case clonal propagation is 

utilised to conserve genotypes (Engelmann and Engels, 2002; Rao, 2004). Field 

genebanks, although providing easy access to and observation of conserved material 

(Engelmann and Engels, 2002; Rao, 2004), much like in situ conservation, have certain 

drawbacks and limitations that threaten their conservation security (Withers and Engels, 
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1990; Engelmann and Engels, 2002; van Slageren, 2003). These include the higher costs 

involved in the maintenance of genetic material, exposure of the plant species to diseases 

and pests, human error, vandalism and natural catastrophes such as gales, fire, drought, 

floods etc. (Engelmann and Engels, 2002; Rao, 2004). 

 

Seed genebanks and biotechnology techniques for ex situ conservation of plant 

germplasm offer viable, complimentary alternatives. There are two main approaches to 

storing plant germplasm, either through active or base collections. Active collections are 

generally stored at 0°C and 8% moisture content for 10 – 15 years (e.g. Pita et al., 1998; 

Ruiz et al., 1999) and are generally made available to plant breeders and similar patrons 

for research (Acquaah, 2007), regeneration and evaluation (Sackville Hamilton and 

Chorlton, 1997). However, to make germplasm from active genebanks available, curators 

must increase the amounts of germplasm accessible to fulfil requirements expeditiously, 

and thus increase the chances of jeopardising accessions (Acquaah, 2007). While active 

collections are generally put into place for short- and medium-term conservation, base 

collections are aimed at long-term germplasm conservation and are seen as the most 

comprehensive collections of the genetic variability of species (Acquaah, 2007) and as 

back-up reserves and replenishment for active collections (Sackville Hamilton and 

Chorlton, 1997; Yadav et al., 2007). Germplasm for base collections is held at lower 

moisture contents than active collections and at temperatures ranging between -18 and     

-196°C (Engelmann and Engels, 2002; Acquaah, 2007).  

 

Advances in biotechnology, particularly in the fields of in vitro culture techniques and 

molecular biology, are contributing to improved conservation and management of genetic 

resources (Rao, 2004). In vitro conservation also holds certain advantages over other ex 

situ methods in that genetic material is not subjected to environmental hazards, 

vandalism, theft etc. (Withers and Engelmann, 1990; Williams, 1997; Engelmann and 

Engels, 2002; Rao, 2004), while being conserved in a pathogen-free state which 

facilitates safe distribution (Rao, 2004). In vitro techniques, whether involving slow 

growth procedures used as a short- to medium-term option by keeping sterile plant tissue 

or plantlets on a nutrient gel-medium, or cryopreservation for long-term storage of plant 
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germplasm in liquid nitrogen (LN) or over in the vapour above LN (Rao, 2004), is 

especially vital for the preservation of vegetatively propagated material and recalcitrant-

seeded species (Engelmann and Engels, 2002; Rao, 2004).   

 

1.3.1 Seed storage as a means of ex situ germplasm conservation 

 

It is widely suggested that the storage of plant genetic resources is economically feasible, 

safe and most achieved via the storage of naturally produced seeds (Francisco-Ortega et 

al., 1994; Hong and Ellis, 1996; Phartyal et al., 2002; Mycock et al., 2004; Walters, 

2004). The effectiveness of seedbanks in conserving large amounts of intra-specific 

diversity is highlighted by the fact that 90% of the 6.1 million accessions stored in 

genebanks are maintained as seed (Linington and Pritchard, 2001; Engelmann and 

Engels, 2002) and due to developments and improvements in techniques over the years, 

can be stored in this manner for decades (Engelmann and Engels, 2002). Seed storage is 

imperative not only for planting material from one growing season to the next, intra-

seasonal food reserves and feedstock for domesticated animals, but also for long-term 

conservation of genetic resources (Hong and Ellis, 1996; Berjak and Pammenter, 2008). 

Seeds are also easily and conveniently distributed to plant breeders, farmers, researchers 

and other users and are less likely to carry pathogens than other plant germplasm material 

(Engelmann and Engels, 2002). However, the major difficulties associated with seed 

storage is that not all plant species are amenable to conventional seedbanking as seeds 

exhibit a range of storage behaviour under routine storage conditions (Hong and Ellis, 

1996; Pritchard, 2004). Some of these aspects are discussed below. 

 

1.4 Seeds 

 

Seeds hold the genetic information and diversity that is required for the continuation of a 

species and constitute the most easily and economically feasible storage option (Roberts, 

1991; Wang et al., 1993; Theilade and Petri, 2003) for re-establishment of populations 

affected by environmental factors, over-population, pests and diseases etc. Thus their 

conservation, as well as handling and transportation, is of vital importance. Seeds can be 
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broadly categorised into two groups (although each may be further subdivided) based on 

their sensitivity or tolerance to desiccation, and thus their amenability to storage (Roberts, 

1973; King and Roberts, 1980; Farrant et al., 1993). A seed that is tolerant to desiccation 

and that can be stored at low water content, under low relative humidity and low 

temperatures for predictably long periods with little effect on viability, is referred to as an 

orthodox seed (Roberts, 1973). A seed that is sensitive to desiccation and is killed by 

drying to water contents as high as 20 – 30% (Pritchard, 2004), is classified as non-

orthodox being either intermediate (Ellis et al., 1990a) or recalcitrant (Roberts, 1973). 

Recalcitrant seeds progress towards germination when wet and therefore cannot be stored 

under hydrated conditions for anything other than the short-term (Pammenter and Berjak, 

1999).  

 

Non-orthodox, and in particular recalcitrant seed behaviour, is not merely a matter of 

desiccation sensitivity. Recalcitrant seeds are metabolically active when they are shed, in 

contrast to orthodox types which are quiescent (Berjak and Pammenter, 2004a). Ellis et 

al. (1990a) showed that coffee (Coffea Arabica) seeds survived both desiccation to a 

water content of approximately 10% (wet mass basis) and subsequent storage at 15°C for 

a year. However, seeds deteriorated more rapidly at lower temperatures or lower water 

contents. These seeds did not fully satisfy the definitions of either recalcitrant or orthodox 

seed behaviour, and therefore the term ‘intermediate’ was introduced (Ellis et al., 1990a). 

This term is used to describe seeds that demonstrate relatively desiccation-tolerant post-

harvest behaviour, but will not withstand desiccation to levels as low as orthodox seeds 

(Pammenter and Berjak, 1999).  

 

The original categorisation of seeds into orthodox and recalcitrant types was based on 

only a narrow range of species comprising mostly crop species that held economic 

importance (Pammenter and Berjak, 1999). As research has expanded to include a wider 

spectrum of species from diverse habitats, the range of post-harvest responses observed 

has also increased (Pammenter and Berjak, 1999). Due to the obvious variability in post-

harvest behaviour of seeds across species, their behaviour could be considered as a 



 

 7

continuum, with extreme recalcitrance and orthodoxy on either end, and subtle gradations 

in between (Berjak and Pammenter, 2000; 2001). 

 

1.4.1 Orthodox seeds 

 

Many orthodox seeds are capable of naturally drying to water contents of 20% or less 

[presumably on a fresh mass basis (fmb)] on the mother plant and are harvested or shed 

in this state (Roberts and King, 1980). Developing orthodox seeds acquire desiccation 

tolerance early, prior to or during the final developmental phase on the parent plant 

(Vertucci and Farrant, 1995; Berjak, 2006a), and thereafter enter a phase of maturation 

drying (Bewley and Black, 1994). The acquisition, as well as the maintenance of 

desiccation tolerance, is based on an interplay of a suite of mechanisms and processes 

during early development (Pammenter and Berjak, 1999; Berjak and Pammenter, 2004b; 

2008). Due to the ability of orthodox seeds to tolerate desiccation, they are also able to 

withstand further drying (Berjak and Pammenter, 2000) down to at least 5% (presumably 

on a fmb) without damage (Roberts and King, 1980), and can therefore be stored for 

many years under cold, dry conditions (Vertucci and Farrant, 1995).  

 

Ellis and Roberts (1980) suggested that if orthodox seeds are of a high quality after 

harvest, and low water content is maintained through controlled conditions of low 

temperatures and relative humidity, then the period for which they can be stored without 

deterioration can be predicted. However, the absolute longevity of seed accessions differs 

greatly among species even in the same environment (Hong and Ellis, 1996). Equations 

predicting seed longevity in storage, that take into account variations within species and 

initial seed quality (Ellis and Roberts, 1980), have shown that the storage time of 

orthodox seeds increases logarithmically with a decrease in water content and 

temperature, as well as changes in oxygen levels dependent on the water content of the 

seeds (Ellis and Roberts, 1980; Roberts and Ellis, 1989; Pritchard and Dickie, 2003; 

Walters, 2004). However, ultra-drying of orthodox seeds below a certain point either 

does not increase (e.g. Ellis et al., 1989; 1990b; 1992) or may in fact slightly reduce seed 

storage longevity (e.g. Ellis et al., 1989; 1990b; c; Buitink et al., 2000), even when stored 
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at genebank temperatures (Vertucci and Roos, 1990; 1993; Pritchard and Dickie, 2003). 

Additionally, Vertucci and Roos (1993) suggested that the benefit of low temperatures in 

slowing some of the aging reactions of stored seeds may be lost if these seeds are overly 

dried. Moreover, those authors further suggested that seeds that are extremely dry and 

have therefore lost structurally important water, age more rapidly under very cold 

conditions compared with more moderate conditions. Studies based on thermodynamic 

considerations have suggested that the optimum water contents for storage of seeds 

should increase with decreasing temperatures (Vertucci and Roos, 1993; Vertucci et al., 

1994a; Buitink et al., 1998).   

 

Although the longevity of stored orthodox seeds can be greatly improved by 

manipulations of the above-mentioned parameters, these seeds will eventually die if 

conditions favourable for germination are not achieved (Smith and Berjak, 1995) or 

unless germination is inhibited by dormancy (Roberts and Ellis, 1989). Additionally, all 

orthodox seeds deteriorate under storage conditions (Harrington, 1973; Roberts, 1973; 

Smith and Berjak, 1995; Walters, 2003; Berjak and Pammenter, 2008), with the time 

dependent on the species (Walters and Towill, 2004; Walters et al., 2005; Probert et al., 

2009). 

 

Studies have also shown that rapid uptake of water by dry seeds can result in imbibition 

damage (Powell and Matthews, 1978; Ellis et al., 1982) and that the lower their moisture 

content, the more susceptible seeds are to damage (Pollock, 1969; Ellis et al., 1982).  

 

1.4.2 Recalcitrant seeds 

 

Recalcitrant seeds are generally large seeds that are most commonly produced by trees 

growing in tropical and sub-tropical regions (Chin, 1995; Dickie and Pritchard, 2002; 

Berjak and Pammenter, 2003a; Daws et al., 2005). Some examples include many 

perennial tropical species such as rubber [Hevea brasiliensis (Normah et al., 1986)], 

coconut [Cocos nucifera (Assy-Bah and Engelmann, 1992)], tea [Camellia sinensis 

(Wesley-Smith et al., 1992; Berjak et al., 1993)], cocoa [Theobroma cacao (Chandel et 
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al., 1995)], avocado [Persea americana (Raja et al., 2001)] and jackfruit [Artocarpus 

heterophyllus (Wesley-Smith et al., 2001a)], which are of great commercial and 

economical importance (Roberts and King, 1980). Many non-commercial plant species 

such as Avicennia marina (Farrant et al., 1993), Barringtonia racemosa (Farrant et al., 

1996; Berjak, 2000; Naidoo, 2008), Bruguiera gymnorrhiza (Farrant et al., 1996), 

Trichilia dregeana (Kioko et al., 1998; Berjak et al., 2004), Trichilia emetica (Kioko et 

al., 2006; Varghese et al., 2009) and Ekebergia capensis (Walker, 2000; Perán et al., 

2006) also produce recalcitrant seeds. Furthermore, many aquatic and temperate (usually 

forest tree species) species are also known to produce seeds that are recalcitrant in nature 

(Probert and Longley, 1989; Pritchard, 1991; Finch-Savage et al., 1994; Suzuki et al., 

2007).  

 

Recalcitrance is not limited to any single type of plant and studies have revealed that 

many herbaceous plants including geophytes [e.g. Lilium longiflorum (van der Leede-

Plegt et al., 1992), Scadoxus puniceus (Sershen et al., 2007; 2008), Amaryllis belladonna 

(Sershen et al., 2007; 2008; 2010) and Haemanthus montanus (Naidoo et al., 2010; 

Sershen et al., 2011)] and graminoids [e.g. Zizania palustris (Probert and Longley, 1989; 

Kovach and Bradford, 1992; Vertucci et al., 1994b; 1995), Zizania texana (Vertucci et 

al., 1994b; Walters et al., 2002b) and Spartina alterniflora (Chappell Jr and Cohn, 2011)] 

as well as woody plant species [e.g. Machilus thunbergii (Lin and Chen, 1995), Trichilia 

dregeana (Drew et al., 2000; Berjak and Mycock, 2004; Goveia et al., 2004) and 

Ekebergia capensis (Walker, 2000; Perán et al., 2006)] from both dicotyledonous (e.g. 

von Teichman and van Wyk, 1991; 1994; Berjak et al., 1992; Farrant et al., 1993) and 

monocotyledonous plants (e.g. Farrant et al., 1989; Sershen et al., 2007) produce 

recalcitrant seeds (Berjak and Pammenter, 2000; 2003a). 

 

1.4.2.1 Lipid composition  

 

Lipid composition may contribute to desiccation tolerance in orthodox seeds and to the 

lack thereof in recalcitrant types (Berjak and Pammenter, 2008). Previous studies (Liu et 

al., 2006) have shown that membrane lipid composition, in particular, differs 
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significantly between recalcitrant and orthodox seeds. Nkang et al. (2003) revealed that 

total fatty acid composition may change within seeds, depending on the desiccation 

temperatures they are subjected to, significantly affecting viability. It has also been 

proposed that coalescence of oil-bodies during recalcitrant seed imbibition after 

dehydration may occur (Leprince et al., 1998). Triacylglycerols (TAGs) are an important 

storage reserve in seeds of some species, and may affect storage characteristics and 

germination (Crane et al., 2006). However, although the mechanisms involved are still 

not clear (Crane et al., 2006), it has been suggested that TAGs also serve as a reservoir 

for substrates and as protectants in ageing reactions (Walters, 1998). Work by Vertucci 

(1989b) showed that TAG composition is related to damage under certain conditions 

when seed tissue is exposed to cryogenic temperatures (below -140°C).  

 

Studies have shown that seeds which exhibit intermediate behaviour, survive both low 

temperatures and low water contents independently, but do not survive when exposed to 

both stresses simultaneously (Ellis et al., 1990a; d; Crane et al., 2003; 2006; Volk et al., 

2006a; 2007). Crane et al. (2003; 2006) and Volk et al. (2006a; 2007) showed that low 

temperatures crystallise lipids, predominantly the saturated long- and medium-chain 

storage lipids, at both high and very low water contents (reviewed by Berjak and 

Pammenter, 2008). Exposure of seeds to water when the TAGs are still crystallised is 

lethal, because intracellular structure is irreversibly perturbed when lipid bodies explode 

revealing sharp, translucent shards penetrating through the lipid bodies, reminiscent of 

extant crystalline structures, as demonstrated in studies on Cuphea species (Crane et al., 

2003; 2006; Volk et al., 2006a; 2007).  

 

Although the transition from the dry to the hydrated state, which occurs during early 

imbibition, is lethal to seeds if lipid reserves are crystalline, the reason for this is still not 

known (Volk et al., 2006a). Volk et al. (2007) revealed that even though lipid and water 

do not mix, there was a profound interaction between water and crystalline TAGs in 

Cuphea species. This interaction, which could be brought on by only brief imbibition, 

resulted in massive cellular disruption which was lethal to seeds containing crystallised 

TAGs. However, heat exposure prior to imbibition melted the TAGs and eliminated 
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damage on rehydration, and allowed the seeds to germinate normally (Crane et al., 2003; 

2006; Volk et al., 2006a; 2007). Seeds that exhibit intermediate or recalcitrant storage 

behaviour may contain lipids that melt at relatively high temperatures (Volk et al., 2006a; 

2007). Thawing temperatures of 25°C, used for most thawing protocols, may be lower 

than those required for lipid melting (e.g. Volk et al., 2006a; 2007), which may perhaps 

be a reason for the limited success of non-orthodox seed types with regards to in vitro 

regeneration post-thawing, following exposure to cryogenic temperatures. This was 

further advocated by Neya et al. (2004), who showed that imbibition of lipid-rich non-

orthodox Azadirachta indica seeds with warm water (30°C), alleviated the effects of 

imbibition stress that resulted when cold water was used. The same dynamic may be true 

for embryonic axes of Landolphia kirkii (the material for the present investigation) which 

are known to have a high lipid content (Berjak et al., 1992). 

 

1.5 Desiccation sensitivity 

 

Recalcitrant seeds undergo little to no maturation drying during the final phase of 

development (Finch-Savage and Blake, 1994; Pammenter and Berjak, 1999), and are 

hydrated and metabolically active when shed (Pammenter and Berjak, 1999), with many 

species able to germinate without the addition of water (King and Roberts, 1980). The 

warm, moist tropic environments provide the perfect conditions for recalcitrant seeds to 

germinate and establish seedlings throughout the year (King and Roberts, 1980). 

Recalcitrant seeds cannot tolerate desiccation and Pammenter and Berjak (1999) 

suggested that the desiccation sensitivity of the seed is related to the rate of metabolic 

activity.  

 

When attempting to store seeds of a particular species, it is imperative that one 

determines the characteristics of the seeds, i.e. whether they are orthodox or non-

orthodox, and, if the seeds are recalcitrant, to determine the degree of recalcitrance. The 

range of shedding water contents of embryonic axes of recalcitrant seeds varies markedly 

among species (Berjak and Pammenter, 2008). Berjak and Pammenter (2004a; 2008) 

suggested that this range is generally between 0.4 and 4.0 g g
-1

 on a dmb, but can 
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possibly be even higher (Pammenter and Berjak, 1999). Additionally, water content at 

shedding appears to be intra-seasonally variable within the same species (Berjak et al., 

1989), and this should also be taken into consideration. Consequently, shedding water 

content of a seed alone, cannot be the defining factor when assessing the degree of 

recalcitrance, but rather assessed complementarily with the seed’s response to 

desiccation, as well as storage behaviour (Berjak and Pammenter, 2001). 

 

Because they do not tolerate desiccation, recalcitrant seeds cannot be stored under dry, 

cold conditions (King and Roberts, 1980; Vertucci et al., 1991) as employed for orthodox 

types. Orthodox seeds undergo profound changes when desiccation tolerance is acquired 

during development, involving the presence and interplay of a suite of mechanisms 

(discussed in section 1.4.1), but in non-orthodox seeds, the expression and interaction of 

the factors concerned is incomplete (Pammenter and Berjak, 1999; Berjak and 

Pammenter, 2004c). It is therefore thought that recalcitrant seed behaviour is a 

consequence of events (or the lack of these events) during seed development, and the 

absence or ineffective expression of one or more of these could determine the relative 

degree of desiccation of seeds of a particular species (Pammenter and Berjak, 1999). The 

specific processes or mechanisms that have been suggested to confer and/or contribute to 

desiccation tolerance have been outlined and reviewed by Pammenter and Berjak (1999) 

and are as follows: 

 

1) Physical characteristics of the intracellular environment, specifically: 

• decreased levels of vacuolation; 

• quantity and nature of the accumulated insoluble reserves; 

• reaction of the cytoskeleton; 

• arrangement of the DNA, chromatin and nuclear structure;  

 

2) Intracellular de-differentiation leading to minimal exposure of membrane surface  

            area and possibly that of the cytoskeleton; 

 

3) ‘Switching off’ of metabolic activity; 
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4) Occurrence and efficiency of antioxidant systems; 

 

5) Accumulation and functions of protective molecules, including late embryogenic 

            abundant proteins (LEAs), sucrose and certain oligosaccharides or galactosyl 

            cyclitols; 

 

6) Deployment of certain amphipathic molecules [although since then it appears that 

            there is no in vivo evidence for this (Golovina, pers. comm.
1
)]; 

 

7) Presence and effective functioning of a peripheral oleosin layer around lipid 

            bodies; 

 

8) Presence and functioning of repair mechanism during rehydration. 

 

It has also been suggested that the ability of seeds to tolerate desiccation is an ancestral 

trait, and that over generations this trait has been lost in species with recalcitrant seeds 

(Farnsworth, 2000; Oliver et al., 2000; Dickie and Pritchard, 2002). Pammenter and 

Berjak (2000) offered the opposite scenario, suggesting rather that seed recalcitrance is 

the ancestral condition and desiccation tolerance of seeds was acquired through 

evolution. Furthermore, to add to the desiccation sensitivity of recalcitrant seeds, many 

species also produce seeds that are chilling-sensitive and they cannot be stored at low 

temperatures (even above 0°C) (Roberts, 1973; King and Roberts, 1980). 

 

Due to their inability to tolerate desiccation, all recalcitrant seeds lose viability at 

relatively high water content, but the degree of water loss tolerated varies with the 

species (King and Roberts, 1980; Roberts and King, 1980; Normah et al., 1986; Pritchard 

and Prendergast, 1986; Farrant et al., 1988; 1989; Pence, 1990; Berjak and Pammenter, 

2000; 2004a; c; 2008; Wesley-Smith et al., 2001a). Thus, there are different degrees of 

recalcitrance, ranging from seeds that are minimally to those that are maximally sensitive 

to desiccation (Farrant et al., 1988). This implies that recalcitrant seeds of some species 

                                                 
1
 Golovina, E.A. Wageningen NMR Centre, Wageningen University, Wageningen, Netherlands 
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may survive longer at defined tissue water potentials than those of other species, possibly 

due to the semi-acquisition or semi-operation of mechanisms that permit orthodox seeds 

to tolerate desiccation (Berjak and Pammenter, 2008). Pammenter and Berjak (1999) 

suggested that the more metabolically active a seed is when it is shed; the less tolerant it 

will be to desiccation. 

 

1.6 Dehydration of recalcitrant seeds 

 

Dehydration of recalcitrant seeds is a necessary practice for long-term conservation of 

their genetic resources. When hydrated seeds are exposed to LN during cryopreservation 

(see section 1.7.1), lethal freezing damage occurs as a result of ice formation. On the 

other hand dehydration to water contents at which ice formation does not occur 

invariably results in desiccation damage (King and Roberts, 1980; Wesley-Smith et al., 

2001a). Dehydration, when applied as a pretreatment to cryopreservation, reduces the 

amount of water available for ice crystal formation and growth, which can occur readily 

during cooling and storage at low temperatures (Meryman and Williams, 1985; Pritchard 

and Prendergast, 1986; Pammenter et al., 1991; 1998; Vertucci et al., 1991; Berjak et al., 

1992; Pammenter and Berjak, 1999; Wesley-Smith et al., 2001a). Many recalcitrant seeds 

can be dehydrated to water contents that approximate the hydration level at which point 

all remaining water is non-freezable, and if this so called ‘structural’ water, which is 

associated with intracellular structures and macromolecules (Pammenter et al., 1998; 

Pammenter and Berjak, 1999), is removed, conformation changes and irreversible 

desiccation damage occurs (Pammenter et al., 1993; Wesley-Smith et al., 2001a). 

Furthermore, the desiccation damage that results from drying seeds below this hydration 

level, which includes changes in membrane phase behaviour (Pammenter et al., 1998; 

Hoekstra et al., 1999; Bryant et al., 2001), is greater at lower temperatures (Kovach and 

Bradford, 1992; Vertucci et al., 1995). These lower temperatures are said to intensify 

water stress (Walters et al., 2002a). In contrast to this, orthodox seeds are able to 

withstand removal of a considerable portion of this non-freezable water without 

decreasing viability (Pammenter et al., 1991; Vertucci and Farrant, 1995).  
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In order to establish successful protocols for cryopreservation of recalcitrant material, a 

balance between minimal freezing and desiccation damage needs to be achieved (King 

and Roberts, 1980; Pritchard and Prendergast, 1986; Chandel et al., 1995; Wesley-Smith 

et al., 1992; 2001a). Additionally, the variability in post-harvest behaviour of seeds 

among different recalcitrant-seeded species and even within species, depending on the 

developmental status (see section 1.6.1), must also be taken into consideration when 

attempting to establish guidelines for manipulation of seed water content (Farrant et al., 

1989; Berjak et al., 1992; 1993; Pammenter et al., 1998; Pammenter and Berjak, 1999; 

Wesley-Smith et al., 2001a). Moreover, Pammenter et al. (1998) suggested that due to 

the differential response of recalcitrant seeds to dehydration at different drying rates, it is 

not possible to define a ‘critical water content’ at which viability is lost (see section 

1.6.2). 

 

Dehydration removes water that is critical for survival; it induces a number of stresses 

within cells, affecting chemical and metabolic processes, protective functions, and 

membrane and organellar integrity, collectively termed desiccation-induced damage 

(Vertucci and Farrant, 1995; Pammenter and Berjak, 1999; Walters et al., 2001; Wesley-

Smith et al., 2001a). These different stresses can be attributed to the many roles that 

water plays in the functioning of cells (Walters et al., 2002a). Vertucci and Farrant 

(1995) suggested that if a seed is dehydrated and thus water removed, chemical and 

metabolic processes that can occur only at the original water content level, are no longer 

possible. Those authors further suggested that the protective function of water is 

obviously diminished by its removal and, particularly in the case of recalcitrant seeds, 

damaging effects will occur due to a lack of tolerance mechanisms. However, often it 

may be unclear whether a change in morphology, metabolic activity or cellular 

ultrastructure is a consequence of dehydration, i.e. a sign of damage, or a protective 

strategy (Walters et al., 2002a). Furthermore, desiccation damage is not indicated by 

differences between the hydrated and dry state, but by the resumption of normal activity 

upon rehydration (i.e. damage measured by irreversible change as opposed to those that 

are reversible) (Walters et al., 2002a). 
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1.6.1 Effects of developmental status on response to dehydration 

 

There has been sufficient evidence from a number of studies (Berjak et al., 1992; 1993; 

Farrant et al., 1993; Daws et al., 2006; reviewed by Leprince et al., 1993; Pammenter and 

Berjak, 1999; Kermode and Finch-Savage, 2002) indicating that the developmental status 

of seeds has a marked impact on their response to desiccation. It is generally understood 

that orthodox seeds are desiccation tolerant; however these seeds are not able to tolerate 

drying at all stages of their development (Bewley and Black, 1994; Kermode and Finch-

Savage, 2002). During the early stages of seed development, orthodox species are 

desiccation sensitive and only later undergo a transition to a desiccation-tolerant state 

(Kermode, 1990; Bewley and Black, 1994; Kermode and Finch-Savage, 2002). Orthodox 

seeds undergo three main developmental phases: histodifferentiation, increase in fresh 

mass and reserve deposition, and maturation drying (Bewley and Black, 1994; Kermode, 

1997; Pammenter and Berjak, 1999; Kermode and Finch-Savage, 2002; Daws et al., 

2006). It is thought that the acquisition of full desiccation tolerance happens at the 

transition between reserve deposition and maturation drying (Kermode and Bewley, 

1985; Pammenter and Berjak, 1999; Daws et al., 2006). At the onset of maturation 

drying, the accumulation of dry mass stops and fresh mass decreases due to an overall 

loss of water from the orthodox seeds (Kermode, 1990; Bewley and Black, 1994; 

Pammenter and Berjak, 1999; Walters, 2000; Kermode and Finch-Savage, 2002; Daws et 

al., 2006). 

 

Due to the limited number of studies on the developmental processes among the spectrum 

of desiccation-sensitive species (Pammenter and Berjak, 1999), it is difficult to 

unequivocally chart the developmental aspects of recalcitrant seeds. However, some 

generalities can be drawn (Pammenter and Berjak, 1999; Kermode and Finch-Savage, 

2002). Recalcitrant seeds undergo initial histodifferentiation and reserve accumulation 

much in the same manner as those of orthodox types (Farrant et al., 1992; Finch-Savage 

and Blake, 1994; Finch-Savage, 1996; Pammenter and Berjak, 1999). The difference in 

development patterns between orthodox and recalcitrant seeds however, lies in the fact 

that, whereas orthodox seeds reach a point where dry mass accumulation ceases, in 
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recalcitrant seeds accumulation continues until they are shed (Farrant et al., 1992; Finch-

Savage and Blake, 1994; Kermode and Finch-Savage, 2002). This increase in dry mass 

results in a net decrease in percentage water content at the final stage of development, as 

dry mass accumulates at a higher rate than water (Pammenter and Berjak, 1999; Kermode 

and Finch-Savage, 2002). However, this decrease in percentage water content is not 

comparable with the maturation drying phase in orthodox seeds as there is little or no net 

water loss (Pammenter and Berjak, 1999; Kermode and Finch-Savage, 2002). 

 

Towards the end of seed development, the decrease in percentage water content of 

recalcitrant seeds coincides with a slight increase in desiccation tolerance (Finch-Savage, 

1996; Berjak and Pammenter, 1997; Pammenter and Berjak, 1999; Kermode and Finch-

Savage, 2002). Such increases in desiccation tolerance with increasing developmental 

status have been shown in a number of species including Acer pseudoplatanus (Hong and 

Ellis, 1990a), Quercus robur (Finch-Savage, 1992), Camellia sinensis (Berjak et al., 

1993) and Aesculus hippocastanum (Farrant et al., 1997; Pammenter and Berjak, 2000). 

However, it must be remembered that this increased desiccation tolerance with decreased 

water content is relative, as it is being compared with the highly desiccation-sensitive, 

earlier stages of seed development. These seeds still remain metabolically active, 

desiccation sensitive and require no dehydration to stimulate germination. Consequently, 

these seeds are more inclined towards rapid germination and establishment (Kermode and 

Finch-Savage, 2002; Pritchard et al., 2004; Daws et al., 2005) rather than suited to long-

term storage. Daws et al. (2004), in their study on 36 desiccation-sensitive species, 

proposed that this tendency towards rapid germination associated with the desiccation 

sensitivity of seeds at shedding is beneficial. The results of the fore-mentioned study 

showed that rapid germination minimised seed predation, and the low investment of 

resources in physical defense mechanisms (i.e. endocarp and/or testa) meant more 

efficient use of resources in seed provisioning. Therefore this relative increase in 

desiccation tolerance with increased development should not be taken as seeds exhibiting 

orthodox behaviour, but rather simply as a slight shift in position on the continuum scale 

of seed behaviour.   
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Furthermore, it must be noted that this pattern of increased desiccation tolerance (i.e. 

lower critical water content) with increased development is not consistent across all non-

orthodox species. For example, Farrant et al. (1993) showed that seeds of Avicennia 

marina demonstrated no change in water content during seed development after they had 

become germinable, and thus exhibited no increase in desiccation tolerance. Some 

recalcitrant seeds may also exhibit increased desiccation sensitivity during the final 

stages of seed development (Pammenter and Berjak, 1999). This has been shown in 

studies by Fu et al. (1994) (Clausena lansium and Litchi chinensis), Ellis et al. (1990d) 

(Coffea arabica) and most notably, Berjak et al. (1992) (Landolphia kirkii). 

Investigations on seeds of L. kirkii suggested that the decrease in desiccation tolerance 

during development from immature to mature embryonic axes is as a consequence of an 

increase in percentage water content brought about by a decrease in lipid content during 

development (Berjak et al., 1992) (see section 1.4.2.1).  

 

Despite the apparent metabolic changes during development of seeds, there appears to be 

no clear end point to development of recalcitrant seeds (Kermode and Finch-Savage, 

2002). In fact it has also been put forward that recalcitrance is as a result of premature 

termination of seed development (Finch-Savage, 1992; Finch-Savage and Blake, 1994). 

Furthermore, the variability of developmental status, even at the point of seed shed, is 

illustrated by Finch-Savage and Blake (1994) who showed that recalcitrant seeds of 

Quercus robur from the same tree were shed at different water contents in different years, 

with those shed at the lower water contents being most desiccation tolerant. Studies 

performed on Acer pseudoplatanus by Daws et al. (2006) have shown that provenance 

and environmental conditions also have a marked impact on both desiccation and 

germination. The results of their investigations indicated that colder conditions induced 

A. pseudoplatanus seed shed at a higher water content and thus a less developed stage, 

resulting in seeds that were more desiccation sensitive. Therefore, it is imperative that 

when undertaking dehydration studies on recalcitrant seeds, the precise stage of 

development of the seeds, the provenance, climatic conditions and harvesting or 

collection protocols are known (Berjak et al., 1993). Additionally, the influence of pre-
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shedding development is that, generally, a high level of metabolic activity is associated 

with high desiccation sensitivity (Pammenter and Berjak, 1999). 

 

1.6.2 Rates of drying 

 

Another major factor that contributes to the variability in the response of desiccation-

sensitive seeds to dehydration is the rate of drying (Pammenter et al., 1991; 1998; Berjak 

et al., 1993; Pammenter and Berjak, 1999; Wesley-Smith et al., 2001a; Berjak and 

Pammenter, 2008). The rate of dehydration determines the time taken for seed or axis 

material to pass through a series of declining water contents (Pammenter and Berjak, 

1999). However, evaluating the effects of dehydration rates is confounded by the fact that 

many studies compare slow drying rates of whole seeds with rapid dehydration of 

embryonic axes (e.g. Pammenter et al., 1991; Berjak et al., 1993; Pritchard et al., 1995; 

Kioko et al., 1998; Pritchard and Manger, 1998), while others evaluate the drying rates of 

whole seeds (e.g. Farrant et al., 1985; Pritchard, 1991; Bonner, 1996; Pammenter et al., 

1998) or embryonic axes only (e.g. Liang and Sun, 2000; Wesley-Smith et al., 2001a; 

Liang and Sun, 2002; Ntuli et al., 2011). The general consensus for non-orthodox seeds 

though is that the faster the drying, the lower the water content that can be tolerated 

(Farrant et al., 1985; 1989; Normah et al., 1986; Pritchard and Prendergast, 1986; Berjak 

et al., 1989; 1993; Pritchard, 1991; Potts and Lumpkin, 1997; Pammenter et al., 1998; 

Pritchard and Manger, 1998; Pammenter and Berjak, 1999; 2000; Kundu and Kachari, 

2000; Ajayi et al., 2006a; Berjak and Pammenter, 2008). The opposite has been observed 

for orthodox seeds in that the slower the dehydration rate, the higher the survival 

(Pammenter and Berjak, 1999). It has been suggested that a slower drying rate of 

orthodox seeds allows adequate time for the induction and operation of protective 

mechanisms within the seeds (only if they haven’t been induced already) (Pammenter and 

Berjak, 1999). As the example most relevant to the present investigation, Pammenter et 

al. (1991), working on Landolphia kirkii, showed that slow drying of intact seeds to axis 

water contents of approximately 0.9 to 0.7 g g
-1

 (dmb) caused lethal damage, whereas 

very rapid (flash) drying of excised embryonic axes permitted removal of water to 

approximately 0.3 g g
-1

 (dmb). The same authors also suggested that the difference 
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between desiccation-tolerant and desiccation-sensitive seeds is that tolerant seeds tolerate 

loss of freezable water, whereas sensitive seeds can lose this water without obvious 

damage (at least in the short-term) only if it is removed very rapidly. 

 

Although the effects of dehydration rates have been observed on whole recalcitrant seeds 

(Farrant et al., 1985; Pritchard, 1991; Finch-Savage, 1992; Pammenter et al., 1998), these 

effects are markedly less when compared to that of isolated embryos (Pammenter et al., 

1998). It has been questioned whether the removal of embryonic axes from the storage 

tissue of seeds (i.e. cotyledon/s, and possibly the endosperm) (Berjak et al., 1993), could 

elicit different responses to dehydration when compared to intact seeds (Finch-Savage, 

1992; Berjak et al., 1993; Leprince et al., 1999). However, a study on Ekebergia capensis 

showed that whole seeds that were rapidly dried retained full viability at substantially 

lower embryonic axis water contents than seeds that were slowly dried (Pammenter et al., 

1998). Similarly, studies on excised embryonic axes of Artocarpus heterophyllus 

(Wesley-Smith et al., 2001a) and Quercus robur (Ntuli et al., 2011) showed that when 

axes were rapidly (flash) dried, viability was reduced only at water contents <0.3 g g
-1

 

(dmb) compared with 0.8 g g
-1

 (dmb)
 
when excised axes were slowly dehydrated. These 

investigations suggest a response to dehydration rate rather than responses to removal of 

cotyledons or endosperm tissue (Pammenter and Berjak, 1999).  

 

Another argument is that the large size of most recalcitrant seeds may simply not 

facilitate rapid drying rates (Pammenter et al., 1991; Chandel et al., 1995; Pence, 1995; 

Pammenter and Berjak, 1999; Berjak, 2000; Wesley-Smith et al., 2001a; Berjak and 

Pammenter, 2004a; 2008; Daws et al., 2005; Sershen et al., 2007) and this may explain 

the reason for the lower impact of different dehydration rates on whole seeds than when 

compared with that of isolated embryos. Additionally, Pence (1995) suggested that 

tissues within seeds may lose water at different rates, and therefore the overall seed water 

content may in essence, be very different from that of the embryonic axis itself. This was 

shown to be the case for seeds of Elaeis guineensis, which exhibited an overall seed 

water content that was 10% less than the actual axis water content (Grout et al., 1983). 

Additionally, in some species including Quercus rubra (Pritchard, 1991), Quercus robur 
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(Finch-Savage, 1992) and Castanea sativa (Leprince et al., 1999), tissues within 

recalcitrant seeds have demonstrated differences in their sensitivity and thus responses to 

desiccation. Therefore, slower and more rapid dehydration rates may in essence have a 

very similar impact on embryonic axes held within whole seeds. On the other hand, 

isolated embryonic axes are not surrounded by additional tissues that lose water at 

different rates, and the effects of dehydration rates therefore may be markedly greater.  

 

However, even root and shoot tissue within isolated embryos of Araucaria hunsteinii 

(Pritchard and Prendergast, 1986; Pritchard et al., 1995), Quercus rubra (Pritchard, 

1991), Castanea sativa (Pence, 1992) and Quercus robur (Poulsen, 1992) exhibited 

different responses and tolerances to dehydration. Even so, when embryonic axes, 

somatic embryos or meristems are isolated from the seeds and are dehydrated by flash-

drying (Berjak et al., 1990; Wesley-Smith et al., 2001a; Pammenter et al., 2002), rapid 

dehydration rates can be achieved in many species [e.g. Hevea Brasiliensis (Normah et 

al., 1986), Landolphia kirkii (Pammenter et al., 1991), Ekerbergia Capensis (Pammenter 

et al., 1998; Perán et al., 2006) and Quercus robur (Berjak et al., 1999)]. 

 

It is suggested that the effectiveness of rapid drying at lowering the water content before 

viability reduction in recalcitrant material is not through the elicitation of any form of 

desiccation tolerance (Pammenter et al., 1998; Wesley-Smith et al., 2001a; Berjak and 

Pammenter, 2008); rather, rapid drying allows less time for deleterious water-based 

reactions to progress, and damage to accumulate (Berjak et al., 1989; 1993; Pammenter et 

al., 1991; 1998; Pritchard, 1991; Berjak and Pammenter, 1997; 2008; Wesley-Smith et 

al., 2001a). These deleterious reactions that cause a loss in viability occur when 

desiccation-sensitive material is slowly dehydrated (Pammenter et al., 1998; Wesley-

Smith et al., 2001a). Pammenter et al. (1991) suggested that viability loss associated with 

recalcitrant seeds, when they are dehydrated fast enough to pass through the intermediate 

water contents associated with the deleterious aqueous-based reactions, is as a result of 

the removal of the structural-associated or non-freezable water (reviewed by Pammenter 

and Berjak, 1999). This may also be the case for whole seeds as suggested by Pritchard 

(1991) working on Quercus rubra, who showed that rapid dehydration provided less time 
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for desiccation-induced deteriorative changes to take place. A separate study on whole 

seeds of Avicennia marina (Farrant et al., 1985) offers an alternative to this reasoning, 

suggesting that as a consequence of the increased time afforded by slow drying, 

germination-associated development events are allowed to occur during the initial stages 

of drying, thereby increasing desiccation sensitivity (Berjak et al., 1989). 

 

It is important to remember that recalcitrant seed tissue cannot be viewed as potentially 

desiccation tolerant, regardless of how rapidly the tissue can be dehydrated (Berjak and 

Pammenter, 2003a; 2008). In fact, embryonic axes of recalcitrant seeds will lose viability 

at ambient or refrigerated temperatures rapidly if left, even for a few hours, at the low 

water contents attained through flash-drying (Walters et al., 2001; Berjak and 

Pammenter, 2008). There is also a point below which they cannot survive, and this lower 

limit is always a higher water content than to that which intermediate and orthodox seeds 

can be dried (Pammenter and Berjak, 1999; Berjak, 2006a; Berjak and Pammenter, 

2008). Therefore, in simple terms, the more rapidly dehydration is achieved with 

recalcitrant material, the shorter is the exposure to the water range that permits damaging 

aqueous-based reactions (Berjak and Pammenter, 2003a; Ntuli et al., 2011). Furthermore, 

even when recalcitrant explants are rapidly dehydrated to lower water contents without 

any adverse impact on initial viability, they do not remain viable for long periods 

(possibly hours to a few days) (Berjak and Pammenter, 2003b) in this partially 

dehydrated state (Vertucci and Farrant, 1995; Pammenter et al., 1998; Walters et al., 

2001; 2002a). 

 

1.7 Storage of recalcitrant seeds 

 

In recent years, the loss of plant genetic resources and the need for environmental 

protection has come to the foreground (Chin, 1995; van Slageren, 2003). National and 

international programs have been implemented for the conservation of crop plants or their 

wild relatives by a variety of techniques and methods (Chin, 1995) (discussed in sections 

1.2 and 1.3). Genebanks in the form of seedbanks for the storage of orthodox seeds, and 

in vitro banks for other explants, have been established worldwide for short-, medium- 
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and long-term storage (Levin, 1990; Roberts, 1991; Chin, 1995). Genebanking essentially 

keeps the genetic material of a plant, be it in the form of seeds or alternate explants, in a 

state of suspended animation (van Slageren, 2003). Large numbers of seeds of a 

particular species are collected, dried and stored in airtight aluminium and glass 

containers at sub-zero temperatures, usually in large deep-freezers kept at -20°C (van 

Slageren, 2003). The longevity of orthodox seeds in storage is said to increase 

logarithmically with decreasing water contents (Ellis and Roberts, 1980; Chin, 1995). 

However, the storage lifespan of recalcitrant seeds is curtailed by the fact that they are 

desiccation sensitive and so cannot be stored in the dry state, and if maintained hydrated 

they will initiate germination in storage (reviewed by Pammenter and Berjak, 1999). 

Additionally, recalcitrant seeds are variable in size and viability (Chin, 1995), and many, 

particularly those of tropical origin, may be chilling sensitive (Roberts, 1973; King and 

Roberts, 1980; Chin, 1995; Pammenter and Berjak, 1999) (see section 1.4.2). Therefore 

recalcitrant seeds cannot be stored under the conventional conditions designed for 

orthodox seeds and short- to medium-term storage remains a challenge.   

     

Short- and medium-term storage techniques currently employed for recalcitrant seeds are 

generally limited to imbibed or hydrated storage. It has been suggested for some species a 

technique of partial desiccation of seeds to water contents slightly below their shedding 

water content may be beneficial to prevent germination in storage (Chin, 1995; Pritchard 

et al., 1995). However, the work of Drew et al. (2000) and Eggers et al. (2007) have 

demonstrated that partial dehydration of some recalcitrant seeds actually decreases 

storage lifespan. Seeds are generally stored at ambient temperatures or slightly below 

(Berjak et al., 1989; Chin, 1995) in the range of 7 to 20°C (Chin, 1995) in order to 

minimise early germination by decreasing metabolic rates (Pammenter and Berjak, 1999). 

However, these methods are accompanied by their own set of problems because hydrated 

seeds are more susceptible to attack by pests, infection by diseases (Chin, 1995) and 

microbial proliferation (King and Roberts, 1980; Mycock and Berjak, 1990; Berjak, 

1996; Berjak and Pammenter, 2004a; 2008). Fungal contamination has been shown to 

accelerate the intrinsic deterioration of recalcitrant seeds in storage (Bilia et al., 1999). 

Moreover, results from studies conducted on seeds of Hopea parviflora (Sunilkumar and 
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Sudhakara, 1998) and Avicennia marina (Calistru et al., 2000) demonstrate that the 

application of fungicidal treatments prior to hydrated storage extends the hydrated-

storage lifespan supporting the conclusion that mycofloral contamination decreases 

storage lifespan. However, Berjak and Pammenter (2004b) stated that “as most 

fungicides target particular fungal species or groups, it is necessary to assess the efficacy 

of systemic fungicides in curtailing proliferation of the specific fungi involved, as well as 

ensuring that the treatment itself does not damage the seeds.” Furthermore, even under 

minimal, or the absence of these contaminants, recalcitrant seeds ultimately lose viability 

under these conditions as stored, hydrated recalcitrant seeds are metabolically active and 

so undergo germination-associated changes (Pammenter et al., 1994; Pammenter and 

Berjak, 1999; Berjak and Pammenter, 2004a; 2008). It has been suggested that the 

hydrated storage period of recalcitrant seeds is dependant on the rate of germinative 

development in storage (Berjak et al., 1989). This variability amongst recalcitrant seeds 

means that optimum storage conditions are generally species-specific and often only 

elucidated by the process of trial and error (Berjak, 2006a; Sershen et al., 2007). 

Recalcitrant seeds therefore generally have a storage lifespan under hydrated conditions 

ranging from a few days to 1 – 2 years (King and Roberts, 1980; Berjak et al., 1989; 

Farrant et al., 1989; Pammenter et al., 1994; Chin, 1995; Pammenter and Berjak, 1999), 

which proves inadequate for the long-term storage needed for germplasm preservation 

(Pammenter and Berjak, 1999).  

 

Over the past few decades cryopreservation has become the leading method for the 

potential long-term preservation of recalcitrant-seeded germplasm in the form of whole 

seeds, embryonic axes and somatic meristems and embryos (e.g. Pritchard and 

Prendergast, 1986; Chaudhury et al., 1991; Vertucci et al., 1991; Assy-Bah and 

Engelmann, 1992; Wesley-Smith et al., 1992; Pammenter and Berjak, 1999; Shimonishi 

et al., 2000; Sershen et al., 2007; reviewed by Engelmann, 2000; Berjak et al., 2000a; 

Walters et al., 2008). This technique and the attendant problems are discussed in the 

sections that follow. 
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1.7.1 Cryopreservation 

 

Cryopreservation involves exposure to ultra-low temperatures, storage and subsequent 

recovery of viable cells, tissues, organs and organisms so they resume normal metabolic 

functioning [generally in LN or its vapour phase at temperatures between -140 and            

-196°C (Benson, 2008; Day et al., 2008)]. These low temperatures curtail biochemical 

activity and substantial molecular movements necessary for reactions without killing the 

cells (Benson and Bremner, 2004; Benson, 2008), and it has been suggested that under 

the appropriate conditions, stability and hence longevity, is enhanced in cells (Day et al., 

2008). Furthermore, cryopreservation imparts security of biological materials as the risk 

of genetic selection, loss of totipotency and contamination is minimised (Benson and 

Lynch, 1999; Benson, 2008; Day et al., 2008). Cryopreservation requires very little 

maintenance and once protocols have been established and samples stored in LN, all that 

is required is that the levels of the cryogen are regularly checked and replenished 

(Harding, 2004; Benson, 2008). Thus, the technique is not only more cost-effective than 

other storage methods such as culture collections, but also saves valuable personnel hours 

spent on subculturing (Engelmann, 2004; Benson, 2008). The avoidance of routine 

subcultures also importantly decreases the risk of contamination (Benson, 2008). 

Therefore, cryopreservation has been widely utilised in a variety of sectors including 

horticultural, medical, healthcare, biotechnology, forestry, aquaculture and veterinary 

science (Benson et al., 2002; 2006; Engelmann, 2004; Day et al., 2008) since germplasm 

can, theoretically, survive for indefinite periods (Tessereau et al., 1994; Engelmann, 

1997; Menges and Murray, 2004; Berjak and Pammenter, 2004a; Leunufna and Keller, 

2005). 

 

This technique, if it can be successfully achieved, is the most robust and efficient long-

term storage option for non-orthodox seed germplasm which cannot be stored using 

conventional seed storage methods for any meaningful period (Normah et al., 1986; 

Pritchard and Prendergast, 1986; Kartha and Engelmann, 1994; Berjak et al., 1996; 1999; 

2000a; Engelmann, 2000; 2004; Berjak and Pammenter, 2004a; b; 2008; Perán et al., 

2006; Sershen et al., 2007; Benson, 2008; Walters et al., 2008). Cryopreservation 
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protocols exist for more than 100 plant species (Harding, 2004) in a variety of explant 

forms (Kartha and Engelmann, 1994). However, the development of cryopreservation 

protocols for recalcitrant-seeded species are vastly less advanced when compared with 

vegetatively propagated species (Engelmann, 2004). As is the case with dehydration and 

short- to medium-term storage of non-orthodox material, the responses of germplasm to 

cryopreservation has been highly variable among species as well as among explants 

within the same species, necessitating the empirical determination of protocols for each 

species and explant employed (Pence, 1995; Wesley-Smith et al., 1995; Kioko et al., 

1998; Sershen et al., 2007). Due to this, some of the cost saving incurred by the use of 

cryopreservation is sometimes offset by the unavoidable use of protocols for recalcitrant 

seeds that are suboptimal, resulting in impaired recovery responses (Benson, 2008) and 

therefore larger numbers of explants need to be cryopreserved in order to ensure at least 

some survival post-retrieval (Reed, 2008).  

 

Day et al. (2008) suggested that despite the diversity of the biological materials that have 

been successfully cryopreserved, all storage protocols developed and employed are based 

upon the knowledge of three factors viz. water behaviour, cryo-injury and cryoprotection. 

Broadly based on these factors, the general approach to cryopreservation of non-orthodox 

seed material involves the manipulation, optimisation and collective operation of a 

number of factors including the size, physiological state and selection of an appropriate 

explant type, decontamination protocols, tissue water content and dehydration methods 

and rates, characteristics and concentration of chemical cryoprotectants, cooling rates and 

methodology, thawing and rehydration temperatures and rates, and development of in 

vitro technology for establishment of vigorous seedlings (Withers, 1979; Benson, 1993; 

Harding, 2004; Berjak and Pammenter, 2008). These factors are discussed below. 

 

1.7.1.1 Explant type 

 

Berjak (2006b) suggested that in order to achieve successful cryostorage, the smallest 

explant that will subsequently give rise to a plant needs to be used. As discussed in 

section 1.4.2, recalcitrant seeds generally are large (Chin, 1995; Berjak et al., 2000a; 
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Wesley-Smith et al., 2001a; Berjak and Pammenter, 2003a; b; 2004a; 2008; Pammenter 

et al., 2011) with the embryo/embryonic axis comprising only a small percentage of the 

overall dry weight of the seed (Chin et al., 1989; Berjak and Pammenter, 2004a; 2008). 

Additionally, tissues within these recalcitrant seeds have also been shown to differ in 

their responses and sensitivity to desiccation (e.g. Pritchard and Prendergast, 1986; 

Pritchard, 1991; Finch-Savage, 1992; Pence, 1992; Poulsen, 1992; Pritchard et al., 1995; 

Leprince et al., 1999). Therefore, it is very difficult to achieve rapid and uniform 

dehydration and cooling of the embryos in whole seeds (Pence, 1995; Pammenter and 

Berjak, 1999; Berjak, 2000; Wesley-Smith et al., 2001a; Berjak and Pammenter, 2004a; 

2008; Daws et al., 2006; Sershen et al., 2007), and in many cases attempts to freeze these 

large seeds have failed (e.g. Becwar et al., 1983; Jörgensen, 1990; Ahuja, 1991; 

González-Benito and Pérez-Ruiz, 1992; Chandel et al., 1995). However, although very 

seldom (Berjak et al., 1989; Wesley-Smith et al., 1992; 2001a), some non-orthodox 

seeded species have been successfully cryopreserved using whole seeds [e.g. Carica 

papaya (Chin and Krishnapillay, 1989), Coffea liberica (Normah and Vengadasalam, 

1992), Azadirachta indica (Berjak and Dumet, 1996), Wasabia japonica (Potts and 

Lumpkin, 1997) and Warburgia salutaris (Kioko et al., 2003)]. 

 

With regards to non-orthodox seeds, and recalcitrant seeds in particular, the removal of 

the embryos or embryonic axes from its nutrient supply (i.e. the cotyledon(s) and/or 

endosperm) within the seed, and its subsequent use in cryopreservation and in vitro 

culture, has been the most popular approach for their long-term storage in recent years 

(Berjak and Pammenter, 2004a; 2008; Berjak, 2006a). In most cases, this approach 

generally achieves the objective of size reduction for cryopreservation as recalcitrant 

embryonic axes are usually in the range of 1 – 3 mm (Berjak and Pammenter, 2004a; 

Berjak, 2006a), and amenability to flash (rapid) drying (Pammenter et al., 2002). The use 

of embryonic axes as germplasm for cryopreservation has achieved success with many 

non-orthodox species including Fagus grandiflora (Pence, 1990), Quercus faginea 

(González-Benito and Pérez-Ruiz, 1992), Camellia sinensis (Wesley-Smith et al., 1992; 

Chandel et al., 1995), Artocarpus heterophyllus (Chandel et al., 1995), Quercus robur 
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(Berjak et al., 1999), Aesculus hippocastanum (Wesley-Smith et al., 2001b), Aesculus 

glabra, Juglans nigra (Pence, 2003) and Poncirus trifoliata (Wesley-Smith et al., 2004a).  

  

With many tropical and sub-tropical species, axes need to be excised from their 

cotyledons in order to attain explants that are suitably small to process for 

cryopreservation (Pammenter et al., 2011). However, excision of embryonic axes from 

cotyledons is known to cause considerable damage to the shoot apex (Goveia et al., 2004; 

Berjak and Pammenter, 2004a; 2008; Pammenter et al., 2011) and following 

cryopreservation, shoot production often does not occur, but rather axes survive to form 

callus and/or roots (Pammenter et al., 2011). Pammenter et al. (2011) suggested that this 

is particularly the case for dicotyledonous species that have fleshly cotyledons. Species 

that have demonstrated this are axes of Trichilia dregeana (Kioko et al., 1998; Goveia et 

al., 2004), Ekebergia capensis (Perán et al., 2006), Trichilia emetica and Protorhus 

longifolia (Pammenter et al., 2011). It has been suggested that the excision of embryonic 

axes from the seed potentially exposes them to an oxidative burst [i.e. the production of 

reactive oxygen species (ROS)], which is a natural primary response to wounding 

(Minibayeva et al., 1998; Goveia et al., 2004; Roach et al., 2008; Whitaker et al., 2010). 

 

In some instances embryos/embryonic axes are still too large for cryopreservation and 

alternative explants need to be used (Berjak and Pammenter, 2004a; Berjak, 2006a). 

Modern techniques are successfully implementing cryopreservation of all types of 

explants including embryonic callus, apices, somatic embryos, meristems, pollen, nodal 

buds and cell suspensions of temperate and tropical species (Engelmann, 2004; Berjak 

and Pammenter, 2004a; Berjak, 2006b). 

 

1.7.1.2 Dehydration as a pretreatment for cryopreservation 

 

Whether seeds, embryonic axes or alternative explants, tissues in the hydrated state do 

not tolerate sub-zero temperatures (Meryman and Williams, 1985; Normah et al., 1986; 

Vertucci et al., 1991) and therefore, long-term storage efforts through cryopreservation 

are adversely affected. Thus, for successful cryopreservation, water content of explants, 
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amongst other parameters, need to be optimised so as to minimise damage by desiccation 

at low water contents, or by freezing at higher water contents (Normah et al., 1986; 

Pence, 1990; Chaudhury et al., 1991; Vertucci et al., 1991; Wesley-Smith et al., 1992; 

2001a; Berjak and Pammenter, 2004b).  

 

Dehydration of explants not only removes water in the tissue, but also promotes transition 

of the aqueous solution to a viscous amorphous glassy phase through the process of 

vitrification (Dumet and Benson, 2000; Engelmann, 2000; Berjak and Pammenter, 

2004a). Controlling the state of water by stabilising glasses is essential if successful 

cryopreservation strategies are to be developed (Benson, 2008; Buitink and Leprince, 

2008). Dehydration increases the concentration of cellular solutes (Leprince et al., 1999; 

Benson, 2007). As the solutions within the cells of the explant material become 

concentrated during drying, it may become supersaturated, accompanied by an increase 

in viscosity (Koster, 1991). If the viscosity reaches the point at which diffusion of water 

is prevented (Koster, 1991; Leprince et al., 1999), the solution is regarded as a glass. A 

glass is defined as an amorphous metastable state that resembles a plastic solid brittle 

material, but retains the disorder of a liquid (Franks, 1985; Walters et al., 2005). For 

example, a study by Leprince et al. (1999), using electron spin resonance (ESR) 

spectroscopy on recalcitrant Castanea sativa seeds, showed that when isolated embryonic 

axes were dried, the cytoplasmic viscosity increased steadily from a water content of 1.6 

down to 0.4 g g
-1

. Furthermore, below a water content of 0.35 g g
-1

 the ESR spectra 

reading became distorted, which is indicative of a spin probe that had become 

immobilised in a semi-solid environment, suggesting that a glass had formed within the 

cytoplasm (Leprince et al., 1999). Those authors also showed that drying rate did not 

influence the rise in viscosity during water loss. 

 

Koster (1991) also suggested that sugar mixes similar to those found in axes that are 

desiccation sensitive, form glasses only at sub-zero temperatures and their properties may 

also play a role in desiccation tolerance. Furthermore, Buitink et al. (2000) and Buitink 

and Leprince (2008) suggested that storage stability of seeds is related to the molecular 

mobility as well as the packing density of the intracellular glass, and therefore, the 
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physico-chemical properties of intracellular glasses provide stability for long-term 

survival. Therefore the benefits of glass formation and vitrification to explants 

undergoing desiccation include the highly viscous glass filling space during dehydration, 

the sheer bulk of which may therefore prevent the collapsing of tissue (Burke, 1986; 

Koster, 1991; Sakai, 2004; Buitink and Leprince, 2008). Additionally, glass formation 

may suspend chemical reactions that require molecular diffusion thereby ensuring 

stability (Burke, 1986; Koster, 1991; Sun and Leopold, 1993; 1997; Buitink et al., 1998; 

Sakai, 2004; Buitink and Leprince, 2008). This phase change also stabilises membranes 

as glasses may permit the continuance of hydrogen bonding at the interface between the 

glass and hydrophilic surfaces in the cell (Burke, 1986) and may reduce the possible 

lethal ice crystal formation during explant cooling (Stanwood, 1985; Reed, 1996; Benson 

et al., 2006). Furthermore, glasses do not drastically change fluid structure thereby 

making them less damaging (Benson, 2007). 

 

In order to establish successful cryopreservation procedures, achieving rapid dehydration 

of non-orthodox germplasm (discussed in section 1.6.2) whilst maintaining viability is 

vital (Wesley-Smith et al., 1992; 2001a; Pammenter et al., 1998; 2002; Berjak and 

Pammenter, 2008). Wesley-Smith et al. (2001a) suggested that drying recalcitrant axes to 

water contents facilitating cryopreservation should ensure survival of a critical number of 

cells in order to ensure that normal seedlings are produced. Flash-drying to sub-lethal 

water contents has been shown to achieve this by reducing the time of dehydration stress 

to which germinative cells are exposed (Wesley-Smith et al., 2001a). As discussed above, 

dehydration increases cytoplasmic viscosity (Leprince et al., 1998; 1999; Wesley-Smith 

et al., 2004a), which hinders ice crystal growth on immersion of explants in the cryogen 

(Luyet et al., 1962; Wesley-Smith et al., 2004a). Furthermore, lower water contents are 

associated with lower freezing damage (Meryman and Williams, 1980; Vertucci, 1990; 

Wesley-Smith et al., 1992; 2004a; Farrant and Walters, 1998) and higher glass transition 

temperatures (Meryman and Williams, 1980; Leprince and Walters-Vertucci, 1995). 

However, for successful cryopreservation, there needs to be a balance between avoiding 

ice crystal damage (rapid cooling rates and lower water contents) and desiccation damage 

(higher water contents) (Berjak and Pammenter, 2004a). 
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1.7.1.3 Cryoprotection 

 

Cryoprotectant solutions are believed to prevent or reduce the physical injuries that result 

in cellular and tissue damage of germplasm exposed to cryogenic temperatures (Suzuki et 

al., 2005; Volk and Walters, 2006; Benson, 2008). It has been suggested that successful 

cryopreservation protocols are dependent on cryoprotective strategies in combination 

with optimising cooling rates preceding the final immersion of explants in LN (Benson, 

2004; 2008; Fuller, 2004; Day et al., 2008). Success has been achieved with 

cryopreservation by combining rapid dehydration and chemical cryoprotection (Sakai, 

2000; Shimonishi et al., 2000; Benson, 2008), followed by cooling, either relatively 

slowly (Chaudhury et al., 1991; Harding et al., 2004; Benson et al., 2006) or ultra-rapidly 

(Wesley-Smith et al., 1992; Pammenter and Berjak, 1999; Volk et al., 2006b). 

Cryoprotection involves the pretreatment of explants by direct exposure to concentrated 

cryoprotective solutions (Meryman and Williams, 1985; Sakai, 1985; Chaudhury et al., 

1991; Mycock et al., 1995; Sershen et al., 2007), or by preculturing them on a medium 

containing the cryoprotectant (Pritchard et al., 1982; Dumet et al., 1994; Cho et al., 2001; 

Varghese et al., 2009). These chemical cryoprotectants are a heterogeneous group of 

compounds that can be broadly categorised as penetrating/colligative and non-

penetrating/osmotic types that are often used in combination (Fahy et al., 1984; Meryman 

and Williams, 1985; Benson, 2004; 2008; Volk et al., 2006b; Day et al., 2008). 

 

During dehydration and controlled cooling, water is removed from cells resulting in a 

more concentrated cytoplasm. However, excessive concentration of solutes, known as 

colligative injury (Benson et al., 2005; Benson, 2007; Day et al., 2008), is detrimental to 

cell functioning, and was shown to be the primary cause of freezing injury (Lovelock, 

1953). Therefore, a balance needs to be achieved between dehydration and solute 

concentration and this is where penetrating cryoprotectants are effective (Day et al., 

2008).  

 

Colligative cryoprotectants are small molecules that penetrate the plasma membrane, 

although their permeability often varies between cell types (Volk et al., 2006b; Benson, 
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2008; Day et al., 2008). Glycerol and dimethyl sulphoxide (DMSO) are the most 

common penetrating cryoprotectants applied to plant material (Suzuki et al., 2005; 

Benson, 2007; 2008; Day et al., 2008). They operate by entering the cytoplasm and 

depressing the freezing point of the intracellular solution and acting as a cellular solvent, 

ameliorating the damaging effects of increased solute concentrations that occur when 

water is lost from the cell (Benson, 1990; 2004; 2007; 2008; Santarius and Franks, 1998; 

Benson et al., 2005; Day et al., 2008). This is achieved by minimising the toxic 

electrolyte concentration proportionally to the amount of water maintained in the liquid 

state below 0°C (Kartha and Engelmann, 1994). Penetrating cryoprotectants are believed 

to obviate the potentially lethal reduction in cell volume from water loss (Benson, 2007; 

2008; Day et al., 2008) and, due to their equal distribution across the germplasm, a more 

uniform cooling rate can be achieved, thus improving recovery (Benson, 2007; 2008). 

 

Non-penetrating or osmotic cryoprotectants such as sucrose are generally larger 

molecules and have multiple protective roles (Farrant et al., 1977; Day et al., 2008). They 

are believed to function by causing osmotic dehydration, thus reducing the amount of 

water available for freezing, as well as lowering the freezing point and impairing ice 

crystal nucleation by restricting the molecular mobility of water molecules (Storey and 

Storey, 1996; Benson, 2004; 2007; 2008; Fahy et al., 2004; Fuller, 2004; Benson et al., 

2005; Volk and Walters, 2006; Day et al., 2008). It is generally recommended that 

penetrating additives be used in combination with non-penetrating cryoprotectants as the 

latter are said to lower the necessary but potentially damaging high concentrations of 

colligative cryoprotectants required to attain a stable glass  (Fahy et al., 1984; Benson, 

2007; Day et al., 2008).  

 

The application of chemical cryoprotectants promotes the formation of glass (Dumet and 

Benson, 2000; Engelmann, 2000; Benson, 2007) because the intracellular solution is so 

concentrated that the cytoplasm vitrifies and ice crystal growth is inhibited (see section 

1.7.1.2). Even if ice crystals do form from the remaining intracellular water, they are 

generally so small that they are innocuous and non-injurious (Meryman and Williams, 

1985; Benson et al., 2005; Benson, 2007; 2008; Day et al., 2008). 
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The application of single cryoprotectant solutions has been shown to be generally less 

effective than when used in combinations of two or more, which significantly increases 

survival post-cooling (Finkle and Ulrich, 1979; Chen et al., 1984; Withers, 1985; Fahy et 

al., 1986; Tao and Li, 1986; Towill, 1995). However, the penetration of each 

cryoprotectant component and thus their effectiveness, may change with the temperature 

of their application (Fahy et al., 1984; Finkle et al., 1985; Benson, 2007), cell type (Fahy 

et al., 1984; Finkle et al., 1985; Benson, 2007; Volk and Caspersen, 2007), culture age 

(Harding et al., 1996), totipotency (Benson et al., 1992), capacity to overcome stress 

(Benson et al., 1992; 1995) and other components in the cryoprotection solution (Fahy et 

al., 1984; Finkle et al., 1985). Furthermore the effect of cryoprotectants may also be 

species-specific (Fahy et al., 1984; Finkle et al., 1985; Benson, 2008). Additionally, apart 

from the general physical protective properties mentioned above, it has been suggested 

that chemical cryoprotectants provide additional defenses against freezing injury (Benson 

and Bremner, 2004; Fuller, 2004; Volk et al., 2006b; Day et al., 2008). Chemical 

cryoprotectant solutions can stabilise both proteins (Arakawa and Timasheff, 1982; 

Arakawa et al., 1990; Volk et al., 2006b; Day et al., 2008) and membranes (Rudolph and 

Crowe, 1985; Kartha and Engelmann, 1994; Fuller, 2004; Volk et al., 2006b; Day et al., 

2008), as well as acts as antioxidants (Orthen et al., 1994; Shen et al., 1999; Yancey, 

2005; Day et al., 2008). However, the chemical toxicity of cryoprotectant solutions, 

especially at high concentrations can damage cell structures, impair physiological 

function and interfere with microfilament and microtubule structure and configuration 

(Bhandal et al., 1985; Fahy, 1986; Tao and Li, 1986; Withers, 1988; Steponkus et al., 

1992; Fahy et al., 2004; Volk et al., 2006b). Although the exposure time and 

concentration of cryoprotectant solutions differ with the species, concentrations between 

5 – 15% are commonly applied and appear tolerable prior to immersion into LN 

(Withers, 1985; Kartha et al., 1988; Mycock et al., 1995; Cyr, 2000). Cryoprotectants are 

generally applied at 0°C or room temperature, in a one-dose concentration, or stepwise. 

The latter is suggested in order to avoid osmotic shock (Benson, 2008). However, a 

balance between the effectiveness of chemical cryoprotectants and their toxicity to cells 

within plant germplasm needs to be empirically determined and optimised as toxicity can 

be germplasm- and species-dependent (Dumet and Benson, 2000; Benson, 2008). 
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1.7.1.4 Controlled rate and slow cooling 

 

The first techniques employed for the routine cryopreservation of plant germplasm 

involved slow, controlled rate cooling (Withers and King (1980; Benson, 2004; 2007; 

2008; Benson et al., 2005) and still form the basis of many current plant germplasm 

cryopreservation protocols (Benson, 2004; 2008; Panis and Lambardi, 2006). The basic 

methodology has been modified, adapted, and optimised for a number of plant systems 

(Benson, 2004). Slow cooling rates of 0.1 – 10°C min
-1

 (Touchell et al., 2002; Benson, 

2004; 2007; 2008) down to sufficiently low temperatures in the range of -30 to -80°C, 

within a programmable freezer, are generally adopted for most cryopreservation 

protocols (Benson, 2004; 2008). These slow cooling rates minimises the risk of damaging 

intracellular ice formation (Mazur, 1984; Kartha, 1985; Meryman and Williams, 1985; 

Kartha and Engelmann, 1994; Benson, 2004; Benson et al., 2005; Day et al., 2008). 

Explants are subsequently immersed in LN (Kartha, 1985; Benson, 2004; 2007; 2008; 

Benson et al., 2005; Day et al., 2008) or continued stepwise reduction in temperature to -

196°C is adopted (Kartha, 1985; Sershen et al., 2007). The former is commonly referred 

to as two-step cooling (Morris, 1978; Engelmann, 1993; Day et al., 2000; Benson et al., 

2005; Benson, 2007). 

 

Slow cooling rates are believed to encourage the migration of water to extracellular 

spaces and therefore the formation of a few large extracellular ice crystals, and alleviates 

the formation of potentially-lethal intracellular ice that generally occurs together with 

extracellular freezing events, when explants are rapidly cooled (Fahy et al., 1984; Franks, 

1985; Kartha, 1985; Mazur, 2004; Benson et al., 2005; Day et al., 2008). Slow, 

progressive temperature reduction will initiate the nucleation of ice extracellularly, 

restricting the subsequent ice formation to the external milieu (Kartha and Engelmann, 

1994; Reed and Uchendu, 2008) and leaving the interior of the cell super-cooled rather 

than frozen (Benson et al., 2005). A water vapour difference is established between the 

frozen exterior and the interior of the cell resulting in quasi-equilibration through the 

movement of intracellular water to the exterior of the cell whereupon it freezes, a process 

referred to as cryodehydration (Benson et al., 2005). Mazur (1963; 2004) explained that 
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the cooling rate of cells controls the water movement between cell compartments, which 

invariably affects the cell solute concentration. This phenomenon (i.e. increase in 

cytoplasmic solute concentration) is believed to bring about the transition of the 

remaining intracellular water to a glass (Kartha, 1985; Mazur, 1990; Wesley-Smith et al., 

1995; Dumet and Benson, 2000; Engelmann, 2000; Day et al., 2008). 

 

An optimised protocol for controlled rate cooling (using a programmable freezer) has a 

major advantage over other approaches in that hundreds of vials of germplasm can be 

cryopreserved at one time (Benson, 2004; 2008; Reed and Uchendu, 2008). This 

technique is highly efficient for large-scale processing of high volumes of germplasm 

such as culture collections holding many accessions (Benson, 2004; 2008). Most model 

programmable freezers are computerised (Benson et al., 2005; Benson, 2008; Day et al., 

2008) allowing the user to manipulate multiple parameters, resulting in more robust and 

reliable methods in addition to many different optimisation options (Benson, 2008; Day 

et al., 2008). Programmable freezers are used extensively in the commercial sector 

(Benson, 2008) and controlled slow cooling has proven a successful cryopreservation 

method when applied to many types of germplasm including meristems [e.g. Pyrus 

communis (Reed, 1990), Cichorium intybus (Demeulemeester et al., 1993), Mentha 

spicata (Hirai and Sakai, 1999) and Melia azedarach (Scocchi et al., 2004), reviewed by 

Kartha, 1985; Benson, 1995; Reed and Uchendu, 2008], dedifferentiated cultures [e.g. 

Bromus inermis (Ishikawa et al., 1996), Gossypium hirsutum (Rajasekaran, 1996), 

Helianthus tuberosus (Swan et al., 1999) and Nicotiana tabacum (Kobayashi et al., 

2005), reviewed by Withers, 1985], embryogenic cultures [e.g. Oryza sativa (Lynch and 

Benson, 1991), Ipomoea batatas (Blakesley et al., 1995; Bhatti et al., 1997) and several 

Citrus species (Pérez et al., 1997)], somatic embryos [e.g. Larix Eurolepsis, Picea 

mariana (Kobayashi et al., 1990), Citrus sinensis (Marin and Duran-Vila, 1988) and 

Castanea sativa (Corredoira et al., 2004)] and whole seeds [e.g. Pisum sativum, Glycine 

max, Helianthus annuus (Vertucci, 1989a), 10 native Western Australian species 

(Touchell and Dixon, 1993), Wasabia japonica (Potts and Lumpkin, 1997) and Coffea 

arabica (Dussert et al., 1998; 2000)]. 
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In contrast to the numerous advantages of programmable freezers, the drawbacks 

associated with the use of this equipment include, the initial monetary outlay for the 

equipment (Benson, 1999; 2004; 2008), its regulatory servicing and routine checks, 

safety, and the cost associated with supplying the large amounts of LN required to cool 

the freezing chamber, all of which can prove prohibitive for smaller, non-profit 

laboratories (Benson, 2008). Low-budget alternatives such as Mr Frosty (Nalgene
TM

, 

New York, U.S.A.) are therefore employed by these laboratories for small batches of 

germplasm samples (Percy et al., 2000; Benson, 2008; Day et al., 2008; Amaral et al., 

2009). This low maintenance system uses isopropanol as the coolant to passively freeze 

polypropylene cryovials at a constant rate within an ultra freezer (-80°C) (Harding et al., 

2004; Menges and Murray, 2004; Benson, 2007; 2008; Day et al., 2008). However, Mr 

Frosty too has its limitations in that cooling rates cannot be manipulated as the cryovials 

held within the systems chamber can be cooled only at a fixed rate of 1°C min
-1

 down to 

between -20 and -80°C (dependent on the solvent’s cooling characteristics). 

 

Successful cryopreservation protocols have also been developed for partially dehydrated 

plant germplasm by plunging cryovials directly into LN, with many explant types 

including embryos/embryonic axes [e.g. Hevea brasiliensis (Normah et al., 1986), 

Aruacaria hunsteinii (Pritchard and Prendergast, 1986), Cocos nucifera  (Assy-Bah and 

Engelmann, 1992), Aesculus hippocastanum (Pence, 1992), Poncirus trifoliata 

(Radhamani and Chandel, 1992), Prunus amygdalus (Chaudhury and Chandel, 1995), 

Trichilia dregeana (Kioko et al., 1998), Sechium edule (Abdelnour-Esquivel and 

Engelmann, 2002), Arachis hypogaea (Gagliardi et al., 2002) and various Amaryllid 

species (Sershen et al., 2007)], embryonic cultures [e.g. Ipomoea batatas (Blakesley et 

al., 1995; Bhatti et al., 1997) and Picea mariana (Touchell et al., 2002)], meristems [e.g. 

Sechium edule (Abdelnour-Esquivel and Engelmann, 2002)], whole seeds [e.g. Coffea 

liberica, Vigna sesquipedalis (Normah and Vengadasalam, 1992) and Citrus suhuiensis 

(Makeen et al., 2005)] and somatic embryos [e.g. Castanea sativa (Corredoira et al., 

2004)] reporting at least some survival. Cryopreservation protocols have also been 

developed in which dehydrated germplasm is immersed in LN vapour [e.g. whole seeds 

of Helianthus annuus, Glycine max and Pisum sativum (Vertucci, 1989a) and embryonic 
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axes with attached cotyledons of Camellia sinensis (Kim et al., 2002; 2005)]. Although 

slightly faster cooling rates are achieved by plunging cryovials directly into LN compared 

with programmable freezers and the use of Mr Frosty, it is still classified as slow cooling 

(e.g. Vertucci, 1989a; Wesley-Smith et al., 2001b; Sershen et al., 2007). Documented 

rates achieved using this technique however, varies significantly between experiments 

[e.g. c. 10°C min
-1

 (Vertucci, 1989a); 3 – 5°C s
-1

 (Sershen et al., 2007)]. It has been 

suggested though that the cooling rate achieved within cryovials plunged into LN is 

species-specific and influenced by the moisture content and the size of the germplasm 

(Vertucci, 1989a). 

 

1.7.1.5 Rapid cooling 

 

Rapid dehydration and cooling rates have been employed for successful cryopreservation 

and post-thaw survival of isolated zygotic axes of a variety of species, for example 

Camellia sinensis (Wesley-Smith et al., 1992), Trichilia dregeana (Kioko et al., 1998), 

Quercus robur (Berjak et al., 1999), Poncirus trifoliata (Wesley-Smith et al., 2004a) and 

various amaryllid species (Sershen et al., 2007). However, one danger associated with 

flash-drying is that it may result in excessive water loss from the explant, thus killing 

germplasm before any cooling trials are performed (Berjak and Pammenter, 2004a). An 

ultra-rapid cooling technique has been developed to overcome this problem, especially 

for the cryopreservation of embryonic axes of recalcitrant-seeded species that cannot 

tolerate desiccation (Wesley-Smith et al., 1992; 1999; 2001b; 2004a; Berjak and 

Pammenter, 2004b).  

 

The most common method of ultra-rapid cooling, of the order of several hundred of 

degrees per second (Berjak and Pammenter, 2000b; Wesley-Smith et al., 2004b), is 

achieved by tumble mixing naked explants in a polystyrene container with nitrogen slush 

[LN supercooled to -210°C (Echlin, 1992)] (e.g. Wesley-Smith et al., 1992; Sershen et 

al., 2007; Ngobese et al., 2010). Alternatively, rapid cooling rates are also attained by use 

of a plunging device (spring-loaded) to directly immerse individually-mounted axes into 

nitrogen slush or isopentane, at an average velocity of 1.2 m s
-1

 to a depth of 160 mm 
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(e.g. Wesley-Smith et al., 1995; 1999; 2001b; 2004a; b). Although cooling rates as high 

as c. 1300°C s
-1

 (Wesley-Smith et al., 2004a) and c. 1700°C s
-1

 (Wesley-Smith et al., 

2004b) have been attained using the above-mentioned technique, ultra-rapid cooling rates 

and survival following this cooling are dependent on good thermal contact between the 

sample and the cryogen (Wesley-Smith et al., 1992), and the complex interaction among 

the physical attributes such as mass, water content and geometry of the explant (Wesley-

Smith et al., 2001b).   

 

Water is said to undergo a transition into cubic or hexagonal ice configuration between 

temperatures of -40 and -138°C (Robards and Sleytr, 1985). Wesley-Smith et al. (2004b) 

stated that the cooling rate down to these temperatures influences the location, size and 

number of ice crystals formed within cells and tissues. It was further suggested that 

higher cooling rates prevent ice crystal formation and growth by rapidly traversing 

through this critical temperature range (Robards and Sleytr, 1985; Wesley-Smith et al., 

1995; 2001b). This invariably permits cooling of explants at higher water contents that 

are still tolerable during cryopreservation, thereby facilitating better post-thaw survival 

(Luyet, 1960; 1965; Vertucci et al., 1994b; Berjak et al., 1996; Wesley-Smith et al., 

2001b; Berjak and Pammenter, 2004a; Benson et al., 2005). Due to the relatively large 

size of most explants though, the total prevention of intracellular ice formation within 

relatively hydrated tissues is unachievable (Luyet, 1960; Ryan and Purse, 1985). 

However, rapid cooling is effective in limiting the amount of ice that is formed rather 

than completely avoiding it (Wesley-Smith et al., 2001b; 2004b). 

 

1.7.1.6 Thawing 

 

The survival and subsequent recovery of explants to produce normal, functional seedlings 

following cryopreservation is dependent on a number of carefully defined factors and 

manipulations (Berjak and Mycock, 2004) including the optimisation of rewarming 

parameters after cryostorage (Kioko, 2003; Berjak and Mycock, 2004; Wesley-Smith et 

al., 2004a; Day et al., 2008). Day et al. (2008) suggested that relaxation of glasses that 

may occur on rewarming can fracture fragile and particularly rigid structures within cells. 
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Additionally, much like cooling, thawing/warming of germplasm can result in the 

formation of ice crystals due to the devitrification of the metastable glasses within cells, 

which invariably poses a major threat to cellular integrity (Bowers, 1990; George, 1993; 

Benson, 2007; 2008; Day et al., 2008). Furthermore, innocuous ice crystals are capable of 

growing to a size that may cause cellular injury via a process of recrystallisation (Sakai 

and Yoshida, 1967; Leibo et al., 1970; Bowers, 1990; Mazur, 1990; George, 1993; 

Benson, 2007; Day et al., 2008). It has been suggested that devitrification and glass 

relaxation during thawing can be related, at least in part, to the warming rates (Benson et 

al., 2006; Benson, 2007; Day et al., 2008). Moreover, dependent upon the rates of 

cooling, the cryoprotectants employed and the type of tissue, thawing rates can also affect 

ice stability (Benson 2007). Day et al., (2008) proposed that if warming rates are too 

slow, glasses can devitrify and form ice. In addition to ice formation (and glass 

relaxation), slow thawing may also result in unbalanced metabolism (Bowers, 1990; 

George, 1993; Kioko, 2003).  

 

As discussed in section 1.7.1.5, ice crystal formation generally occurs in the temperature 

range between -40 and -138°C (Robards and Sleytr, 1985) and is a function of the 

mobility of water (Luyet et al., 1962; Rall and Fahy, 1985), which is reduced below         

-40°C (MacKenzie, 1977), and severely restricted below -100°C (Wikefeldt, 1971). 

Therefore, much as is the case for cooling, faster thawing rates through this temperature 

range are thought to limit recrystallisation, ice crystal formation and growth and their 

associated cellular damage (Mazur, 1984; Kartha, 1985; Robards and Sleytr, 1985; 

George, 1993; Kioko, 2003; Wesley-Smith et al., 2004a; Benson, 2007). However, 

Benson (2007; 2008) cautions that if warming rates are too rapid, stress-cracks and 

fractures can occur. Furthermore, studies have suggested that the warming rate required 

to avoid cellular damage following cryostorage is largely determined by the time spent in 

the temperature range that supports ice crystal formation during cooling (Mazur, 1990; 

Wesley-Smith et al., 2004a). Moreover, the damage incurred during thawing can be 

avoided/limited only through the effective balance between water content and cooling 

rates (Wesley-Smith et al., 2001b; 2004a), as well as the use of cryoprotectants (Wesley-

Smith et al., 2001b; Benson, 2007). 
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Rapid thawing is generally achieved by immersing explants for 1 to 2 min directly in 

distilled water (e.g. Wesley-Smith et al., 1992; 1999; 2001b; 2004b; Kartha and 

Engelmann, 1994; Berjak et al., 1999; 2000b; Sershen et al., 2007), or in liquid growth 

medium, held at a temperature between 35 and 45°C (e.g. Wesley-Smith et al., 1992; 

Kartha and Engelmann, 1994; Grout, 1995; Kioko et al., 1998; Mix-Wagner et al., 2002). 

Alternatively, germplasm cryostored within cryovials can be thawed by plunging 

cryovials into a water bath held at 25 – 45°C (e.g. Withers and King, 1980; Find et al., 

1993; Kioko et al., 1998; Burch and Wilkinson, 2002; Nadarajan et al., 2006; Benson, 

2008; Varghese et al., 2009). Recent studies have also involved the use of a solution of 

1µΜ CaCl2.2H2O and 1mΜ MgCl2.6H2O [calcium-magnesium (CaMg)] as a thawing 

and rehydration medium which was shown to be more effective than distilled water 

(Berjak et al., 1999; Mycock, 1999; Berjak and Mycock, 2004; Varghese et al., 2009). 

This is further discussed below.    

 

1.7.1.7 Rehydration  

 

Rehydration of explants that have been either partially dehydrated and cryopreserved, or 

dehydrated only, is an important step in their survival and formation of normal seedlings. 

Similar to the thawing process, rehydration generally involves directly submerging the 

experimental material in distilled water (e.g. Wesley-Smith et al., 2001a; 2004b; Perán et 

al., 2004) or liquid culture medium (e.g. Quain et al., 2009) for c. 20 – 40  min. 

Simultaneous thawing/rehydration of explants either in distilled water (e.g. Berjak et al., 

1999; 2000a) or liquid medium (e.g. Wesley-Smith et al., 1992; Mycock et al., 1995) has 

also been successfully applied to a number of cryopreservation protocols at either 

ambient temperature (25°C) or at 35 – 40°C. Alternatively, slow rehydration can be 

carried out using filter paper moistened with liquid growth medium or distilled water 

(e.g. Leprince et al., 1998; Wesley-Smith et al., 2001b; 2004a; Perán et al., 2004). A 

study conducted by Perán et al. (2004) showed that rapid rehydration by direct immersion 

resulted in higher germination when compared to slow rehydration. Much in the same 

manner as slow dehydration (see section 1.7.1.2), slow rehydration is suggested to expose 

recalcitrant tissue to the intermediate water contents that bring about aqueous-based 



 

 41

degradation processes (Vertucci and Farrant, 1995; Pammenter et al., 1998; Walters et 

al., 2001). 

 

The rehydration of dry biological material is known to result in the leakage of low 

molecular weight substances (Hoekstra et al., 1999), although this leakage is understood 

to subside as rehydration progresses in desiccation-tolerant tissue, provided that initially 

the material is not very dry (Pammenter et al., 2002). Ultra dry material (Hong and Ellis, 

1990b; Pammenter et al., 2002) and/or low temperatures (Hobbs and Obendorf, 1972; 

Bramalage et al., 1978) can result in extensive imbibition damage. Furthermore, 

recalcitrant seeds and axes will be damaged at even higher water contents (Pammenter et 

al., 2002; Perán et al., 2004), and imbibition damage is exacerbated at low temperatures 

and with increased storage time (Sacandé et al., 1998; Perán et al., 2004). To avoid 

damage of orthodox seeds due to rapid imbibitional leakages at low temperatures, seeds 

or axes undergo a pre-humidifying step (Pammenter et al., 2002; Perán et al., 2004), 

which was a common practice for recalcitrant germplasm (e.g. Berjak et al., 1992; 1993; 

Leprince et al., 1998; Pammenter et al., 1998). However, in our laboratory, this step has 

now been superseded by immersion of recalcitrant material in a CaMg solution. 

 

Studies performed with recalcitrant axes of Quercus robur (Berjak et al., 1999; 2000a) 

revealed that when explants exposed to drying-freezing treatments were rapidly 

rehydrated in distilled water at ambient temperature, the roots produced showed no 

gravitropic response. This abnormality was due to failed reassembly of the cytoskeleton 

and so statolith deposition (Berjak et al., 1999; 2000a; Berjak and Mycock, 2004) as a 

result of improper rehydration procedures (Berjak and Mycock, 2004; Berjak and 

Pammenter, 2004b). However, rehydration of recalcitrant germplasm in a CaMg solution 

at ambient temperature achieved promising results (Berjak et al., 1999; Berjak and 

Mycock, 2004; Perán et al., 2006; Varghese et al., 2009), with this rehydration protocol 

being associated with the reassembly of the actin cytoskeleton (Berjak and Pammenter, 

2004b) and normal statolith deposition in root cap columella cells, which is correlated 

with the downward curvature of the roots (i.e. gravitropism) (Berjak and Mycock, 2004; 

reviewed by Berjak and Pammenter, 2004b).  
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1.7.1.8 Viability assessment and in vitro regeneration  

 

The ultimate goal of plant cryopreservation is the establishment and normal development 

of seedlings from cryostored germplasm. There are numerous techniques to evaluate the 

vigour, viability and cellular structure of plant tissue, including the tetrazolium test 

(ISTA, 1999) (e.g. Bittencourt et al., 1997; de Camargo et al., 1997), electrolyte leakage 

(e.g. Vertucci, 1989b; c; Pammenter et al., 1991; 1998; Berjak et al., 1992; Wesley-Smith 

et al., 2001a; b), and electron microscopy (e.g. Berjak et al., 1992; 1999; Wesley-Smith 

et al., 1992). However, these methods are not considered as rigorous at assessing the 

success of a cryopreservation protocol as the regeneration and establishment of normal, 

fully-functional, callus-free seedlings (Pammenter et al., 2002; Benson, 2007). 

 

Many problems can arise at this re-establishment step of cryopreservation (Berjak and 

Pammenter, 2004b). Since recalcitrant seeds are generally too large to be cryopreserved 

(discussed in section 1.7.1.1), embryonic axes are usually separated from the endosperm 

or cotyledons of the seed and, in so doing, its nutrient source is lost. This necessitates the 

formulation of a tissue culture germination medium for embryonic axes post-thawing. 

The selection of the correct medium is an essential step in the development of a 

successful cryopreservation protocol (Berjak and Pammenter, 2004b). Ideally, the 

medium should contain the ingredients found in the seed endosperm such as vitamins, 

minerals, sucrose and may also include plant growth regulators (PGRs) such as kinetin, 

benzylaminopurine (BAP), gibberellic acid (GA), naphthaleneacetic acid (NAA) and 

cytokinin (George, 1993). A formulation developed by Murashige and Skoog (1962), or a 

modification thereof, is usually employed as a starting point for recalcitrant germplasm. 

Additives such as PGRs are species-dependent and Kane (2004) suggested that the 

complexity of the culture medium is inversely proportional to the size of the explant. In 

addition to the culture medium, decontamination protocols, photoperiod conditions and 

temperature at which in vitro cultures are kept all need to be empirically determined for 

explants of each species. 
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1.8 Landolphia kirkii and rationale for this study  

 

The seeds of L. kirkii T.-Dyer, a member of the Apocyanaceae, are characterised as being 

recalcitrant (Berjak et al., 1989; 1992; Pammenter et al., 1991; Vertucci et al., 1991). The 

plant, which is native to southern Africa, is abundantly distributed along coastal and 

sandforest areas, mainly in northern KwaZulu-Natal. Landolphia kirkii is a scrambling 

shrub, or woody climber that can reach up to 8 metres, and produces fruit biannually. In 

the ripened state the fruit of L. kirkii constitutes a prominent food source for monkeys and 

birds while remaining popular among rural communities. This species also has potential 

for the rubber industry as the fruit and stems exude large amounts of milky latex, which 

can be used to produce high quality rubber (Munro, 1981). The plant produces relatively 

large (approximately 40 – 100 mm in diameter), pale green fruit with white dots, turning 

yellowish-orange upon ripening (Pooley, 1993). Landolphia kirkii produces narrowly 

oval, large endospermous seeds (approximately 1.5 g and 10 – 15 mm long) (Berjak et 

al., 1992). The embryonic axis is fully developed when the fruit is shed, and there are no 

tendencies towards dormancy (Pammenter et al., 1991). The embryonic axis constitutes 

less than 0.1% of the dry mass of the mature seed (Berjak et al., 1990) and is situated 

apically, which facilitates its excision from the extremely hard endospermic tissue 

(Berjak et al., 1992). If maintained at their original water content, the seed will lose 

viability in approximately one month (Pammenter et al., 1991), as metabolic demands of 

the embryo exceed the endogenous seed tissue water. However, wet storage of seeds of L. 

kirkii has been shown to increase the desiccation sensitivity of embryonic axes (Berjak et 

al., 1992). Therefore, cryostorage of the embryonic axes excised from L. kirkii axes 

should offer a means of germplasm preservation. 

 

Previous studies have demonstrated that the extent of desiccation tolerated by recalcitrant 

seeds of a variety of species could be altered by the rate of drying (Farrant et al., 1988; 

Berjak et al., 1990; 1992; Pammenter et al., 1991; Berjak and Pammenter, 1994). 

Embryonic axes of seeds of L. kirkii have been shown to tolerate a lower water content 

when dried very rapidly (flash-dried), than when slowly dehydrated (Pammenter et al., 

1991). However, the ‘critical water content’ for survival is dependent on the 
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developmental status of the seeds: immature axes could be flash-dried to lower water 

levels without apparent damage compared with mature and germinating seeds (Vertucci 

et al., 1991; Berjak et al., 1992). Previous work carried out on mature axes of L. kirkii 

has shown that the original water content of about 1.5  g g
-1

 (dmb) can be reduced to 

approximately 0.32 g g
-1

 when flash-dried for 30 min, while the viability was maintained 

at 80% (Pammenter et al., 1991). Vertucci et al. (1991), recorded success in terms of 

mature axis survival of L. kirkii at a temperature of -70°C using a slow cooling rate of 

10°C min
-1

, but no survival was recorded when axes were exposed to -150°C (Wesley-

Smith et al., 1992; Berjak, pers. comm.
2
). 

 

The present study was aimed at successful preservation of zygotic germplasm of L. kirkii 

at temperatures below -140°C, widely regarded as the optimum for cryogenic storage 

(Benson, 2008). In the previous research on L. kirkii the axes alone (i.e. without attached 

cotyledonary tissue) were removed from the seeds (Pammenter et al., 1991; Vertucci et 

al., 1991; Berjak et al., 1992). This may have resulted in excision injury (Pammenter et 

al., 2011), which was possibly exacerbated at temperatures below -70°C. For the 

purposes of the current study, therefore, axes were also removed with a portion of each 

‘paper-thin’ cotyledon attached (see Figure 2.1) in order to observe the possible effects of 

excision injury and their responses, compared with those from which the cotyledons had 

been severed flush with the axis surface. Prior to cooling trials, the desiccation sensitivity 

of axes was assessed through flash-drying in order to establish the optimum water content 

amenable to cooling. Other studies have shown that chemical cryoprotectants increased 

the probability of explant survival following cryogenic cooling (Shimonishi et al., 2000; 

Benson, 2008). Although this may not generally apply across recalcitrant zygotic axes of 

all species (Kioko, 2003; Sershen et al., 2007), the effects of selected cryoprotectants 

were tested as part of the present investigation. Thereafter, the effects of various cooling 

rates and techniques on the survival of embryonic axes only and embryonic axes with 

attached cotyledonary segments were assessed.  

 

                                                 
2
 Berjak, P.  University of KwaZulu-Natal, Durban, South Africa 



 

 45

As discussed in section 1.4.2.1, exposure of seeds to water when the TAGs are 

crystallised is lethal. Therefore, before any cooling trials were performed, a pilot 

experiment was conducted to determine if this was, in fact, the case for embryonic axes 

of L. kirkii, the cells of which have previously been demonstrated to contain considerable 

lipid (TAG) reserves (Berjak et al., 1992). Fatty acid composition of total and polar 

fractions of the axes and cotyledons of L. kirkii were determined. Protocols employing 

ultra-rapid and/or rapid cooling methods have shown to be the most promising for long-

term cryopreservation of recalcitrant germplasm (e.g. Wesley-Smith et al., 1992; 2004a; 

Kioko et al., 1998; Berjak et al., 1999; Sershen et al., 2007). Therefore, for the initial 

pilot study embryonic axes of L. kirkii were also exposed to both ultra-rapid and rapid 

cooling and various thawing combinations (after Volk et al., 2006a; 2007) to examine for 

possible lipid body melting prior to imbibition. The effects of these treatments on cellular 

structure, and the possible occurrence of lipid crystallisation within embryonic axes post 

exposure to cryogenic temperatures was ultrastructurally examined using transmission 

electron microscopy (TEM). 
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Chapter 2: Materials and methods 

 

2.1 Harvesting and seed handling 

 

Recalcitrant seeds are physiologically active upon shedding and some lose water 

relatively readily (Berjak et al., 1989). It is thus imperative that their provenance and 

mode of harvest are known, and that their post-harvest handling is strictly controlled 

(Berjak et al., 1989). Fully mature fruits of Landolphia kirkii were hand-harvested in 

October of 2008 and February and October of 2009 from a wild population in False Bay 

(27° 58’ 32.84”S, 32° 19’ 42.38”E), South Africa, enclosed in heavy plastic bags that 

were periodically aerated, and were conveyed by road to the laboratory at the University 

of KwaZulu-Natal (UKZN), Durban, within 48 h. The fruits are hard coated and contain 

between 15 and 40 mature endospermous seeds, to which the sticky pulp adheres. Wet 

storage of recalcitrant seeds has been shown to increase desiccation sensitivity of 

embryonic axes of some species [e.g. Avicennia marina (Farrant et al., 1985) and 

Camellia sinensis (Berjak et al., 1993)] including L. kirkii (Berjak et al., 1992). 

Additionally, the seeds of L. kirkii lose little to no water in the intact fruit (Pammenter et 

al., 1991), hence for storage for up to two weeks at 16°C, fruits were left intact, surface 

decontaminated by rinsing in a 1% (m/v) sodium hypochlorite (NaOCl) solution, dusted 

with the fungicide Benomyl (active ingredient benzimidazole, Villa Protection, South 

Africa) and stored in sterilised plastic trays. Seeds were removed from the fruits and 

cleaned of the sticky lactiferous pulp by gently rubbing inside a piece of thin nylon mesh 

under a stream of water and removing excess pulp using a blunt scalpel. After cleaning 

the seeds, the embryonic axes (or axes with attached cotyledonary segments) were 

immediately excised from the hard endosperm. This was done by using a blunt scalpel to 

transversely lift one side of the endosperm of the seed and detaching it from the attached 

cotyledon and axis (careful attention was paid not to split the axes during this process) 

(see Figure 2.1) after which axes were easily excisable. 
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2.2 Water content determination 

 

To determine the shedding water content as well as the range of water contents post-

flash-drying, twenty axes with attached cotyledonary segments when present, were 

individually weighed on a Mettler MT5 six place balance. Weights of embryonic axes 

were recorded before and after drying in an oven at 80°C for 48 h, and expressed on a 

dmb (g H2O g
-1

 dry mass; g g
-1

).  

 

2.3 Decontamination protocol 

 

Various surface decontaminants were tested in an attempt at curtailing bacterial and 

fungal growth associated with embryonic axes of L. kirkii. These included 1% (m/v) 

sodium hypochlorite (NaOCl) for 5 and 10 min, 0.2% (m/v) mercuric chloride (HgCl2) 

for 30 seconds and 1 min, and 1% (m/v) calcium hypochlorite [Ca(OCl)2] for 5 and 10 

min. All decontaminants tested were prepared with sterile deionised water and poured 

under aseptic conditions within a laminar flow cabinet into sterile 90 mm Petri dishes 

containing the excised embryonic axes. Closed Petri dishes were gently agitated by hand 

throughout the duration of decontamination. After decontamination for the chosen times, 

decontaminating solutions were decanted and axes rinsed three times with a sterile CaMg 

solution [containing 1µΜ CaCl2.2H2O and 1mΜ MgCl2.6H2O (Mycock, 1999)]. In order 

to ascertain the effectiveness of decontaminants at preventing mycofloral proliferation, 

axes were subsequently blotted dry with sterile filter paper and cultured in 90 mm Petri 

dishes (5 axes per Petri dish) containing 35 ml full strength Murashige and Skoog (MS) 

(Murashige and Skoog, 1962) medium comprising 4.42 g l
-1

 MS salts, 30 g l
-1

 sucrose, 

8.0 g l
-1

 bacteriological agar, pH 5.6 – 5.8. Petri dishes were sealed with Parafilm® and 

placed in a growth room with a photosynthetic photon flux density (PPFD) of 52 µmol  

m
-2

 s
-1

, 16 h light/8 h dark photoperiod and 24°C day/21°C night temperatures. 
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2.4 Germination medium 

 

After an appropriate decontamination protocol was established, nine different 

germination media were tested to identify the most successful medium for germination of 

L. kirkii embryonic axes (with and without attached cotyledonary segments) (see section 

2.5 and Figure 2.1). All media tested comprised of 30 g l
-1

 sucrose and 8.0 g l
-1

 

bacteriological agar, pH 5.6 – 5.8. The constituents of each medium were as follows: 

 

1. a) 4.42 g l
-1

 (full-strength) MS medium  

    b) 2.21 g l
-1

 (half-strength) MS medium 

    c) 1.105 g l
-1

 (quarter-strength) MS medium 

 

2. a) 4 g l
-1

 activated charcoal was added to medium 1. a)  

    b) 4 g l
-1

 activated charcoal was added to medium 1. b)  

    c) 4 g l
-1

 activated charcoal was added to medium 1. c) 

 

A medium formulated for Hevea brasiliensis (Normah et al., 1986) (after Pammenter et 

al., 1991; Vertucci et al., 1991) containing growth regulators was modified as follows: 

 

3. a) 0.7 µM kinetin, 1.0 µM NAA and 1.4 µM GA was added to 2. a)                                                               

    b) 0.7 µM kinetin, 1.0 µM NAA and 1.4 µM GA was added to 2. b) 

    c) 0.7 µM kinetin, 1.0 µM NAA and 1.4 µM GA was added to 2. c)  

 

Axes were decontaminated with 1% Ca(OCl)2 for 10 min (decided from the results 

obtained; see section 3.1 later) and cultured in 90 mm Petri dishes (five axes per Petri 

dish) containing 35 ml of each of the germination media described above, sealed with 

Parafilm® and placed in the dark for the first week. Thereafter Petri dishes were 

transferred to growth room conditions described in section 2.3. 
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2.5 Viability assays  

 

Seeds were removed from the fruits, cleaned (as described in 2.1), the embryonic axes 

excised, in one case with cotyledons completely removed and in the other, with a 

segment of approximately 3 mm of each cotyledon attached (after Goveia et al., 2004) 

(see Figure 2.1) and placed in Petri dishes on filter paper moistened with a CaMg 

solution. Axes were thereafter surface decontaminated in a laminar air flow cabinet with 

a 1% Ca(OCl)2 solution for 10 min and rinsed three times with a sterile CaMg solution 

(see section 3.1). The 2,3,5-triphenyl-tetrazolium (TTZ) test (ISTA, 1999) was used to 

test initial viability of axes immediately after excision. A transverse section was made 

through excised axes and immediately treated with a 1% (m/v) aqueous TTZ solution and 

incubated in the dark at 25±1°C. Colour development was observed in embryos after 8 h. 

The indications of the TTZ test were confirmed when a separate cohort of axes were 

decontaminated with 1% Ca(OCl)2 solution for 10 min, rinsed three times with a sterile 

CaMg solution and cultured in 90 mm Petri dishes (five axes per Petri dish) containing 

medium 3. b) described in section 2.4 (decided from the results obtained; see section 3.2 

later). Petri dishes were sealed with Parafilm® and placed under growth room conditions 

described in section 2.3. Embryonic axes were subcultured onto fresh germination 

medium at three-week intervals. Axes (both with cotyledons completely removed and 

those with attached cotyledonary segments) were scored as surviving upon greening and 

when both radicles and shoots had each extended at least 2 mm. Axes that turned necrotic 

or showed no development after two months were scored as non-surviving, which was 

also confirmed by the TTZ test and electrolyte measurements. 
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Figure 2.1:Figure 2.1:Figure 2.1:Figure 2.1: Endospermous seed (left) revealing ‘paper-thin’ cotyledons and 

embryonic axis (circled, centre) of Landolphia kirkii. Insert: excised axis with ~3 

mm of each cotyledon attached 

 

 

2.6 Dehydration     

 

Before any cooling treatments were applied to axes, the optimum axis water content 

avoiding desiccation damage but sufficiently low for non- or minimally-injurious 

cooling, was determined. Embryonic axes were excised from fresh seeds (as described in 

section 2.1) in two batches (one batch with cotyledons completely removed and one with 

a 3 mm segment of each cotyledon attached) and accumulated in Petri dishes on filter 

paper moistened with a sterile CaMg solution before cryoprotection (when applied). Axes 

were then flash-dried at 5 min intervals up to 75 min, and the water contents of ten axes 

were gravimetrically determined individually at each flash-drying interval (described in 

section 2.2). Flash-drying involved dehydrating axes on a fine-mesh nylon beneath which 

a computer fan circulated an air stream through 250 ml activated silica gel, and then over 

the embryonic axes within a 500 ml glass jar. 

 

 

 

 3 mm 

  20 mm 
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2.7 Rehydration 

 

Axes dried for various time intervals to different water contents were rehydrated by direct 

immersion in a sterile CaMg solution for 30 min at 25±1°C in the dark. Rehydrated axes 

were decontaminated with 1% Ca(OCl)2 for 10 min (see section 3.1), rinsed three times 

with a sterile CaMg solution and assessed for germination totality and rate by embryo 

culture on germination medium (five axes per Petri dish). Petri dishes were kept in the 

dark for the first week and thereafter transferred to growth room conditions described in 

section 2.3. The drying-rehydration experiment was repeated three times and only small 

differences between replicates were recorded. Therefore the data presented in the results 

section are the bulked data from the three replicates. 

 

2.8 Lipid composition 

 

2.8.1 Electron microscopic morphometry 

 

The total lipid content (dmb) of fresh, mature embryonic axes of L. kirkii was estimated 

using electron microscopic morphometry. Ten transmission electron micrographs from 

different axes (refer to sections 2.12 and 3.10) at magnifications ranging between 10 000 

– 15 000 X, were randomly selected and enlarged onto prints of 210 X 290 mm. A 

transparent grid consisting of 20 X 28 parallel lines (10 mm
2
 squares) and 560 test points 

was placed over the electron micrographs. The volume of cells occupied by lipid bodies 

were estimated by dividing the number of points falling on lipid bodies by the total 

number of points falling within the cells (after Loud, 1962; Weibel and Bolender, 1973). 

 

2.8.2 Determination of total lipid content (dmb) 

 

To determine the estimated total lipid dry mass of the embryonic axes using the estimated 

volume of cells occupied by lipid bodies, the following calculation was used: 
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Area of cells occupied by non-lipid: (100-x)% 

Area of cells occupied by lipid: x% (calculated using electron microscopic morphology) 

 

Volume of cells occupied by non-lipid: (1-x) 

Volume of cells occupied by lipid: x 

 

Fresh mass of non-lipid: (1-x) g g
-1 

(assuming a density of non-lipid cellular material of 

1.0 g cm
-3

) 

Fresh mass of lipid: (x * 0.8) (assuming density of 0.8 g cm
-3

 of lipid) 

 

Water associated with non-lipid portion of cells: 

Initial water content of embryonic axes: 2.24 g g
-1 

Removing water from non-lipid portion of cells reduces mass by 1/2.24 g g
-1 

Dry mass of non-lipid portion of cells: [(1-x)/2.24 g g
-1

] = p
 
 

Dry mass of lipid portion of cells: (x * 0.8) = q  

 

Therefore lipid portion (%) of cells (dmb): q/(p + q) X 100 

 

2.8.3 Determination of fatty acid composition 

 

Fatty acid composition was determined for the non-polar lipid fractions in embryos of L. 

kirkii. Freeze-dried embryos were homogenised with a mortar and pestle and lipid was 

extracted from powdered embryos using a 2:1 solution of chloroform:methanol (Bligh 

and Dyer, 1959). After centrifugation, the supernatant held in a test tube was dried down 

using nitrogen gas (N2) and was thereafter dissolved in chloroform. The polar and non-

polar fractions were then separated by elution over solid-phase extraction cartridges 

(Biotage-Isolute®, Germany) containing silica. Fatty acid methyl esters were prepared 

using diethyl ether and 20% tetramethylammonium hydroxide (TMAH) (Metcalfe and 

Wang, 1981) and characterised using an Agilent Technologies 6890N network gas 

chromatograph system. 
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2.9 Cryoprotection 

 

Embryonic axes were excised from seeds with ~3 mm of each cotyledon attached and 

accumulated in Petri dishes moistened with a sterile CaMg solution before 

cryoprotection. Sucrose, glycerol, DMSO, a combination of sucrose and glycerol, a 

combination of sucrose and DMSO, a combination of glycerol and DMSO, and sucrose, 

glycerol and DMSO in combination were the cryoprotectants tested in this study. Axes 

were exposed to 5% (v/v) cryoprotectant solutions [(m/v) for sucrose]  in 90 mm Petri 

dishes for 1 h under dark conditions at 25±1°C before being transferred to 10% solutions 

of the same cryoprotectant (or cryoprotectant combinations) for an additional 1 h (after 

Sershen et al., 2007). All axes were then blotted free of cryoprotectant with filter paper. 

A batch of cryoprotected axes (45 axes per cryoprotectant/combination of 

cryoprotectants) were thereafter flash-dried at 5 min intervals from 10 min up to 25 min 

towards a target water contents in the range of c. 0.35 – 0.25 g g
-1

 (as identified from the 

results obtained; see section 3.5). Axes flash-dried after cryoprotection were rehydrated 

in a CaMg solution for 30 min in the dark at 25±1°C (as described in section 2.7). Axes 

were thereafter decontaminated with 1% Ca(OCl)2 (see section 3.1) and rinsed three 

times with a sterile CaMg solution. To assess the effects of cryoprotectant treatments, 

axes were cultured on germination medium (30 axes per treatment, five axes per Petri 

dish) and placed under growth room conditions described in section 2.3. Axes not treated 

with any cryoprotectants were also cultured at the same time to serve as a control for 

comparison under the same growth room conditions. Axes were scored as surviving when 

they greened and radicles and shoots had each extended at least 2 mm (see section 2.5). 

Fifteen axes from each treatment (cryoprotected only and cryoprotected+flash-dried) 

were used to gravimetrically determine axis water content (prior to rehydration) as 

described in section 2.2. 
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2.10 Cooling  

 

2.10.1 Rapid cooling 

 

A pilot experiment ascertained whether crystallisation in the intracellular TAGs (within 

lipid bodies) occurred, and then, whether warming to various temperatures would control 

possible lipid melting before imbibition (after Volk et al., 2006a). Fresh embryonic axes 

of L. kirkii excised with attached cotyledonary segments (2.24±0.05 g g
-1

) and axes flash-

dried to c. 0.28±0.04 and 0.11±0.05 g g
-1

 (see results later) were exposed to rapid cooling 

by LN (cooling rate of 100°C min
-1

) and ultra-rapid cooling by nitrogen slush (cooling 

rate of 200°C min
-1

) (Wesley-Smith, pers. comm.
3
). To attain rapid cooling, LN (200 ml) 

was held in a polystyrene cup (250 ml) and tumble mixed into a second polystyrene cup 

(250 ml) containing the naked, fresh or flash-dried embryonic axes. For ultra-rapid 

cooling, nitrogen slush, which is LN supercooled to -210°C (Echlin, 1992), was formed 

by placing LN (200 ml) in a polystyrene cup into a desiccator and using a vacuum pump 

to lower the pressure and thus form slush. Nitrogen slush was then poured into a second 

polystyrene cup (as above) containing the naked embryonic axes. Embryonic axes were 

maintained in the cryogen for 30 min before being removed and placed into Petri dishes 

and warmed to 5°C (in a refrigerator), 25°C (on the laboratory bench) or 45°C (in an 

incubator) for at least 1 h before imbibition treatments were initiated. Axes were imbibed 

in the dark on filter paper moistened with water (after Volk et al., 2006a) or a CaMg 

solution within Petri dishes at 25°C for 12 h. Thereafter, axes were decontaminated and 

cultured (five axes per Petri dish) for assessment of viability (as described in section 2.5) 

under growth room conditions described in section 2.3. To further assess viability, axes 

were subjected to the TTZ test (as described in section 2.5) and measurements of 

electrical conductivity of leakage were taken (see section 2.11). Axes exposed to each of 

the above mentioned treatments were also prepared for TEM. 

 

For all rapid cooling trials, the above-mentioned protocol was repeated by tumble mixing 

LN or nitrogen slush into a polystyrene cup holding embryonic axes, either with 

                                                 
3
 Wesley-Smith, J. University of KwaZulu-Natal, Durban, South Africa 
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cotyledons completely removed and or with cotyledonary segments attached, flash-dried 

to c. 0.28±0.04 g g
-1

 (see results later). However, after 30 min in the cryogen, LN was 

poured out and axes were immediately thawed by immersion in a CaMg solution at 40°C 

for 2 min. Axes were then transferred to CaMg solution at 25±1°C for 30 min rehydration 

in the dark. 

 

Following rehydration, axes were decontaminated and cultured (five axes per Petri dish) 

for assessment of viability (as described in section 2.5) under growth room conditions 

described in section 2.3. 

 

2.10.2 Slow cooling 

 

2.10.2.1 Cooling in cryovials 

 

Axes flash-dried to c. 0.28±0.04 g g
-1 

(see results later), either with cotyledons 

completely removed or with attached cotyledonary segments, were enclosed in sterile 2 

ml polypropylene cryovials (Greiner bio-one™; five axes per cryovial), further sealed 

with Parafilm®, mounted on aluminium cryocanes and plunged into LN within a Dewar 

cryovat for a minimum of 72 h (after Sershen et al., 2007; Varghese et al., 2009). The 

cooling rate of these axes was determined using a thermocouple (Newport Electronics 

inc., model i800). The 300 µm thermocouple tip was inserted into individual axes of L. 

kirkii and the cooling rates recorded to ascertain the actual cooling rate of the axes, rather 

than the cooling rate within the cryovial. After four days, cryovials containing the 

dehydrated embryonic axes were removed from the Dewar, cryovials immediately 

opened and naked axes immersed in a CaMg solution at 40°C for 2 min to thaw. Axes 

were thereafter transferred to a CaMg solution at 25±1°C for 30 min to rehydrate in the 

dark. Post-rehydration, axes were decontaminated and cultured (five axes per Petri dish) 

to assess germination (as described in section 2.5) under growth room conditions 

described in section 2.3. 
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2.10.2.2 Cooling in Mr Frosty 

 

Batches of embryonic axes (either with cotyledons completely removed or with attached 

cotyledonary segments) were slow-cooled in a cryo-freezing container, Mr Frosty. The 

apparatus is designed to hold cryovials within wells of a plastic insert located inside the 

container and surrounded by isopropanol in the outer chamber that cools at 1°C min
-1

 to  

-70°C when the apparatus is placed in a -80°C freezer. Embryonic axes were dehydrated 

to c. 0.28±0.04 g g
-1

 by flash-drying (see results later), enclosed within cryovials (five 

axes per cryovial), further sealed with Parafilm®, inserted into Mr Frosty and placed 

within a -80°C ultra-freezer (after Quain et al., 2009; Varghese et al., 2009). After 95 min 

(the time taken to drop the temperature of Mr Frosty from room temperature to -70°C), 

cryovials were maintained at -70°C for a further 4 h within the freezer. For two-step 

cooling, cryovials were removed from Mr Frosty after 95 min within the ultra-freezer and 

either immediately transferred to LN by immersing the naked embryonic axes in the LN, 

or sealed cryovials were mounted on aluminium cryocanes and plunged into LN within a 

Dewar cryovat. These axes were held in LN for at least 24 h. For all treatments (Mr 

Frosty only and two-step cooling), axes were retrieved from the cryogen and thawed by 

immersion in a CaMg solution at 40°C for 2 min, prior to rehydration in CaMg at 25±1°C 

for 30 min in the dark. Embryonic axes were decontaminated and processed for viability 

assessment as described in section 2.5 under growth room conditions (see section 2.3). 

 

2.10.2.3 Programmable freezer 

 

A range of cooling rates was also tested using the Kryo 360-1.7 programmable freezer 

(Planer Plc. Middlesex, U.K.). Cooling rates of 2, 5, 10, 15, 20 and 50°C min
-1

 were used 

to cool embryonic axes with attached cotyledonary segments from 25°C to -180°C. Axes 

flash-dried to a water content of c. 0.28±0.04 g g
-1

 (see results later) were enclosed in 

cryovials (five axes per cryovial). Cryovials were mounted onto aluminium straws and 

inserted into the ampoules that were radially positioned within the freezer chamber. In an 

attempt to replicate the freezing rate of Mr Frosty using the programmable freezer, axes 

were also cooled to -70°C using a cooling rate of 2°C min
-1

 [as a cooling rate of 1°C  
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min
-1

 was impractical when using this programmable freezer (see section 3.9.2)]. Cooling 

rates were controlled and monitored using computer software Delta T™. Once the 

required temperature was reached (i.e. -70 or -180°C) and maintained for at least 5 min, 

axes were retrieved from the programmable freezer and were immediately immersed in a 

CaMg solution at 40°C for 2 min for thawing. Rehydration was performed in the dark at 

25±1°C for 30 min in a CaMg solution (as discussed earlier). Axes were decontaminated 

and processed for viability assessment (described in section 2.5) under growth room 

conditions described in section 2.3. 

 

2.11 Electrolyte leakage 

 

Electrolyte measurements were recorded in addition to performing the TTZ test and 

germination by tissue culture described in section 2.5. The rate and the quantity of 

electrolytes that leaked out from embryonic axes is suggested to give a reliable 

assessment of the damage in the tissue, and is thought to be linked to plasmalemma 

abnormalities and/or cell death and is said to correlate well with viability characteristics 

(e.g. Vertucci, 1989c; Pammenter et al., 1991; Berjak et al., 1992; Wesley-Smith et al., 

2001a; b). The levels of electrolyte leakage was measured for five replicates of fresh 

axes, as well as axes exposed to dehydration and combinations of dehydration, cooling 

and thawing treatments. These measurements were taken on an individual-axis basis. 

Axes were immersed directly into 2 ml of distilled water within the wells of a CM 100 

multi-cell conductivity meter (Reid and Associates cc., Durban, South Africa). The 

conductivity of their leachate was monitored at 30 min intervals for a period of 18 h. 

Levels of electrolyte leakage were normalised by the axis dry weight. The conductivity 

values for the control (distilled water), if any, was subtracted from all sample leachate 

conductivity values. The rate of electrolyte leakage was calculated after 13 h (see results 

later) and data were expressed as µS cm
-1 

min
-1 

g
-1

 dry mass. 
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2.12 Electron microscopy 

 

After the imbibition period mentioned in section 2.10.1, radicles were excised, fixed 

overnight at 5°C in a 2.5% glutaraldehyde solution buffered to pH 7.2 with 0.1 M 

phosphate buffer and containing 0.5% caffeine. The tissue samples were rinsed three 

times in a 0.1 M phosphate buffer and post-fixed with 0.5% aqueous osmium tetroxide 

for 1 h at 25±1°C. After three washes in phosphate buffer, the samples were gradually 

dehydrated in a gradient ethanol series (10, 30, 50, 75 and 100%) and ultimately in 100% 

propylene oxide. Note that to achieve good ultrastructural preservation of material, 

dehydration had to be carried out with increasing concentrations of ethanol solutions 

rather than increasing concentrations of acetone solutions, as acetone solution had been 

shown to cause severe plasmolysis of meristematic cells of L. kirkii. Samples were 

thereafter infiltrated with equal parts propylene oxide and epoxy resin for 4 h and 

subsequently infiltrated with epoxy resin for 24 h (Spurr, 1969). The specimens were 

then orientated in moulds in the same low viscosity epoxy resin and polymerised at 70°C 

for 8 h. Thick sections were cut with glass knives on a Reichert Ultracut E microtome, 

stained with a 1% alkaline aqueous toluidine blue solution and viewed using a Nikon 

Biophot light microscope. Ultra-thin sections were cut with glass knives, collected on 

copper grids and post-stained with a saturated aqueous uranyl acetate solution for 10 min 

followed by lead citrate for 10 min (Reynolds, 1963). Thin sections were viewed with a 

Jeol 1010 transmission electron microscope at 100kV accelerating voltage and images 

digitally captured with an iTEM image analysis software package. 

 

2.13 Statistical analysis 

 

The Kolmogorov-Smirnov test was used to test if data were normally distributed. All data 

exhibited normal distribution and therefore no transformation was required. Each 

experiment was repeated three times. Data were analysed using one-way analysis of 

variance (ANOVA) and either Scheffe’s or Duncan’s post-hoc tests. 
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Chapter 3: Results and discussion 

 

3.1 Decontamination 

 

In vitro cultures of axes of Landolphia kirkii, like most plant material, are susceptible to 

both bacterial and fungal contamination. This susceptibility is further increased when 

embryonic axes are excised for use as explants for germplasm conservation (Mycock and 

Berjak, 1990; Calistru et al., 2000; Berjak et al., 2000a; Sutherland et al., 2002). Micro-

organisms associated with recalcitrant embryonic axes are not destroyed even by 

exposure to LN and will continue to proliferate upon retrieval of the explant from the 

cryogen and regeneration on germination medium (e.g. Kioko, 2003; Naidoo, 2006). 

Therefore an effective decontamination protocol needs to be in place before any cooling 

trials can be performed. 

 

Berjak et al. (2000b) and Berjak and Pammenter (2003a; 2004a) advocated the use of 

NaOCl, HgCl2 and Ca(OCl)2 to curtail fungal and bacterial micro-organisms associated 

with the surface of recalcitrant embryonic axes. These decontaminants were tested in the 

present study at various concentrations and durations (Table 3.1). A 1% solution of 

NaOCl for 5 (e.g. Sershen et al., 2007) and 10 min (e.g. Sershen et al., 2008) as well as a 

0.2% solution of HgCl2 for 0.5 and 1 min (e.g. Ahmad et al., 2010), followed by rinsing 

(three times) with a sterile CaMg solution (see section 2.3) were toxic, killing all 

embryonic axes of L. kirkii (Table 3.1). Although decontamination with a solution of 1% 

Ca(OCl)2 for 5 min (e.g. Naidoo et al., 2010; Ngobese et al., 2010) was not toxic to axes, 

it proved ineffective in curtailing bacterial and fungal growth (Figure 3.1). However, 

increasing the duration of decontamination to 10 min with the same decontaminant and 

subsequent rinsing of axes with a sterile CaMg solution was effective in preventing 

mycofloral proliferation (Table 3.1). Several other studies involving plant material have 

reported effective decontamination using the same protocol or modifications thereof, for 

example Psathyrostachys juncea seeds (Wang et al., 2002), chickpea seeds (Dawar et al., 

2007), Trithuria austinensis seeds (Tuckett et al., 2010), floral explants of Theobroma 

cacao (Li et al., 1998), zygotic embryos of Haemanthus montanus (Naidoo et al., 2010) 
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and embryonic axes of Trichilia dregeana (Berjak and Mycock, 2004), Telfairia 

occidentalis (Ajayi et al., 2006b) and Phoenix reclinata (Ngobese et al., 2010). This 

decontamination protocol was therefore employed for all subsequent experiments in the 

current investigation. Regardless of the viability of embryonic axes after various 

cryoprotection, dehydration and cooling manipulations, none of the explants revealed any 

signs of contamination. It is suggested that the milky latex exuded by the seeds of L. 

kirkii may in fact possess anti-fungal and anti-bacterial properties that possibly work in 

conjunction with the decontamination solution (Berjak, pers. comm.
3
). 

 

 

 

Table 3.1: Table 3.1: Table 3.1: Table 3.1: Effects of chemical decontaminants tested at various concentrations 

and durations on embryonic axes with attached cotyledonary segments of 

Landolphia kirkii 

 

Decontaminant Duration (minutes) Efficacy 

1% NaOCl 5 Toxic 

 10 Toxic 

0.2% HgCl2 0.5 Toxic 

 1 Toxic 

1% Ca(OCl)2 5 Non-toxic 

Ineffective 

 10 Non-toxic 

Effective 

 

 

 

 

 

                                                 
3
 Berjak, P.  University of KwaZulu-Natal, Durban, South Africa 
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Figure 3.1:Figure 3.1:Figure 3.1:Figure 3.1: Bacterial and fungal contamination of embryonic axes with attached 

cotyledonary segments of Landolphia kirkii on in vitro culture medium after 

treatment with 1% Ca(OCl)2 for 5 minutes (scale in mm) 

 

 

3.2 Germination medium 

 

Kioko et al. (1998) and Berjak and Pammenter (2004b) pointed out that the selection of 

the appropriate regeneration procedure, including tissue culture medium, is of vital 

importance in the recovery of cryopreserved plant material. Furthermore, Normah and 

Makeen (2008) suggested that factors arising in the recovery medium adversely influence 

the rate of recovery of frozen embryonic axes that are already suffering desiccation and 

freezing stresses. The use of MS, which is a universal plant nutrient supplement, in 

germination medium for recalcitrant embryonic axes has been reported for several studies 

(e.g. Normah et al., 1986; Pammenter et al., 1991; Liang and Sun, 2000; Wesley-Smith et 

al., 2001a; Goveia et al., 2004; Sershen et al., 2007; Varghese et al., 2009; Whitaker et 

al., 2010). Various culture media containing MS were assessed for germination of 

embryonic axes of L. kirkii (Table 3.2). Embryonic axes with attached cotyledonary 
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segments cultured on media containing 30 g l
-1 

sucrose and either full or half-strength MS 

produced roots (80 and 90% respectively). Shoot elongation was negligible (0 and 15% 

respectively) on these media; however, cotyledon greening was observed (40 and 15% 

respectively) (Table 3.2). The supplementation of germination medium with PGRs to 

increase shoot production has been employed in a number of studies on recalcitrant 

explants (e.g. Normah et al., 1986; Hor et al., 1990; Ashburner et al., 1993; Martínez et 

al., 2003; Ajayi et al., 2006a; b). When a cocktail of PGRs [0.7 µM kinetin, 1.0 µM NAA 

and 1.4 µM GA (final concentrations in the medium)] was added to the above mentioned 

germination media, while root production increased minimally, shoot production 

increased substantially to 60 and 70% respectively with 30% cotyledon greening 

observed on both media (Table 3.2). 

 

The inclusion of the adsorbent activated charcoal in the germination medium was shown 

to improve shoot production in embryonic axes of Trichilia dregeana (Goveia et al., 

2004). The lack of shoot production is a problem associated with a burst of ROS which is 

a response to the wounding associated with the excision of the cotyledons (Goveia et al., 

2004; Berjak and Pammenter, 2004b; Pammenter et al., 2011) (refer to section 1.7.1.1). 

Furthermore, the exudation of inhibitory substances (suspected to be polyphenolics) into 

the medium from cut cotyledonary surfaces has been thought to retard root growth of T. 

dregeana axes in vitro (Goveia et al., 2004; Berjak and Pammenter, 2004b). Activated 

charcoal has been shown to promote and enhance the normal development of embryos of 

11 recalcitrant-seeded species and it is believed that it functions to remove the toxic 

substances released in the medium (polyphenolics), owing to injury during excision of 

explants (Chin et al., 1988). If these substances are not removed, normal development is 

hindered as they promote unorganised growth and inhibit embryogenesis, root formation 

and elongation (Fridborg and Erickson, 1975; Chin et al., 1988). In the present study, the 

addition of 4 g l
-1

 activated charcoal further increased shoot production to 80 and 100% 

for full and half-strength MS (with added PGRs) respectively (Table 3.2). Therefore, the 

medium containing sucrose, half-strength MS, PGRs and activated charcoal proved most 

effective in promoting seedling production from embryonic axes of L. kirkii excised with 

attached cotyledonary segments, producing 100% root and shoot formation (Table 3.2). It 
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should be noted that when axes alone (i.e. with no attached cotyledonary segments) were 

cultured on the same medium, root and shoot production was essentially the same as that 

of axes with attached 3 mm cotyledonary segments (data not shown). This medium was 

therefore used for all subsequent experiments in the current study. 

 

 

Table 3.2:Table 3.2:Table 3.2:Table 3.2: Germination responses of embryonic axes of Landolphia kirkii excised 

with attached cotyledonary segments cultured on six different growth media 

(n=30) 

 

Medium Root Protrusion 

(%) 

Shoot Elongation 

(%) 

Cotyledon Greening 

(%) 

Full MS 80 0 40 

Half MS 90 15 15 

Full MS + PGRs 90 60 30 

Half MS + PGRs 90 70 30 

Full MS + PGRs + 

activated charcoal 

100 80 20 

Half MS + PGRs + 

activated charcoal 

100 100 0 

 

 

 

3.3 Shedding water content  

 

Embryonic axes with attached cotyledonary segments that were excised from fresh seeds 

of L. kirkii had the relatively high mean water content of 2.24±0.05 g g
-1

 (embryonic axes 

alone were shed at 2.13±0.06 g g
-1

). This is in keeping with other species that produce 

recalcitrant seeds that are usually shed at high water contents of >0.4 g g
-1

 and are 

generally a reliable predictor of their desiccation intolerance (Pammenter et al., 1991; 

1998; Hong and Ellis, 1998; Berjak and Pammenter, 1999). Although inter-annual 

variability of axis shedding water content has been observed and is believed to be a 
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common feature of embryonic axes of recalcitrant seeds (e.g. Tompsett and Pritchard, 

1993; Finch-Savage and Blake, 1994; Berjak et al., 1996; 2004; Finch-Savage, 1996; 

Daws et al., 2004; Sershen et al., 2008; reviewed by Berjak and Pammenter, 2004a), this 

was not the case over the two years of the current investigation. A possible explanation 

for the lack of inter-seasonal variability of axis shedding water content of L. kirkii is that 

fruit were hand-harvested at the same stage of maturity and from the same trees in both 

years of collection. As discussed in section 1.6.1, studies have reported that 

developmental status plays a major role in the shedding water contents and desiccation 

tolerance of recalcitrant seeds. Moreover, previous work on L. kirkii embryonic axes by 

Berjak et al. (1992) has shown that the maturity status of seeds affect the overall lipid 

content and thus the overall water content of the embryonic axes (see section 3.5). Those 

authors reported immature embryonic axes to have a water content that was higher [by 

170% or 2.6 g g
-1

 (dmb)] than those of mature embryonic axes. 

 

However, studies on recalcitrant seeds of Aesculus hippocastanum (Tompsett and 

Pritchard, 1993) and of Quercus robur (Finch-Savage and Blake, 1994) have shown that 

seeds from the same tree were shed at different water contents in different years, and 

therefore varied in their desiccation tolerance. However, the exact factors that cause these 

inter-annual variations are unknown (Daws et al., 2004). Work by Daws and colleagues 

(2004; 2006) showed that provenance and environmental conditions impacted on the 

shedding water content of recalcitrant seeds. Results of a study conducted on A. 

hippocastanum by Daws et al. (2004) have shown that environmental conditions (e.g. air 

temperature) during seed development have an effect on the desiccation sensitivity of 

these recalcitrant seeds. Those authors attributed the inter-annual variation in desiccation 

tolerance of seeds, recorded in their investigation, to be as a consequence of a change in 

the development period, with air temperature significantly influencing maturity status at 

dispersal (Daws et al., 2004). Differences in shedding water contents of embryonic axes 

of L. kirkii can be seen when results from the present study are compared with previous 

investigations on the same species. Pammenter et al. (1991) and Berjak et al. (1992) 

recorded an axis shedding water content of c. 1.5 g g
-1

 (dmb) when fruit of L. kirkii were 

handed-harvested in 1991. Fruit hand-harvested for the current study, from an alternate 
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location to that of Pammenter et al. (1991) and Berjak et al. (1992), showed a shedding 

water content 50% or 0.74 g g
-1

 (dmb) higher. It can therefore be assumed that this 

difference in water content can be attributed to differences in provenance, environmental 

conditions, or a combination of the two as well as the development stage when harvested. 

 

3.4 Assessment of initial viability  

 

Initial viability was determined using a TTZ test, with all newly excised embryonic axes 

staining red (Figure 3.2). Viability was confirmed by seedling development in vitro. Axes 

from fresh, newly harvested seeds of L. kirkii were readily germinable, greening after 

three days in culture, and after two weeks, showed both root and shoot production 

forming functional seedlings (Figure 3.3). By week six, leaves started to expand. The 

seedlings retained 100% viability after two months in culture. Such vigour does indicate 

that these seeds were fully mature when harvested [full maturity in recalcitrant seeds can 

be difficult to identify (Berjak and Pammenter, 2004a) as in some species seed 

development continues into germination (Berjak et al., 1984; Kermode and Finch-

Savage, 2002; Pritchard et al., 2004)]. A study on recalcitrant Telfairia occidentalis 

embryonic axes showed that when axes were cultured with a portion of cotyledon 

attached, vigour (assessed by in vitro culture) was increased (i.e. rate of development) but 

root growth was retarded when compared to shoot growth (Ajayi et al., 2007). When the 

cotyledon was completely removed from embryonic axes of T. occidentalis, although 

vigour decreased, root growth was normal and proportional to shoot growth (Ajayi et al., 

2007). Conversely, other research on dicotyledonous recalcitrant-seeded species (Goveia 

et al., 2004; Whitaker et al., 2010; reviewed by Pammenter et al., 2011), showed that 

excising axes at the axis/cotyledon node or even with 1 mm basal cotyledonous segment 

attached (Goveia et al., 2004), was associated with failure of shoot development. In the 

case of Trichilia dregeana axes, leaving an attached 2 mm segment of cotyledon 

facilitated normal shoot development (Goveia et al., 2004) (see sections 3.9.3 and 3.9.4). 

With regard to the present investigation however, essentially identical initial viability 

results were obtained for axes excised with the cotyledons completely removed and those 

excised with a portion of both cotyledons attached. However, subsequent experiments 
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were still carried out both on axes with cotyledonary segments attached, and axes with 

cotyledons completely removed [as it has been suggested that excision damage may 

manifest itself only during the later stages of cryopreservation protocols (discussed in 

section 3.9.4)]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Figure 3.2: Figure 3.2: Figure 3.2: TTZ test results for Landolphia kirkii (a) fresh axes (2.24±0.05 g g-1) 

(dmb) and axes flash-dried to (b) 0.28±0.04 g g-1 (dmb) and (c) 0.11±0.05 g g-1 

(dmb). (major grid scale in cm, minor gridlines in mm).  

 
Row a: Red to orange staining of embryonic axes and cotyledonary segments (refer to bars for 

comparison) – fully viable axes; 

Row b: Red staining of axes but not cotyledonary segments – all axes viable, cotyledonary 

segments having apparently lost respiratory capacity; 

Row c: No reaction with TTZ – axes non-viable 

   

 

 

 

 

 

c 

b 
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Figure 3.3:Figure 3.3:Figure 3.3:Figure 3.3: Growth and development of fresh, mature axes of Landolphia kirkii 

excised with cotyledonary segments, in culture over a period of eight weeks 

 

 

3.5 Responses to dehydration 

 

The embryonic axes from mature seeds of L. kirkii could be flash-dried to water contents 

between 1.60±0.07 and 0.28±0.04 g g
-1

, showing maintenance of 100% viability and no 

apparent adverse effect on vigour after immediate rehydration in a CaMg solution and 

culture on germination medium (Figures 3.4 and 3.5). However, dehydration of the axes 

to water contents of c. 0.21±0.07 g g
-1

 (after 55 min flash-drying) and lower resulted in a 

considerable decrease in vigour (assessed by germination proportion) and viability when 

assessed by in vitro culture (Figures 3.4 and 3.5). Additionally, when assessed by the 

TTZ test, fresh embryonic axes and axes dehydrated to a water content of 0.28±0.04 g g
-1

 

(after 25 min flash-drying) revealed metabolically active meristems, confirming their 

viability (Figure 3.2). Axes with water contents of 0.11±0.05 g g
-1

 (i.e. below 0.21±0.07 g 

g
-1

) stained minimally, showing little respiratory activity within the axial tissue (Figure 

3.2). These results were further verified by electrolyte leakage measurements (see section 

3.8.3). 

 

  10mm 

               0    1       2       3          6            8  
                (number of weeks in culture) 
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Figure 3.4:Figure 3.4:Figure 3.4:Figure 3.4: Drying time course and corresponding viability (root plus shoot 

protrusion) of axes excised with attached cotyledonary segments of Landolphia 

kirkii. Bars indicate one standard deviation about the mean 
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Figure 3.5:Figure 3.5:Figure 3.5:Figure 3.5: The relationship between water content (WC) of axes excised with 

attached cotyledonary segments after flash-drying, and rate and germination 

proportion (WC and viability data corresponds to Figure 3.4). Statistical analysis 

shows significant differences among treatments (Duncan post-hoc test; p≤ 0.01) 

  Mean WC (g g-1) 
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Initial dehydration of fresh embryonic axes was rapid with a water loss of 1.7 g g
-1

 within 

the first 15 min of flash-drying (Figure 3.4). However, dehydration below 0.28±0.04 g g
-1

 

was relatively slow (little water loss subsequent to drying for 30 min). This suggests that 

the loss of vigour and viability to be the outcome of both water content per se, and the 

duration of sustained drying stress, ≥ 50 min to 0.21±0.07 g g
-1

 as opposed to 25 min to 

reach 0.28±0.04 g g
-1

 (this demonstrates the concept of duration versus intensity of a 

stress). The findings of this investigation are in agreement with those of Pammenter et al. 

(1991) and Vertucci et al. (1991), who reported that mature axes of L. kirkii could be 

flash-dried rapidly to water contents of approximately 0.3 g g
-1

 (after 30 min flash-

drying), before any discernable decline in viability. However, further dehydration was 

reported as being slow. This behaviour is analogous to that observed by Wesley-Smith et 

al. (2001b) for embryonic axes excised from recalcitrant seeds of Aesculus 

hippocastanum. Those authors reported that flash-drying reduced water content of axes 

by 70% during the first 30 min, but only by 17% further over the subsequent 110 min. 

The same research group also recorded similar findings when working on recalcitrant 

embryonic axes of Poncirus triofoliata (Wesley-Smith et al., 2004a). Furthermore, 

Berjak et al. (1992) showed that immature embryonic axes of L. kirkii dried to a water 

content lower than 0.2 g g
-1

 after only 20 min of flash-drying, but recorded results similar 

to those of Figure 3.4 for mature axes. It is also reported that the seeds of L. kirkii reach 

their desiccation tolerance peak just prior to seed shed (Berjak et al., 1992; reviewed by 

Pammenter and Berjak 1999). Therefore results in Figure 3.4 further support the initial 

viability data in indicating that the embryonic axes used for the current study were at full 

maturity, and hence at their most amenable to cryopreservation. 

 

Water in seed tissue above a water content of 0.3 g g
-1

 generally freezes using routine 

cooling rates (Vertucci, 1990). Water in tissue below this concentration is associated with 

macromolecular structures and surfaces within cells, is sometimes referred to as ‘bound’ 

water, and requires slower cooling or prolonged exposure to low temperatures to freeze 

(Vertucci, 1990). Pammenter et al. (1991) showed that whereas the removal of freezable 

water by flash-drying was achievable without short-term deleterious effects on viability, 

removing non-freezable water was not readily accomplished and was associated with 
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damage. Those authors reported the amount of non-freezable water in embryonic axes of 

L. kirkii to be 0.28 g g
-1

 (dmb) regardless of drying rate. From the results of the current 

investigation, it is suggested that the water removed after 25 min of flash-drying was 

freezable, due to the high desiccation rate achieved and lack of deleterious effects on 

vigour and viability (Figures 3.4 and 3.5). Therefore, most of the water removed after 

>25 min flash-drying was non-freezable, evident by the slower drying rate and decreases 

in vigour and viability, suggesting desiccation damage (Figures 3.4 and 3.5). 

 

Pammenter et al. (1991) showed further that the desiccation response of the axes was 

dependent on the rate of drying; if seeds of L. kirkii were dried slowly over silica gel, 

viability drastically declined at axis water contents of ~1.2 g g
-1

. Therefore, it was 

suggested that the desiccation-sensitive seeds of L. kirkii can lose only freezable water 

from the tissue, without obvious damage, if dehydration is rapid (Pammenter et al., 

1991). Similar results have been found in other studies on recalcitrant explants [e.g. 

Camellia sinensis (Berjak et al., 1993), Ekebergia capensis (Pammenter et al., 1998), 

Trichilia dregeana (Kioko et al., 1998), Quercus robur (Pritchard and Manger, 1998), 

Artocarpus heterophyllus (Wesley-Smith et al., 2001a), Theobroma cacao and Ginkgo 

biloba (Liang and Sun, 2002)]. Those studies reported that the damage incurred by seed 

tissue through dehydration to a particular water content is inversely related to the rate at 

which the explants were dehydrated (i.e. the faster the drying rate achieved, the less 

damage sustained). Furthermore, a study on recalcitrant seeds of Ekebergia capensis has 

shown short-term, rapid dehydration to non-injurious water contents, increases 

germination rate (Pammenter et al., 1998).  

 

Due to the differential responses to dehydration at different drying rates of recalcitrant 

seeds, Pammenter et al. (1998) suggested that it is not possible to unambiguously define a 

‘critical water content’ below which viability is lost. This necessitates the empirical 

determination of a water content and corresponding drying time that is amenable to 

cryogenic cooling for specific species of recalcitrant germplasm. Additionally, although 

rapid dehydration is suggested to minimise or even avoid metabolic-based damage of 

recalcitrant tissue, drying to/or approximating to the level of non-freezable water is 
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associated with lethal, irreversible desiccation damage sensu stricto (Pammenter et al., 

1998; Walters et al., 2001). This damage occurs as a result of desiccation-sensitive tissue 

losing a fraction of the non-freezable water associated with macromolecular structures 

(Walters et al., 2001). Moreover, the objective of flash-drying is to dehydrate axes 

rapidly to water contents that are amenable to non- or minimally-injurious cooling, while 

subjecting them to the least amount of desiccation stress possible (King and Roberts, 

1980; Pritchard and Prendergast, 1986; Wesley-Smith et al., 1992; 2001a; Chandel et al., 

1995). Based on these factors, although embryonic axes of L. kirkii could be flash-dried 

for a longer period and to a slightly lower water content without decreasing viability (e.g. 

45 min flash-drying to a water content of 0.25±0.08 g g
-1

) (see Figure 3.4), an average 

‘optimum’ water content of 0.28±0.04 g g
-1

 after 25 min of flash-drying was chosen as 

the most appropriate for all subsequent cooling trials. 

  

Finch-Savage (1992), working on recalcitrant embryonic axes of Quercus robur, 

suggested that removal of the embryonic axis from the cotyledons may possibly influence 

the responses of the isolated axis to dehydration. With regard to the present investigation 

however, although data in Figures 3.4 and 3.5 are for axes with cotyledonary segments 

attached, results showed no differences in response to desiccation of embryonic axes of 

L. kirkii with cotyledons completely removed and those excised with a 3 mm portion of 

both cotyledons attached (data not shown). Pammenter et al. (1998) supported this 

conclusion when they observed that the responses to desiccation at different drying rates 

of Ekebergia capensis seeds was not an artefact of removing the axis from the influence 

of the cotyledons.  

 

As discussed in section 1.4.2.1, seed material of L. kirkii is known to have a high lipid 

content and lipid content and composition may contribute to the temperature response in 

recalcitrant seeds. The area of cells occupied by lipid was estimated at 26% (by electron 

microscopic morphometry). This figure was substituted into the calculation shown in 

section 2.8.2, revealing fresh, mature embryos to contain ~39% total lipid content (dmb). 

When the values were adjusted for the high lipid content within the cells, the water 

contents are observed as much higher (Figure 3.6). Thus, the optimum water content 
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amenable for cryopreservation appears to be closer to 0.39±0.06 g g
-1

 rather than 

0.28±0.04 g g
-1

. However, this water content still falls within the range of 0.15 and 0.4 g 

g
-1

, suggested by other studies to be the optimum at which recalcitrant embryonic axes 

can be successfully cryopreserved (e.g. Vertucci et al., 1991; Berjak and Dumet, 1996; 

Kioko et al., 1998; Wesley-Smith et al., 2004a; b; Perán et al., 2006; Sershen et al., 

2007). Nevertheless, the water content values quoted in this contribution will be based on 

the values prior to storage lipid corrections in order to correlate with previous 

investigations on L. kirkii, which did not adjust for the high non-polar lipid fraction 

within the embryos (refer to sections 3.6 and 3.10). 
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Figure 3.6:Figure 3.6:Figure 3.6:Figure 3.6: Drying time course (after adjustment for storage lipid) and 

corresponding viability (root plus shoot protrusion) of axes excised with attached 

cotyledonary segments of Landolphia kirkii.  Bars indicate one standard deviation 

about the mean 

 

Total lipid content (dmb) =~39%.  

Therefore WC (after adjustment for storage lipid) = WC values from Figure 3.4/0.61 

 e.g. initial WC (from Figure 3.4) 2.24g g
-1
/0.61 = 3.67g g

-1
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3.6 Lipid Composition 

 

Wesley-Smith et al. (1992) suggested the existence of stresses (in addition to those 

induced by ice damage alone) during rapid cooling to cryogenic temperatures. Studies 

have shown that the damage inflicted on seed material by a combination of low water 

contents and low temperatures can be explained by phase changes of water and water-

soluble components of the cells (e.g. Sun and Leopold, 1994; Koster et al., 2000). Crane 

et al. (2006) showed that the water contents and temperatures that induce damage in 

seeds with intermediate storage physiology do not correspond to those that result in phase 

changes of water or water-soluble components and, changes may be attributed to TAGs 

in seeds. To add to this, Volk et al. (2007) suggested that understanding the behaviour of 

lipids in seeds during their storage and imbibition is essential in the development of long-

term storage of species that are generally difficult to conserve. Moreover, in the present 

study, it was initially suspected that TAG crystallisation within lipid bodies found in 

embryonic axes of L. kirkii, might have resulted in their rapid disintegration upon 

rehydration, as has been demonstrated for embryos of the other species (e.g. Vertucci, 

1989a; Crane et al., 2003; 2006; Volk et al., 2006a; 2007). It has been proposed that 

rehydration of crystallised TAGS results in cellular disruption that cannot be reversed and 

consequent reduced germination (Crane et al., 2003; 2006; Volk et al., 2007). Therefore, 

lipid transitions may play an important role in the viability of recalcitrant tissue (Crowe 

and Crowe, 1986). 

 

Previous work on embryonic axes of L. kirkii by Berjak et al. (1992) revealed that lipid 

deposits form a substantial intracellular component of immature axes. Although a 

significant decline in lipid content as axes matured was noted, possibly due to autophagy 

of these reserves during development (Berjak et al., 1992), lipid deposits are 

characteristic of mature L. kirkii embryonic axes (see section 3.10). These observations 

are supported by the lipid analysis from the current study, showing that the fresh, mature 

embryos of L. kirkii are lipid rich, containing ~39% total lipid content (dmb). A large 

proportion (44%) of this total lipid constitutes the non-polar fractions. The fresh embryos 

contained high proportions of long-chain saturated fatty acids, 47% palmitic (C16) and 
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17% stearic (C18) (Table 3.3). Unsaturated fatty acids comprised 25% of the total storage 

lipid and was made up entirely of linoleic (C18:2) acid as no traces of either oleic (C18:1) 

or linolenic (C18:3) acids were detected (Table 3.3). Previous investigations have 

reported primarily saturated, medium-chain fatty acids (C8 – C14) to be the main cause 

of TAG crystallisation within seeds (Crane et al., 2003; 2006; Volk et al., 2006a; 2007). 

However, results indicated that collectively, only 11% of the storage lipid was made up 

of medium-chain saturated fatty acids capric (C10), lauric (C12) and myristic (C14), with 

no trace of caprylic acid (C8) (Table 3.3). Nevertheless, Vertucci (1989c) speculated that 

TAG interaction with water can trigger sensitivity to freezing damage. That author 

proposed that phospholipids are believed to contain freezable water, and even minute 

quantities may cause devastating effects on seed viability during lipid transitions. 

Furthermore, it has been suggested that the optimisation of water contents will minimise 

the negative effects associated with crystalline TAGs during storage (Volk et al., 2007). 

 

 

Table 3.3:Table 3.3:Table 3.3:Table 3.3: Fatty acid composition of the non-polar lipid fractions within fresh 

embryos of Landolphia kirkii 

 

Fatty Acid Chain Length Lipid Composition (%) 

Caprylic C8:0 0 

Capric C10:0 1 

Lauric C12:0 3 

Myristic C14:0 7 

Palmitic C16:0 47 

Stearic C18:0 17 

Oleic C18:1 0 

Linoleic C18:2 25 

Linolenic C18:3 0 

Total  100 
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From the data presented in Table 3.3 it can be noted that 75% of the non-polar fatty acid 

composition of fresh embryos of L. kirkii were saturated. Nkang et al. (2003), working on 

recalcitrant Telfairia occidentalis seeds, showed that the high saturated fatty acid content 

of the seeds was decreased, resulting in an increase in both mono and polyunsaturated 

fatty acids, when seeds were desiccated to 42% of their shedding water content at 28°C. 

The increase in unsaturated fatty acid content was accompanied by viability loss (Nkang 

et al., 2003). This change in lipid composition may also occur in and have an effect on 

mature L. kirkii axes that lose viability at a water content of approximately 0.39±0.06      

g g
-1

 (after adjustment for lipid composition) after dehydration at 25°C (Figure 3.6). 

Nkang et al. (2003) did show that when seeds were dehydrated at 5°C, the high saturated 

fatty acid composition was retained and the loss of viability was delayed. This suggested 

that lipid composition has a marked impact on desiccation tolerance and sensitivity of 

seeds. However, due to restraints with regard to available seed numbers, dehydration of 

embryonic axes of L. kirkii at different temperatures could not be assessed. 

 

The results of this investigation showed that capric and lauric acids constitute 

approximately 1 and 3% respectively of the total non-polar fraction of lipid within 

embryos of L. kirkii (Table 3.3). These values are low when compared to the 28% capric 

and 56% lauric acids found within seeds of Cuphea wrightii and the 75% capric and 2% 

lauric acids within seeds of Cuphea lanceolata reported by Volk et al. (2006a). Those 

authors suggested that the high concentration of these two medium-chain saturated fatty 

acids may be responsible for the TAG crystallisation when seeds are subjected to 

cryogenic temperatures. They also reported that the proportions of capric and lauric acids 

confer a difference in melting temperatures of the crystallised TAGs. Further research by 

Volk et al. (2007), on seeds of six species of Cuphea, showed that in addition to the 

proportions of capric and lauric acids, other medium-chain saturated fatty acids, viz. 

caprylic and myristic acids, not only affected their sensitivity to hydration, but also 

impacted greatly upon the TAG melting temperatures of α, β' and β crystals. They 

showed that where seeds from some Cuphea species could tolerate cold exposure                

(-80°C), since they possessed TAGs that melted at standard warming (22°C for 1 h), 

imbibition (22°C for 4 h) and germination (seeds placed on damp filter paper in Petri 
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dishes and incubated at 25°C with 16 h light/8 h dark photoperiod) conditions, other 

species contained TAGs with higher melting temperatures that germinated only when 

seeds were warmed to above 35°C, following low temperature (-80°C) exposure. 

However, the generally low levels of these fatty acids within the embryos of L. kirkii 

[11% collectively (Table 3.3)] suggest that lipid body crystallisation within the embryos 

is unlikely. Nevertheless, to investigate possible TAG crystallisation and whether 

warming at higher temperatures prevented possible subsequent fatal lipid body 

explosions, fresh and flash-dried embryonic axes of L. kirkii were subjected to rapid 

cooling and various thawing and rehydration treatments (see section 3.8.1). These results 

were corroborated by TEM images (see section 3.10). 

 

3.7 Cryoprotection 

 

It should be noted that in order to test the effects of cryoprotection solutions in 

combination with flash-drying on the viability of embryonic axes (as shown in Figure 

3.8), high seed numbers are required. Therefore the plant material available allowed only 

the testing of embryonic axes with attached cotyledonary segments and not axes that 

were excised with cotyledons completely removed. The effect of cryoprotection was 

ascertained by comparing the viability of embryonic axes subjected to specific 

cryoprotection treatments with that of the control (i.e. fresh axes not subjected to 

cryoprotection, dehydration or cooling trials). Fresh axes subjected to exposure to all 

cryoprotectants, singly and in combination, retained 100% viability when assessed by in 

vitro culture immediately after treatment (Table 3.4 and Figure 3.8). However, the aim of 

this study was to freeze axes that had not only been cryoprotected but also dehydrated to 

a water content amenable to cooling. Dehydration will gradually increase the 

concentration of penetrating cryoprotectants (glycerol and/or DMSO in the present study) 

in the cells (Kioko, 2003). However, when dehydration to mean water contents of c. 

0.28±0.04 g g
-1

, chosen as the most amenable to cooling (see section 3.5), was preceded 

by cryoprotection, no axis survival was recorded in culture (Table 3.4 and Figure 3.8). 

While axes treated with cryoprotectants alone also gave uniformly positive results on 

TTZ testing and in vitro culture, those treated with cryoprotectants and subsequently 
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flash-dried and rehydrated did not stain at all, indicating a lack of any respiratory activity 

(Figure 3.7). 

 

 

Table 3.4:Table 3.4:Table 3.4:Table 3.4: The effect of chemical cryoprotection on the viability of fresh and flash-

dried embryonic axes of Landolphia kirkii excised with attached cotyledonary 

segments (n=30) 

 

Cryoprotectant 

(5% for 1 h 

followed by 10% 

for another 1 h) 

Germination following 

cryoprotection treatment 

only (%) 

Germination following 

cryoprotection and dehydration to 

c. 0.28±0.044 g g
-1 

(%) 

Sucrose 100 0 

Glycerol 100 0 

DMSO 100 0 

Sucrose + Glycerol 100 0 

Sucrose + DMSO 100 0 

Glycerol + DMSO 100 0 

Sucrose + Glycerol + 

DMSO 

100 0 
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Figure 3.7:Figure 3.7:Figure 3.7:Figure 3.7: TTZ test results for Landolphia kirkii (a) fresh axes (2.24±0.05 g g-1) 

(dmb), (b) axes cryoprotected with sucrose and flash-dried to 0.28±0.04 g g-1 

(dmb), (c) axes cryoprotected with glycerol and flash-dried to 0.28±0.04 g g-1 

(dmb) and (d) axes cryoprotected with DMSO and flash-dried to 0.28±0.04 g g-1 

(dmb). (major grid scale in cm, minor gridlines in mm) 

 
Row a: Red to orange staining of embryonic axes and cotyledonary segments (refer to bars for 

comparison) – fully viable axes; 

Rows b, c and d: No reaction with TTZ – axes non-viable 

 

 

Despite the successful use of chemical cryoprotectants for cryopreservation in studies 

conducted on embryos/axes of recalcitrant seeds of other species (e.g. de Boucaud et al., 

1991; Assy-Bah and Engelmann, 1992; Kioko et al., 1998; Walters et al., 2002b; 

Martínez et al., 2003; Sershen et al., 2007), their use was precluded for embryonic axes 

of L. kirkii, proving lethal to all when cryoprotection was followed by rapid dehydration. 

Mycock et al. (1995) suggested that although cryopreservation pretreatments such as 

dehydration and chemical cryoprotection have proved successful for zygotic embryos, 

this is not always the case, and optimum pretreatments need to be determined on a 

species-specific basis. Furthermore, Fuller (2004) conceded that cryoprotectants are 

chemicals that are not normally encountered by living organisms, and although 

cryoprotectant concentrations between 5 and 10% have been shown to be tolerable, most 

 
a 

c 

d 

b 
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chemical cryoprotectants are toxic to some degree (Mycock et al., 1995; Gui et al., 2004; 

Fuller, 2004). Berjak and Pammenter (2004b) also observed that although the use of 

cryoprotectants has been effective when applied to somatic embryos, they appear highly 

injurious to excised axes. Therefore, it has been suggested that the major limitation of 

cryoprotectants is imposed by their phytotoxicity (Bajaj, 1985; Finkle et al., 1985; 

Canavate and Lubain, 1994), which may cause irreversible cell structure injury, both 

before and after exposure to cryogenic temperatures (Farrant et al., 1977; Mycock et al., 

1991). Furthermore, chemical cryoprotectants may induce reversible structural alterations 

to cell organelles including lipid components of the membranes (Costello and Gulik-

Krzywicki, 1976) and membrane particles (Kirk and Tosteson, 1973; Farrant et al., 1977; 

Stolinski and Breathnach, 1977), or retard explant growth processes (Mycock et al., 

1991). The cytotoxicity of chemical cryoprotectants varies with the type and 

concentration of the cryoprotectant and most importantly, could be species- and even 

cell-type-specific (Kartha, 1985; Mycock et al., 1991; Fuller, 2004; Benson, 2008; 

Walters et al., 2008). Additionally, it has been reported that the cytotoxic effects of 

certain individual cryoprotectants may be alleviated only by combining them with 

another cryoprotectant (Bajaj, 1985; Withers, 1985). 

 

Farrant et al. (1977) and Fuller (2004) further proposed that the damage caused to tissue 

by chemical cryoprotection is a direct function of concentration, time and temperature of 

exposure, as well as the rate of addition. Numerous studies support this, generally 

showing that higher concentrations of, and prolonged exposure to chemical 

cryoprotectants adversely affect viability of various biological tissues (e.g. Nowshari et 

al., 1995; Gui et al., 2004; Volk et al., 2006b; reviewed by Fahy, 1986; Fuller, 2004). A 

review on cryoprotectant toxicity by Fahy (1986) also showed that the use of high 

concentrations of cryoprotectants resulted in more damage that could be accounted for on 

the basis of the calculated increase in solute concentrations, thus suggesting 

cryoprotectant toxicity. Studies have also shown that chemical cryoprotectants may cause 

the disassembly of microtubules and microfilaments that could be reversed only if the 

cryoprotectant exposure times and temperatures were reduced (Fuller, 2004) (although 

specific details were not provided by the author). Furthermore Volk et al. (2006b) 
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showed that when mint shoot tips were treated with glycerol, damage was significantly 

less when the exposure temperature was 0°C rather than at room temperature (22°C). 

This is possibly due to lower temperatures reducing the permeability of cryoprotectants 

(McGann, 1978). However, Fuller (2004) argued that lowering exposure temperatures, 

and thus the passive permeation of cryoprotectants, in itself may cause problems as it 

takes longer to achieve the sufficient concentrations required to facilitate cryoprotection.  

 

Ashwood-Smith (1987) warned that in addition to chemical, osmotic toxicity will also be 

detected if cryoprotectant exposure is not optimised. When chemical cryoprotectants are 

added to biological explants, they traverse cellular membranes relatively slowly 

compared with water. This results in a rapid efflux of water from the cells, with 

associated volume collapse, and is referred to as osmotic toxicity (Leibo et al., 1978). 

With regard to the present investigation, embryonic axes survived exposure to 

cryoprotectants but viability decreased drastically when explants were flash-dried (Figure 

3.8). Prior to culture on germination medium or treatment with TTZ, axes were 

rehydrated in a CaMg solution and it is therefore possible that the opposite of osmotic 

toxicity may have occurred. Rehydration of embryonic axes, whilst they were still loaded 

with cryoprotectants, may have led to rapid over-swelling of the cells (Fuller, 2004). It 

has been stated that cells can tolerate only moderate repeated changes in cell volume 

without significant damage (Pegg, 2002) and therefore over-swelling of cells within axes 

of L. kirkii may have led to their death.   

 

In the present study, four of the seven cryoprotectant treatments tested (alone or in 

combination), contained the penetrating cryoprotectant DMSO. This cryoprotectant has 

been shown to be highly phytotoxic (Canavate and Lubain, 1994), although this effect 

appears to be species-specific with regard to exposure time, as well as being dependent 

on the size of the explant (Sakai, 2004). Fahy (1986) suggested that the toxicity of 

cryoprotectants may in fact manifest itself in the form of extra freezing-injury (termed 

‘cryoprotectant-associated freezing-injury’) over and beyond the freezing-injury due to 

classic, well-known causes. Simply stated, cryoprotectants may cause added injury that 

are not as a result of the cryobiological properties of the cryoprotectant, but rather are due 
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to direct cytotoxic effects (Fahy, 1986; Fuller, 2004). Fahy (1986) also reported an 

increase in cryoprotectant-associated freezing-injury with increasing concentrations of 

DMSO. Furthermore, Kim et al. (2009) showed a decrease in growth recovery when 

concentrations of DMSO were increased. Dimethyl sulphoxide is also known to bind to 

monomers of actin thus reducing the extent of the actin filaments within cells (Morriset et 

al., 1993) and therefore disrupting the cytoskeleton. Kioko (2003), working on 

embryonic axes of Trichilia dregeana, recorded similar reductions in viability when 

cryoprotected axes were dehydrated, and suggested that this cytoskeleton disruption may 

have further reduced the percentage of axes developing into plantlets. 

 

One possible approach to combat the toxicity of cryoprotectant solutions would be to 

decrease their concentration at application. As mentioned earlier, dehydration of explants 

will increase the concentration of penetrating cryoprotectants intracellularly. With regard 

to the present study, although 5 and 10% concentrations of cryoprotectant/cryoprotectant 

combinations were applied to embryonic axes, the intracellular concentration following 

flash-drying may in fact have been significantly higher. Therefore, if the concentrations 

of cryoprotectants/cryoprotectant combinations during application are reduced, after 

dehydration (which will cause an increase in intracellular cryoprotectant concentration) 

the final intracellular concentration may not be much higher than if there was initially no 

dehydration step. Although cryoprotectant concentrations of 5 – 15% are commonly 

employed for cryopreservation studies (discussed in section 1.7.1.3), it is possible that 

reducing concentrations to 1 and 2% may result in lower final concentrations after 

dehydration. As viability was maintained at 100% (when there was no dehydration step) 

(Table 3.4), it is therefore likely that such intracellular concentrations (5 and 10%) was 

not damaging to cells in embryonic axes of L. kirkii. Although studies using such low 

concentrations of cryoprotectant solutions are few, some success has been reported [e.g. 

Chlamydomonas reinhardtii (Crutchfield et al., 1999)]. Nevertheless, with respect to the 

current investigation, testing of different concentrations of cryoprotectant solutions, 

exposure times and exposure temperatures were not feasible because of the high seed 

numbers required to carry out adequate drying curves such as those in Figure 3.8 (as 

discussed above). 
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Figure 3.8:Figure 3.8:Figure 3.8:Figure 3.8: Drying time course and corresponding viability (root plus shoot 

protrusion) of axes excised with attached cotyledonary segments of Landolphia 

kirkii treated with cryoprotectants (singly and in combinations). Dashed line 

indicates drying time course for fresh, non-cryoprotected axes excised with 

attached cotyledonary segments. Bars indicate one standard deviation about the 

mean 

sucrose 

glycerol 
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Figure 3.8 Figure 3.8 Figure 3.8 Figure 3.8 continuedcontinuedcontinuedcontinued…:…:…:…: Drying time course and corresponding viability (root and 

shoot protrusion) of axes excised with attached cotyledonary segments of 

Landolphia kirkii treated with cryoprotectants (singly and in combinations). 

Dashed line indicates drying time course for fresh, non-cryoprotected axes 

excised with attached cotyledonary segments.  Bars indicate one standard 

deviation about the mean 

     DMSO 

 sucrose + glycerol 
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Figure 3.8 Figure 3.8 Figure 3.8 Figure 3.8 continuedcontinuedcontinuedcontinued…:…:…:…: Drying time course and corresponding viability (root and 

shoot protrusion) of axes excised with attached cotyledonary segments of 

Landolphia kirkii treated with cryoprotectants (singly and in combinations). 

Dashed line indicates drying time course for fresh, non-cryoprotected axes 

excised with attached cotyledonary segments.  Bars indicate one standard 

deviation about the mean 

   Sucrose + DMSO 

  glycerol + DMSO 
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Figure 3.8 Figure 3.8 Figure 3.8 Figure 3.8 continuedcontinuedcontinuedcontinued…:…:…:…: Drying time course and corresponding viability (root and 

shoot protrusion) of axes excised with attached cotyledonary segments of 

Landolphia kirkii treated with cryoprotectants (singly and in combinations). 

Dashed line indicates drying time course for fresh, non-cryoprotected axes 

excised with attached cotyledonary segments.  Bars indicate one standard 

deviation about the mean 

 

By exposing embryonic axes to penetrating cryoprotectants, the amount of solutes within 

the cells will increase (glycerol and DMSO are less volatile than water) and therefore the 

water content of axes should be lower after exposure to cryoprotectants.  Surprisingly 

however, six of the seven cryoprotectant treatments tested resulted in an increase in the 

initial water content of embryonic axes of L. kirkii (Figure 3.8). Combinations of sucrose 

and glycerol, and glycerol and DMSO, showed the highest increases, with water contents 

of 3.41±0.34 and 3.98±0.28 g g
-1

 respectively. These values are significantly higher than 

that of non-cryoprotected axes that were shed at a water content of 2.24±0.04 g g
-1

. 

Unusually, only DMSO treatments resulted in a lowered water content of the embryonic 

axes. Upon flash-drying of axes that had been cryoprotected (singly and in combination), 

water contents were consistently lower than that of non-cryoprotected axes dried for 

 Sucrose + Glycerol + DMSO 
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similar periods (Figure 3.8). Although the general increase in initial water contents after 

immersion in cryoprotectant solutions compared to non-cryoprotected axes is surprising, 

reduction in water contents following sucrose cryoprotection of embryonic axes have 

been reported for other species including Trichilia dregeana (Dumet and Berjak, 1996; 

Kioko, 2003), Trichilia emetica (Kioko, 2003) and fifteen species of Amaryllidaceae 

(Sershen et al., 2007). Tissue dehydration has been achieved through the use of sucrose 

and other non-penetrating cryoprotectants which are suggested to promote vitrification 

during freezing (Vanoss et al., 1991; Storey and Storey, 1996; Benson, 2004; 2008; 

Fuller, 2004; Volk and Walters, 2006; Day et al., 2008). However, penetrating 

cryoprotectants such as glycerol do not function by tissue dehydration (Thierry et al., 

1997; Benson, 2008). Therefore, the lower water contents recorded for axes 

cryoprotected with glycerol and flash-dried, when compared to non-cryoprotected axes 

flash-dried for the same time, were unexpected. Although the reason for this is unknown, 

Sershen et al. (2007) proposed a possible explanation in that glycerol may change the 

physical characteristics of the axial tissue which permits more rapid transfer of water 

from the interior of the tissue to the surface. This water is then lost to the air stream 

provided by the flash-drier. Furthermore, adding glycerol is like adding dry matter to the 

explant, which will decrease measured water content. Whatever the direct effects of the 

cryoprotectants on axis cells of L. kirkii were, the net result was that their application was 

lethal to all axes if followed by flash-drying and therefore their use was excluded from all 

subsequent cooling trials. 

 

3.8 Cooling  

 

3.8.1 Initial trials  

 

As discussed earlier, initial cooling trials were undertaken with the purpose of testing for 

possible TAG crystallisation within embryonic axes of L. kirkii. Previous studies on 

mature axes of L. kirkii have shown that cryopreservation was possible when axes were 

dried to the ‘optimal’ water content between 0.30 and 0.45g g
-1

 (Vertucci et al., 1991).  

Their data showed that exposure of axes to sub-zero temperatures at water contents lower 
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and higher than their ‘optimal’ water contents resulted in reduced survival post-cooling 

(43% and 50% respectively), compared with axes with ‘optimal’ water contents exposed 

to -70°C, which yielded greater than 90% survival (Vertucci et al., 1991). However, no 

survival was recorded for cryopreservation of immature and germinating axes (Vertucci, 

et al., 1991). Therefore, those authors suggested that successful cryopreservation of L. 

kirkii, like other recalcitrant species, is dependent on the developmental stage of the 

tissues, although rate of freezing may play a role as well. For the current contribution, 

three water contents based on the desiccation trials (section 3.5) were selected for initial 

cryopreservation studies. These were fresh (2.24±0.05 g g
-1

), ‘optimum’ (0.28±0.04 g g
-1

) 

and ‘detrimental’ (0.11±0.05 g g
-1

), chosen to determine their effect on viability and also 

to assess, by TEM, the damage incurred by desiccation, freezing and combinations of 

both. At these three water contents, embryonic axes were exposed to rapid and ultra-rapid 

cooling by tumble-mixing in LN and nitrogen slush respectively (see section 2.10.1). 

 

Due to limited seed material, this initial experiment was conducted only on axes excised 

with a 3 mm segment of each cotyledon still attached. No embryonic axes of L. kirkii 

exposed to sub-zero temperatures and subsequent thawing and imbibition treatments 

showed survival when viability was assessed by in vitro culture and the TTZ test (Table 

3.5). Fresh axes imbibed on filter paper moistened with water or a CaMg solution for 12 

h only (i.e. without temperature and thawing treatments), showed viability of 80 and 95% 

respectively when assessed in the same manner. However, viability of 15 and 65% 

resulted when axes flash-dried to a ‘optimal’ water content (0.28±0.04 g g
-1

), were 

imbibed on filter paper for 12 h (without temperature and thawing treatments) moistened 

with water and a CaMg solution respectively (Table 3.5). Axes at ‘detrimental’ water 

contents (0.11±0.05 g g
-1

) that underwent the same imbibition treatments revealed 0% 

viability for both treatments. From these results it is clear that neither cooling rates, 

thawing procedures nor imbibition methods adopted for this initial trial, were amenable 

to successful cryopreservation of embryonic axes of L. kirkii. However, in all cases 

whether axes had been subjected to dehydration or not, irrespective of the temperature of 

thawing, lipid bodies within meristematic and other cells of L. kirkii remained intact, with 

no evidence of disintegration having occurred (see section 3.10). 
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Table 3.5:Table 3.5:Table 3.5:Table 3.5: Viability of embryonic axes of Landolphia kirkii excised with 

cotyledonary segments following dehydration, cooling, thawing and imbibition 

treatments (n=30) 

 

Water content  

(g g
-1

) 

Cooling 

treatment 

(LN/Slush) 

Thawing 

temperature 

(°°°°C) 

Imbibition 

treatment* 

Viability 

(%) 

2.24 None None Water 80 

2.24 

2.24 

None 

LN 

None 

5 

CaMg 

CaMg 

95 

0 

2.24 LN 25 CaMg 0 

2.24 LN 45 CaMg 0 

2.24 Slush 5 CaMg 0 

2.24 Slush 25 CaMg 0 

2.24 Slush 45 CaMg 0 

0.28 None None Water 15 

0.28 None None CaMg 65 

0.28 LN 5 CaMg 0 

0.28 LN 25 CaMg 0 

0.28 LN 45 CaMg 0 

0.28 Slush 5 CaMg 0 

0.28 Slush 25 CaMg 0 

0.28 Slush 45 CaMg 0 

0.11 None None Water 0 

0.11 None None CaMg 0 

0.11 LN 5 CaMg 0 

0.11 LN 25 CaMg 0 

0.11 LN 45 CaMg 0 

0.11 Slush 5 CaMg 0 

0.11 Slush 25 CaMg 0 

0.11 Slush 45 CaMg 0 

* Imbibition temperature of 25°C for all treatments 
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3.8.2 Rehydration 

 

It is not clear from the results of these initial cooling trials whether it was as a 

consequence of drying, cooling, thawing or imbibition rates, or a combination of the four 

that resulted in the loss of viability. However, Table 3.5 does indicate that the imbibition 

method employed on axes of L. kirkii is pertinent to their survival. These results 

suggested that CaMg should be the preferred solution for rehydration of embryonic axes 

of L. kirkii. As discussed in section 1.7.1.7, Berjak et al. (1999; 2000a), working on 

Quercus robur, showed that when partially dehydrated recalcitrant axes were rehydrated 

in distilled water, roots lacked a gravitropic response. Furthermore, those authors 

reported that rehydration in distilled water resulted in shoot production that was abnormal 

and eventually became necrotic. However, these abnormalities appeared to be rectified 

when a CaMg solution rather than distilled water was used for rehydration (Berjak et al., 

1999; 2000a). Similarly, recalcitrant embryonic axes of Trichilia dregeana rehydrated 

with distilled water, lacked roots with gravitropic responses (Berjak and Mycock, 2004). 

However, when these axes were rehydrated with a CaMg solution or when axes were not 

dehydrated and therefore did not require rehydration, roots developed with strong 

gravitropic responses (Berjak and Mycock, 2004). Furthermore, those authors reported 

that axes rehydrated in a CaMg solution showed higher vigour and had greened to a 

marked extent in comparison to axes rehydrated in distilled water after seven days of in 

vitro culture. It was suggested that the lack of root graviperception after rehydration is as 

a result of ineffective cation uptake from the growth medium, resulting in disruption of 

starch synthesis and deposition (Berjak and Mycock, 2004). It was also proposed that 

CaMg plays a vital role in maintenance of the actin component of the cytoskeleton, which 

appears to be involved with intracellular organisation, more specifically with the 

proximal positioning of the nucleus (Berjak and Mycock, 2004). Therefore, with regard 

to imbibition after cooling and thawing treatments in this investigation, a CaMg solution 

was used for all further experiments as opposed to distilled water. 
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It must be noted that when fresh axes (2.24±0.05 g g
-1

) and axes flash-dried to ‘optimum’ 

water contents (0.28±0.04 g g
-1

) were rehydrated by plunging into a CaMg solution, 

higher viability (100% for both) (Figure 3.4) was achieved compared with axes that were 

rehydrated by slow imbibition on filter paper dampened with a CaMg solution (95% for 

fresh and 65% for flash-dried) (Table 3.5). Leprince et al. (1998), working on 

desiccation-sensitive cocoa seeds, established that when these seeds were slowly 

rehydrated on moistened filter paper, coalescence of oil bodies in cotyledons occurred. 

Coalescence of lipid bodies is a common abnormality associated with deterioration of 

cells from seeds (Smith and Berjak, 1995). Pammenter and Berjak (1999) suggested that 

the role of oleosins in desiccation tolerance is of importance in seeds that are particularly 

lipid-rich such as Azadirachta indica (Berjak et al., 1995) and therefore, possibly seeds of 

L. kirkii (see section 3.6). The findings of Leprince et al. (1998) implied that the rate of 

rehydration is similar in its effect as the rate of dehydration. Previous studies (Pammenter 

and Berjak, 1999; Perán et al., 2004) have also suggested that slow rehydration of zygotic 

axes led to greater accumulation of damage, as tissue is exposed to intermediate hydrated 

levels for a longer time period, thus allowing more time for aqueous-based deleterious 

processes to occur (Vertucci and Farrant, 1995; Walters et al., 2001; 2002a; Perán et al., 

2004). This effect is similar to that of slow dehydration (Pammenter and Berjak, 1999; 

Perán et al., 2004). Furthermore, Perán et al. (2004) suggested that slow rehydration on 

moistened filter paper (as opposed to direct immersion by plunging), permits free oxygen 

access to the tissue, thereby possibly enhancing the rate of production of damaging ROS. 

Moreover, those authors advise that slow imbibition of dehydrated orthodox plant tissue 

permits re-establishment of functional membranes (Perán et al., 2004). Similar 

techniques have been used on recalcitrant tissue (Berjak et al., 1992; 1993; Leprince et 

al., 1998; Pammenter et al., 1998) with the assumption that, if slow rehydration of 

partially dehydrated material is not beneficial, at least it is not damaging (Perán et al., 

2004). However, this may not always be the case for desiccation-sensitive material (Perán 

et al., 2004). Perán et al. (2004), working on embryos or axes from three desiccation-

sensitive species viz. Artocarpus heterophyllus, Podocarpus henkelii and Ekebergia 

capensis, demonstrated that rapid rehydration by direct immersion may prevent the 

accumulation of damage associated with rehydration by reducing the time spent at 
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intermediate hydration levels. Those authors showed that generally, all material that was 

rapidly rehydrated by direct immersion resulted in higher survival than when slowly 

rehydrated on moistened filter paper. 

 

3.8.3 Electrolyte Leakage 

 

Due to the difficulties associated with assessing post-cryogenic temperature exposure and 

the damage incurred by recalcitrant axes during dehydration, cooling and rehydration, as 

well as time constraints, measurements of electrical conductivity of leakage were also 

made to assess viability after the pilot experiment that was conducted to ascertain 

whether crystallisation in the intracellular TAGs occurred. Electrolyte leakage from seed 

tissue can give a reliable assessment of damage within seeds and is directly linked to 

plasmalemma abnormalities, providing a good indication of viability (Ching and 

Schoolcraft, 1968; Villers, 1973; Parrish and Leopold, 1978; Bewley, 1979; Becwar et 

al., 1982; Vertucci, 1989; Pammenter et al., 1991; 1993; Berjak et al., 1992; 1993; 

Wesley-Smith et al., 2001a). Furthermore, Berjak et al. (1993) stated that the effect of 

various stresses on seed survival and on electrolyte leakage is inversely related. Readings 

were taken for axes subjected to the various cooling, thawing and imbibition 

manipulations of the initial cryopreservation trials.  
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Figure 3.9Figure 3.9Figure 3.9Figure 3.9: Rates of electrolyte leakage from embryonic axes excised with 

attached cotyledonary segments of Landolphia kirkii rapidly dehydrated to 

different water contents. Error bars show standard error means. A Kolmogorov-

Smirnov test was carried out which showed normal distribution of data. A one-

way ANOVA was performed showing significant difference between treatments 

(p<0.05). This was followed by a Scheffe’s post-hoc test 

 

 

Average conductivity measurements were plotted as a function of soaking time. This 

showed that electrolyte leakage stabilised after 13 h (data not shown). Average 

conductivity readings over the 13 h were used to assess the damage within the axes. Rates 

of leakage of electrolytes from isolated axes with attached cotyledondary segments 

corroborated the viability results of both dehydration, and to some degree cooling and 

rehydration treatments (Figures 3.9 and 3.10). Although the rate of electrolyte leakage 

increased only slightly between fresh axes (2.24±0.05 g g
-1

) and axes at ‘optimal’ water 

contents (0.28±0.04 g g
-1

), there was a marked increase in leakage rate when axes were 

flash-dried to ‘detrimental’ levels (0.11±0.05 g g
-1

) (Figure 3.9). Pammenter et al. (1998) 

suggested that the relationship between electrolyte leakage and water content generally 

follows a typical pattern of constant leakage to a ‘critical water content,’ at which point a 

   (fresh) (detrimental)    (optimum) 

a 
a 

b 



 

 93

steep escalation occurs. Similar findings have been reported for embryonic axes of 

Artocarpus heterophyllus (Pammenter et al., 1993; Wesley-Smith et al., 2001a), 

Camellia sinensis (Berjak et al., 1993), Glycine max (Sun and Leopold, 1993), 

Theobroma cacao (Li and Sun, 1999; Liang and Sun, 2000), embryos of 

Chrysalidocarpus lutescens and whole seeds of Acer saccharium (Becwar et al., 1982) 

and Shorea robusta (Chaitanya and Naithani, 1994). The leakage results from the present 

contributions coincided well with those studies as well as that of Pammenter et al. (1991) 

and Berjak et al. (1992) who found that the levels to which mature embryonic axes of L. 

kirkii can be flash-dried before marked increase in leakage occurred, was between 0.25 

and 0.3 g g
-1

 and, as was the case with the current contribution, this steep increase in 

leakage coincided with a drastic decline in viability. Further analogy with those studies 

was that leakage remained essentially unchanged until a water content of 0.25 – 0.3 g g
-1

 

(Figure 3.9). Metabolic imbalance seems to begin relatively early in the desiccation 

process and Leprince et al. (1999) suggested that toxic products of this imbalance will 

eventually lead to irreparable damage to cellular membranes and subsequent leaking of 

electrolytes (Leprince et al., 2000).  

 

Although it is difficult to identify a clear pattern for the present study with regard to 

leakage, Figure 3.10 does show a definite increase in rates of electrolyte leakage from 

axes subjected to various combinations of cooling and thawing treatments as compared 

with fresh axes that were not exposed to severe temperature or rehydration treatments but 

where imbibed only. It would have been expected that rates of electrolyte leakage would 

have been significantly higher for axes dehydrated to ‘detrimental’ water contents and 

cooled in either LN or nitrogen slush compared with axes dehydrated to ‘optimum’ levels 

and subjected to the same cooling treatments. However, Figure 3.10 shows axes cooled at 

‘optimum’ water contents to have higher rates of leakage than those that at were cooled at 

‘detrimental’ levels. Furthermore, all cooling treatments for which electrolyte leakage 

readings were taken had a viability of 0% (Table 3.5) making determining any 

relationship between viability and rates of electrolyte leakage of axes impossible. 

Therefore, leakage readings from Figure 3.10, in this case, are rather not informative. 
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Figure 3.10Figure 3.10Figure 3.10Figure 3.10:::: Rates of electrolyte leakage from embryonic axes excised with 

attached cotyledonary segments of Landolphia kirkii subjected to various drying, 

cooling and thawing treatments. Fresh WC= 2.24±0.05 g g-1; optimum WC= 

0.28±0.04 g g-1 and detrimental WC= 0.11±0.05 g g-1. imb = imbibed only; (a) = 

cooled in LN, thawed at 25°C; (b) = cooled in nitrogen slush, thawed at 25°C. 

Error bars show standard error of the means. A Kolmogorov-Smirnov test was 

carried out which showed normal distribution of data. A one-way ANOVA was 

performed showing significant difference between treatments (p<0.05). This was 

followed by a Scheffe’s post-hoc test  

 

 

3.9 Cryopreservation trials 

 

It should be noted, that with regard to germination after cooling, axes which had been 

excised with the cotyledons completely removed performed similarly to axes that were 

excised with ~3 mm of both cotyledons attached when assessed by root protrusion (data 

not shown). However none of the axes excised with the cotyledons completely removed 

developed shoots after exposure to cryogenic temperatures (data not shown). Since it was 

a 

   abc 

   bc 

    c 

  abc 
  ab 

abc 
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decided that survival would be scored as production of both roots and shoots, all data 

presented hereafter are based to results obtained from cryopreservation trials on 

embryonic axes excised with cotyledonary segments attached only. 

 

3.9.1 Rapid cooling 

 

Rapid and ultra-rapid cooling is generally considered the most promising method for 

cryopreservation of recalcitrant embryonic/zygotic axes (Berjak, pers. comm.
3
). Leprince 

and Walters-Vertucci (1995) suggested that the partial dehydration of axes can reduce the 

heat capacity of tissue as well as encouraging the formation of glasses. This partial 

dehydration of embryonic axes of L. kirkii was achieved by flash-drying only (see section 

3.5) as osmotic dehydration, through the use of non-penetrating chemical cryoprotectants, 

resulted in the death of all the axes (see section 3.7). Although cryoprotection and partial 

dehydration of recalcitrant embryonic axes has shown to optimise rapid and ultra-rapid 

cooling rates of larger explants (e.g. Wesley-Smith et al., 1992; 2004a; Kioko et al., 

1998; Sershen et al., 2007), the size of explants is a major limiting factor for rapid 

cooling and avoiding freezing damage (Ryan and Purse, 1985; Wesley-Smith et al., 1992; 

Wesley-Smith, 2002; Walters et al., 2008). Ryan and Purse (1985) and Wesley-Smith et 

al. (1992) suggested that specimens smaller than 100 µm are most amenable to rapid 

cooling so as to ensure adequate freezing rates throughout the specimen. However, the 

size of embryonic axes with attached cotyledonary segments of L. kirkii, greatly exceed 

this recommended size limit. For the current contribution, although rapid (direct 

immersion in LN) and ultra-rapid (direct immersion in nitrogen slush) cooling showed 

high root protrusion post-thawing (70 and 100% respectively), no shoot development was 

observed for either treatment (Table 3.6). The larger size of explants may have 

contributed to this post-thaw viability loss. In contrast, many rapid cooling techniques 

such as direct emersion in LN (e.g. Normah et al., 1986; Janeiro et al., 1996; González-

Benito, 1998; Kioko, 2003), direct emersion in nitrogen slush (e.g. Wesley-Smith et al., 

1992; 2001b; Kioko et al., 1998; Wesley-Smith, 2002; Sershen et al., 2007) and freezing 

                                                 
3
 Berjak, P.  University of KwaZulu-Natal, Durban, South Africa 
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in melting isopentane (e.g. Berjak et al., 1999; Walker, 2000; Wesley-Smith et al., 

2001b) have been successfully employed for the cryopreservation of recalcitrant 

embryonic axes. The success of these protocols can be attributed to the cooling rates 

(Kioko, 2003) as these cooling rates are suggested to move embryonic tissue through the 

ice nucleation temperatures faster than ice crystal growth can occur, and the intracellular 

solution is said to form microcrystalline ice or vitrify (Dubochet et al., 1982; James, 

1983; Robards and Sleytr, 1985; Wesley-Smith et al., 1992; 2004b; Engelmann, 1993; 

Day et al., 2008). Both of these outcomes are considered to be non-injurious to cellular 

membranes (Kioko, 2003; Benson et al., 2006; Day et al., 2008). 

 

 

Table 3.6: Table 3.6: Table 3.6: Table 3.6: The effect of different cooling treatments on root protrusion and shoot 

development from embryonic axes of Landolphia kirkii excised with attached 

cotyledon segments and subjected to rapid drying to a water content of 0.28±0.04 

g g-1 (n=30) 

 

Treatment 

 

Cooling rate (°C min
-1

) 

to -196°C 

Root protrusion 

(%) 

Shoot development 

(%) 

Nitrogen slush
†
  12000

2 
100±0

c
 0±0

a
 

LN
†
 6000

2 
70±5

a
 0±0

a
 

Mr Frosty 1 (to -70°C) 80±8.7
b
 70±5

c 

Mr Frosty  1 (to -70°C) + 6000
2
   70±5

a
 10±8.7

a
 

+ LN
†
 

Mr Frosty  

+ LN 

1 (to -70°C) + 14 

 

75±5
ab 

 

10±8.7
a 

 

Cryovials 14 80±0
b
 40±10

b
 

A Kolmogorov-Smirnov test was carried out which showed normal distribution of data. A one-way 

ANOVA was performed showing significant difference between treatments (p<0.05). Numbers 

followed by the same letter in the same columns are not significantly different according to the 

Duncan post-hoc test  

2
 Wesley-Smith, J. University of KwaZulu-Natal, Durban, South Africa 

† 
Direct immersion of naked embryonic axes
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In addition to the cryogen used, the thermal mass of the explant also plays a major role in 

the cooling rates attained (Meryman, 1956; Bald, 1987; Walters et al., 2008). To achieve 

cooling rates of 6000 – 12000°C min
-1

, as attempted in the present investigation (see 

Table 3.6), it has been suggested that the total mass of the explant plus water needs to be 

in the range of 1 – 2 mg (Wesley-Smith, 2002; Walters et al., 2008). At high water 

contents, smaller explants are required; this ultimately becomes a limiting factor and at 

high water contents these high cooling rates are not achievable. As discussed previously, 

the axes of L. kirkii used for this study were excised with approximately 3 mm of each 

cotyledon attached. Walters et al. (2008) stated that the tissue size affects the thermal 

mass as well as the surface area to volume ratios, which in turn will affect the cooling 

rate of the tissue. After dehydration of L. kirkii embryonic axes to the water content 

chosen to be the most amenable to cryopreservation (i.e. 0.28±0.04 g g
-1

), the mass of the 

single explants were between 3 and 4.5 mg, more than double the recommended mass. 

Therefore, due to the mass, in addition to the size of explants employed in the current 

study, it is unlikely that the extremely high cooling rates necessary to prevent ice 

crystallisation and to bring about vitrification of partly-dehydrated axes could be attained 

(Kioko, 2003). Walters et al. (2008) reiterate this, stating that “as the sample dry mass 

increases, the allowable range of water contents narrows and it becomes physically 

impossible to cool hydrated tissues fast enough to prevent lethal freezing injury.” Those 

authors however, differed from Wesley-Smith (2002) with regard to the range of thermal 

mass required to achieve cooling rates higher than 6000°C min
-1

. Wesley-Smith (2002) 

suggested that if recalcitrant explants have a dry mass of ≤6 mg, a broad range of water 

contents can be cooled at rates between 6000 and 30000°C min
-1

 and, if tissue has a dry 

mass of <1 mg, cooling rates faster than 60000°C min
-1

 are attainable for tissue of a 

suitable range of water contents. 

 

The lack of survival of embryonic axes of L. kirkii after exposure to rapid and ultra-rapid 

cooling methods may also be a function of the intracellular water within the tissue. 

Although the water content at which these axes were exposed to cryogenic temperatures 

is quoted as 0.28±0.04 g g
-1

, after correction for the high lipid content of the tissue, the 

water content is closer to 0.39±0.06 g g
-1

(see section 3.5). This figure is at the higher 
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limits of the range of 0.2 – 0.4 g g
-1

 suggested by Vertucci and Leopold (1987) to be the 

amount of non-freezable water within recalcitrant seeds. Therefore, it is very possible that 

some of the water remaining within the embryonic axes of L .kirkii after flash-drying to 

0.39±0.06 g g
-1

 (after correction for lipid content) is constituted by the freezable 

component. Kioko (2003) suggested that even a small proportion of freezable water could 

provide the basis for lethal ice crystallisation during exposure of axes to rapid cooling 

protocols, which is dictated by the relatively large thermal mass of the axis/cotyledonary 

explants. 

 

3.9.2 Controlled rate and slow cooling 

 

The effects of slow cooling (1 and 14°C min
-1

) on survival (i.e. root and shoot protrusion) 

of embryonic axes excised with attached cotyledonary segments of L. kirkii dehydrated to 

0.28±0.04 g g
-1

 are presented in Table 3.6. Similarly to flash-dried axes subjected to rapid 

and ultra-rapid cooling, slow cooling trials also recorded high root protrusion (≥70%) by 

axes of L. kirkii (Table 3.6). However, in contrast to rapid and ultra-rapid cooling, axes 

flash-dried to 0.28±0.04 g g
-1

 and subjected to slow cooling recorded at least some shoot 

production (≥10%), with axes cooled at 1°C min
-1

 to -70°C (Mr Frosty) revealing the 

highest survival (assessed by root and shoot production) (Table 3.6). These results 

mirrored those of Vertucci et al. (1991) on L. kirkii, in that slow cooling down to -70°C 

was associated with the highest survival of embryonic axes. Axes cooled to -70°C in Mr 

Frosty produced 80% root protrusion with 70% shoot development (Table 3.6). Similar 

success with the use of Mr Frosty for cryopreservation of other plant tissue has also been 

reported (e.g. Christianson, 1998; Day and Harding, 2008). 

 

The water content at which embryonic axes of L. kirkii [0.28±0.04 g g
-1

 (0.39±0.06 g g
-1

 

after correction for lipid content)] were cooled fell within the narrow range of  0.3 – 0.4  

g g
-1 

suggested for slow cooling (Vertucci, 1989b). Previous success, in terms of survival 

of embryonic axes of L. kirkii, cooled to -70°C by Vertucci et al. (1991), was achieved by 

employing a slow cooling rate of 10°C min
-1

. However, this cooling rate (10°C min
-1

), 

falls at the upper limits of the range considered to be regarded as slow cooling             
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[0.1 – 10°C min
-1

 (Touchell et al., 2002; Benson, 2004; 2007; 2008)]. It was suspected 

that post-thaw survival of embryonic axes of L. kirkii could be improved if cooling rates 

slower than 10°C min
-1

 were employed, as has been shown for recalcitrant embryonic 

axes of Quercus robur (Poulsen, 1992), Quercus suber and Quercus ilex (González-

Benito et al., 2002). Mazur (1963; 2004) explained that the rate of change of temperature 

influences the rate at which water is transported out of cells during freezing and 

therefore, indirectly, the probability of intracellular freezing. If water can leave the cells 

rapidly enough to maintain near thermodynamic equilibrium across the cell membrane, 

the cytoplasm within the cell will not cool below its freezing point (i.e. super-cool), and 

the ice formed will all be situated externally of the cells (Pegg, 2007). However, if 

cooling rates are too rapid, cytoplasm becomes super-cooled, and it becomes more likely 

that the cell will lethally freeze internally (Pegg, 2007). For example, Rubinsky and Pegg 

(1988) working on hepatocytes, showed that intracellular freezing is unlikely to occur at 

1°C min
-1

 but is possible at cooling rates higher than 10°C min
-1

. Thus, a cooling rate of 

1°C min
-1

 essentially eliminated the risk of intracellular ice damage during freezing of 

hepatocytes. Therefore, a cooling rate of 1°C min
-1

 (within Mr Frosty) down to -70°C as 

well as further two-step cooling down to -196°C, either at 14°C min
-1

 (ascertained for 

axes of L. kirkii using a thermocouple) in polypropylene cryovials or by directly plunging 

naked axes in LN, were adopted for some treatments in this study. 

 

Although dehydrated axes cooled to -70°C in Mr Frosty performed best regarding shoot 

production, the aim of the present study was to cryopreserve embryonic axes of L. kirkii 

at cryogenic temperatures of -140°C and lower (Benson, 2008). The successful use of 

controlled rate two-step cooling for the cryopreservation of plant germplasm is well 

documented (Morris, 1978; Morris and Canning, 1978; Withers, 1978; Chen et al., 1985; 

Reed and Lagerstedt, 1987; Towill, 1988; Heszky et al., 1990; Reed, 1990; Reed et al., 

2003; Uchendu and Reed, 2008). This technique aims to moderate two injurious 

components, the effects of damaging colligative solutions, and ice formation (Mazur, 

2004; Benson, 2007). The initial slow programmed cooling step of two-step cooling is 

thought to safely facilitate the movement of intracellular water to the exterior of the cell, 

allowing for vitrification of the cytoplasm when explants are subsequently plunged into 
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LN (dependent on the water content of explants) (Pearce, 2004; Wesley-Smith et al., 

2004a; Benson et al., 2005; Reed and Uchendu, 2008). However, it should be noted that 

most successful cryopreservation protocols employing this technique, pretreat explants 

with cryoprotectant solutions (Schrijnemakers and Van Iren, 1995; Benson, 2007; Reed 

and Uchendu, 2008). It is thought for plant tissue that, at the freezing point of the 

cryoprotectant solution, ice nucleation is initiated resulting in ice forming in the 

cryoprotectant solution and the intercellular spaces (Reed and Uchendu, 2008). Cell 

membranes are protected from these damaging ice crystals by the cell wall (Reed and 

Uchendu, 2008). Although the use of Mr Frosty to cool plant tissue to -70°C (at a cooling 

rate of 1°C min
-1

) before plunging cryovials into LN has shown to be successful in other 

studies on plant material (e.g. Vendrame et al., 2001; Cho et al., 2007; Varghese et al., 

2009; Ngobese et al., 2010; Ozudogru et al., 2010; reviewed by Day and Harding, 2008), 

when such an approach was employed for the current study on embryonic axes of L. 

kirkii, although root protrusion was 80%, shoot production achieved was only 10% 

(Table 3.6). Additionally, when a separate batch of axes were cooled to -70°C using Mr 

Frosty before naked axes were plunged directly into LN (at c. 6000°C min
-1

) the root and 

shoot protrusion recorded was only 70 and 10% respectively (Table 3.6). It is possible 

that because the use of cryoprotectant solutions on embryonic axes of L. kirkii had to be 

precluded from current cryopreservation trials (explained in section 3.7); this may have 

played a role in the poor post-thaw survival recorded for two-step cooling.   

 

Therefore, the best survival at cryogenic temperatures, assessed by both root and shoot 

production, was when embryonic axes within cryovials were plunged in LN at a cooling 

rate of c. 14°C min
-1

 (Table 3.6). These embryonic axes showed 80% root production 

with 40% shoot development (all axes that did develop shoots had also eventually 

produced roots). This slow rate achieved by cooling explants within polypropylene 

cryovials, has been successfully utilised in a number of studies on recalcitrant embryonic 

axes/embryos including Corylus avellana (Normah et al., 1994; Reed et al., 1994), 

Azadirachta indica (Chaudhury and Chandel, 1996), Sechium edule (Abdelnour-Esquivel 

and Engelmann, 2002), Aesculus glabra (Pence, 2003), Castanea sativa (Corredoira et 

al., 2004) and various amaryllid species (Sershen et al., 2007). However, it should be 



 

 101

noted, as discussed previously (see section 1.7.1.4), that the rates of cooling achieved 

using this technique vary markedly between investigations and is dependent on the 

species as well as the water content of the explants. 

 

In an attempt to optimise survival by more accurately controlling cooling rate, further 

cooling trials were carried out using a computerised programmable freezer. Due to the 

lack of shoot production achieved when axes excised with cotyledons completely 

removed were subjected to the same cooling treatments as shown in Table 3.6 (data not 

shown) and because of a lack of large quantities of seed material, only embryonic axes 

excised with portions of the cotyledons attached were used for cooling in the 

programmable freezer. A range of cooling rates (2, 5, 10, 15, 20 and 50°C min
-1

) were 

tested and the viability results are presented in Table 3.7. The cooling courses achieved 

by use of the controlled rate freezer at different cooling rates are shown in Figure 3.11 

(graphs were re-drawn due to the poor quality of the original graphs produced by the 

programmable freezer). Figure 3.11 shows that although programmable freezers are 

suggested to accurately and precisely control freezing rates over a broad range of 

temperatures (Benson, 2004; 2007; 2008; Benson et al., 2005; Day et al., 2008), the 

cooling rates actually achieved differed from those that are quoted, especially when faster 

cooling rates were employed (e.g. Figure 3.11f, g). In order to replicate a similar cooling 

rate to that achieved by the use of Mr Frosty, a cooling rate of 2°C min
-1

 down to -70°C 

was employed (Figure 3.11a). Cooling rates of 1°C min
-1

 (as previously achieved by use 

of Mr Frosty) or lower were not feasible using this particular model of programmable 

freezer. The controlled rate instruments use large amounts of LN to simply cool the 

freezing chamber (Benson et al., 2005; Benson, 2007; 2008). For example, to achieve a 

cooling rate of 2°C min
-1

 down to -180°C in the present study (Figure 3.11b), 32 litres of 

LN was required. Therefore, in order to attain cooling rates as low as 1°C min
-1

 even 

higher volumes of LN are consumed, making such slow cooling rates using this particular 

programmable freezer impractical.  
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Figure 3.11Figure 3.11Figure 3.11Figure 3.11aaaa –    b: b: b: b: Cooling time course (theoretical and actual course achieved) of 

axes of Landolphia kirkii excised with attached cotyledonary segments, flash-

dried to 0.28±0.04 g g-1 (dmb) and cooled within a programmable freezer to          

-180°C (all graphs were reproduced from original print-outs generated from the 

Kryo 360-1.7 programmable freezer using computer software Delta T™). (a) 

Cooling rate of 2°C min-1 (to -70°C). (b) Cooling rate of 2°C min-1   

 (a) 

 (b) 

2°C min
-1

 (to -70°C) 

  2°C min
-1
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Figure 3.1Figure 3.1Figure 3.1Figure 3.11111c c c c – d:d:d:d: Cooling time course (theoretical and actual course achieved) of 

axes of Landolphia kirkii excised with attached cotyledonary segments, flash-

dried to 0.28±0.04 g g-1 (dmb) and cooled within a programmable freezer to          

-180°C (all graphs were reproduced from original print-outs generated from the 

Kryo 360-1.7 programmable freezer using computer software Delta T™). (c) 

Cooling rate of 5°C min-1. (d) Cooling rate of 10°C min-1 

 (d) 

 (c) 

   10°C min
-1

 

   5°C min
-1

 



 

 104

-190

-160

-130

-100

-70

-40

-10

20

0 2 4 6 8 10 12 14 16 18 20

Time (minutes)

T
e
m

p
e
ra

tu
re

 (
°C

)

actual

theoretical

 

 

-190

-160

-130

-100

-70

-40

-10

20

0 2 4 6 8 10 12 14 16

Time (minutes)

T
e
m

p
e
ra

tu
re

 (
°C

)

actual

theoretical

 

 

Figure 3.11Figure 3.11Figure 3.11Figure 3.11e e e e – f:f:f:f: Cooling time course (theoretical and actual course achieved) of 

axes of Landolphia kirkii excised with attached cotyledonary segments, flash-

dried to 0.28±0.04 g g-1 (dmb) and cooled within a programmable freezer to          

-180°C (all graphs are reproduced from original print-outs generated from the 

Kryo 360-1.7 programmable freezer using computer software Delta T™). (e) 

Cooling rate of 15°C min-1. (f) Cooling rate of 20°C min-1 

 (f) 

 (e) 

    15°C min
-1

 

    20°C min
-1
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Figure 3.11Figure 3.11Figure 3.11Figure 3.11g:g:g:g: Cooling time course (theoretical and actual course achieved) of 

axes of Landolphia kirkii excised with attached cotyledonary segments, flash-

dried to 0.28±0.04 g g-1 (dmb) and cooled within a programmable freezer to          

-180°C (all graphs are reproduced from original print-outs generated from the 

Kryo 360-1.7 programmable freezer using computer software Delta T™). (g) 

Cooling rate of 50°C min-1 

 

 

The viability results obtained generally substantiated those of the previous cooling trials 

(compare Tables 3.6 and 3.7). A slow cooling rate (2°C min
-1

) down to -70°C (Figure 

3.11a) again produced the highest axes survival with 75% root and shoot development 

(Table 3.7). However, cooling at this rate down to cryogenic temperatures of -180°C 

(which was not previously achievable using Mr Frosty) (Figure 3.11b) resulted in no 

shoot development, with only 40% of axes producing roots (Table 3.7). Similarly, when a 

cooling rate of 5°C min
-1

 (Figure 3.11c) was employed, only 10% shoot production was 

recorded. Cooling rates of 10, 15 and 20°C min
-1

 down to -180°C (Figure 3.11d, e, f) 

were also tested as these rates approximated to that of embryonic axes of L. kirkii within 

cryovials plunged in LN (c. 14°C min
-1

, as measured using a thermocouple). When 

 (g) 

 50°C min
-1
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cooling rates of 10 (Figure 3.11d) and 15°C min
-1 

(Figure 3.11e) were utilised, survival 

was also very similar to that of axes within cryovials plunged in LN, to viz. ≥ 70% root 

protrusion for both, with 35 and 45% shoot development, respectively (Table 3.7). A 

higher cooling rate of 50°C min
-1

 (the highest achievable using this particular model of 

programmable freezer) (Figure 3.11g) was also tested. However, cooling rates higher 

than 20°C min
-1

 resulted in very low, or no survival when assessed by shoot  

development – i.e. the ability for seedling establishment (Table 3.7). 

 

 

Table 3.7: Table 3.7: Table 3.7: Table 3.7: The effect of different cooling rates, achieved by use of a 

programmable freezer, on root protrusion and shoot development by embryonic 

axes of Landolphia kirkii excised with attached cotyledon segments and 

subjected to rapid drying to a water content of 0.28±0.04 g g-1  (n=30) 

 

Cooling rate (°C min
-1

) to -180°C Root protrusion (%) Shoot development (%) 

2 (to -70°C) 75±8.7
d
 75±8.7

d
 

2 40±0
c
 0±0

a
 

5 25±13.2
b
 10±8.7

a
 

10 75±5
d
 35±8.7

b
 

15 70±8.7
d
 45±5

c
 

20 25±8.7
b
 5±5

a
 

50 0±0
a
 0±0

a
 

A Kolmogorov-Smirnov test was carried out which showed normal distribution of data. A one-way 

ANOVA was performed showing significant difference between treatments (p<0.05). Numbers 

followed by the same letter in the same columns are not significantly different according to the 

Duncan post-hoc test 
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3.9.3 Viability assessment after cryopreservation 

 

Results obtained from cooling trials supported those of a previous study on L. kirkii 

(Vertucci et al., 1991), in that slow cooling down to -70°C was associated with the 

highest survival of embryonic axes (Tables 3.6 and 3.7). However, Vertucci et al. (1991) 

scored survival as expansion, greening and root development of axes of L. kirkii, and not, 

as in the current investigation, the ability for both root development and shoot 

production. It has been suggested that although a variety of techniques have been used to 

assess viability of seed material, the ultimate test is whether an independent functioning 

organism can be re-established after being subjected to various manipulations 

(Pammenter et al., 2002). These authors warned that although swelling and/or greening 

of embryonic axes suggests that it is not dead, it does not necessarily imply that the 

explant is capable of producing an independent, functional seedling: axes may often 

produce roots and so be scored as germinating, but the apical meristem tissue is so 

damaged that there is no subsequent shoot development and therefore the axis is unable 

to establish a viable seedling (Fu et al., 1993; Berjak et al., 1999; Berjak and Pammenter, 

2004b). This has been shown to be the case predominately with tropical and sub-tropical 

species (particularly for dicotyledonous species with fleshy cotyledons), as axes survive 

to form roots and/or callus, but shoot production does not occur (Pammenter et al., 2011). 

Moreover, Berjak and Pammenter (2004b) cautioned that the shoot meristem in most 

embryonic axes is not as well protected as the root meristem and therefore appears to be 

more susceptible to damage. Those authors therefore suggested that the enlargement or 

greening of embryonic axes, subjected to the various manipulations required for 

cryopreservation, cannot be considered as a sign of germination and that protocols for 

assessing the response of axes needs to be focussed on both poles of the axis. These poles 

are required to retain a critical number of undamaged cells in order to produce a 

functional plantlet (Wesley-Smith et al., 2001a; Berjak and Pammenter, 2004b).  

Moreover, Pammenter and colleagues (2002; 2011) emphasised the problem of 

comparing current results with those of previous investigations, stating that older studies 

often do not provide data about seedling establishment and it is therefore not possible to 

ascertain what is meant by successful cryopreservation. 
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3.9.4 Excision damage 

 

The survival (assessed by root and shoot production) of axes of L. kirkii at cryogenic 

temperatures (i.e. below -70°C) presently reported may be attributed to their excision 

with cotyledonary segments attached. This is emphasised in the current study, as axes 

excised with the cotyledons completely removed and then dehydrated and exposed to 

cryogenic temperatures, exhibited root protrusion but no shoot development, and 

therefore seedlings could not be established (data not shown). Earlier research, on axes of 

L. kirkii with their cotyledons completely removed, by Vertucci et al. (1991) reported 

axis survival at a temperature of -70°C. However, although the data were not published, 

axes did not survive exposure to -150°C (Wesley-Smith et al., 1992; Berjak, pers. 

comm.
3
). 

 

As discussed in section 3.4 previous investigations on recalcitrant-seeded species (Goveia 

et al., 2004; Whitaker et al., 2010; Pammenter et al., 2011), showed that excising axes at 

the axis/cotyledon node or even with a 1 mm basal cotyledonous segment attached 

(Goveia et al., 2004), resulted in failure of shoot development which could only be 

avoided if a 2 mm segment of cotyledon was left attached (Goveia et al., 2004; reviewed 

by Berjak and Pammenter, 2004b; Pammenter et al., 2011). It has been suggested that the 

lack of shoot development is as a result of the generation of a wound-associated burst of 

ROS on excision of cotyledons (Minibayeva et al., 1998; Goveia et al., 2004; Roach et 

al., 2008; Whitaker et al., 2010; Pammenter et al., 2011). In addition to suggestions that 

the shoot meristem is more susceptible to damage than the root meristems due to a lack of 

adequate protection (Berjak and Pammenter, 2004b), the intensity and impact of the burst 

is also positively correlated to the proximity of the excision site to the apical meristem 

(Pammenter et al., 2011). This may be prevalent for embryonic axes of L. kirkii as 

cotyledons are attached close to the axis shoot meristems (see Figure 2.1). This ROS 

burst can damage the meristem, preventing shoot production and ROS may precondition 

the explants to successive damage as they pass through the various manipulations 

                                                 
3
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required for cryopreservation which, themselves may involve further ROS-mediated 

events (Whitaker et al., 2010; Pammenter et al., 2011) particularly during desiccation and 

rehydration of axes (Whitaker et al., 2010). Although ROS do play important roles in cell 

signalling in seeds (Bailly et al., 2008; Oracz et al., 2009), if their accumulation is 

uncontrolled there is consequential damage to a variety of macromolecules including 

those of membranes (Whitaker et al., 2010) and nucleic acids (Hendry, 1993; Bailly, 

2004; Kranner and Birtic, 2005; Bailly et al., 2008). ROS-mediated damage has been 

associated with necrosis of the embryo shoot meristem following axis excision (Goveia et 

al., 2004; Pammenter et al., 2011).  

 

However, in contrast to embryonic axes of Trichilia dregeana (Goveia et al., 2004; 

Berjak and Pammenter, 2004b), that showed considerable damage to the shoot apex when 

axes were excised from newly-shed seeds, complete severing of the cotyledons from the 

axis of L. kirkii did not, in itself, result in shoot apical meristem necrosis, as such excised 

axes retained the ability to produce shoots. Subsequent rapid dehydration also, did not 

preclude shoot development. However, when followed by exposure to cryogenic 

temperatures, no L. kirkii axes retained the ability for shoot production unless excised 

with a 3 mm segment of each cotyledon remaining attached. These results substantiate 

previous suggestions of the injurious effects of each step in a cryopreservation protocol 

being additive (e.g. Berjak et al., 1999; reviewed by Whitaker et al., 2010; Pammenter et 

al., 2011) or that there are interacting factors and differences in tolerance among tissue 

types. 

 

3.9.5 Thawing 

 

For the current investigation, thawing of embryonic axes of L. kirkii after exposure to 

cryogenic temperatures was undertaken by immersing naked axes directly into a CaMg at 

40°C for 2 min. This rewarming regime resulted in normal growth and formation of 

seedlings from embryonic axes that survived the various manipulations of the 
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cryopreservation process. It has been suggested that rapid thawing limits the time spent in  

the temperature range that facilitates lethal ice formation (Wesley-Smith et al., 2004a; 

Benson, 2007) (discussed in section 1.7.1.6). Furthermore, the direct immersion of 

embryonic axes in a CaMg solution has also been suggested to limit the abnormal growth 

observed in many cryopreservation investigations (e.g. Kioko et al., 1998; Berjak et al., 

1999; Mycock, 1999; Berjak and Mycock, 2004). The use of a CaMg solution as a 

thawing medium for desiccation-sensitive explants [e.g. Quercus robur (Berjak et al., 

1999), Trichilia emetica (Kioko, 2003; Varghese et al., 2009), various amaryllid species 

(Naidoo, 2006) and Phoenix reclinata (Ngobese et al., 2010)] or its inclusion in the 

cryoprotection medium prior to freezing [e.g. Pisum sativum and Phoenix dactylifera 

(Mycock, 1999)] has been associated with improved post-thaw survival and the 

proportion of normal seedlings attained. 

 

3.10 Electron microscopy   

 

Ultrastructurally, radicle tip cells of fresh, mature untreated embryonic axes showed a 

marked degree of internal differentiation and organised compartmentation of the 

organelles (Figure 3.12a, b). Prominent nuclei with conspicuous nucleoli (meristem cell, 

Figure 3.12a), relatively large vacuoles occupying a considerable proportion of the 

cytomatrix in non-meristem cells (Figure 3.12b) and differentiated mitochondria were 

clearly discernible and characteristic of meristematic cells (Figure 3.12a, d) and their 

closely located derivatives (Figure 3.12b, c). The cytoplasm appears granular, dense and 

continuous (Figure 3.12a, b, d) and short profiles of endoplasmic reticulum with 

associated ribosomes, along with polysomes were also observed (Figure 3.12d). Plastids 

containing starch grains (Figure 3.12a, b, c), and lipid bodies (Figure 3.12a, b) were 

frequently observed.   
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Figure 3.12Figure 3.12Figure 3.12Figure 3.12a a a a – d:d:d:d: Ultrastructural features of meristematic cells and their nearby 

derivatives are illustrated for fresh, mature embryonic axes of Landolphia kirkii. 

(a) Prominent nucleus and plastids within cells are evident. (b) The 

compartmentation, internal differentiation, occurrence of large vacuoles and 

aggregates of lipid bodies, were intracellular features of mature axes. (c) Large 

vacuoles occupying considerable proportion of cells, along with plastids showing 

a dense matrix and containing starch, are illustrated. (d) Well-developed 

mitochondria, rough endoplasmic reticulum and polysomes characterise the cells. 

ER, rough endoplasmic reticulum; L, lipid; M, mitochondrion; N, nucleus; P, 

plastid; Po, polysomes; V, vacuole.  (a) X 20 000; (b) X 8000; (c) X 20 000; (d) X 

30 000 
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The marked degree of internal differentiation, high proportion of the volume occupied by 

vacuolar compartments in cells external to the meristems, well-developed mitochondria 

in meristematic cells and their closely related derivatives, numerous profiles of rough 

endoplasmic reticulum and occurrences of polysomes (Figure 3.12) are consistent with 

the observations for embryonic axes of this (Berjak et al., 1992) and other recalcitrant-

seeded species (e.g. Berjak et al., 1984; Farrant et al., 1989; Ajayi et al., 2006a; reviewed 

by Berjak and Pammenter, 2000). Although the proportion of volume occupied by the 

vacuolar compartments is relatively high in mature axes of L. kirkii, Berjak et al. (1992) 

did observe that mature axes of this species had undergone a reduction in these 

components during development. Furthermore, those authors suggested that the extensive 

de novo formation of vacuoles (and therefore its significant increase in extent) during 

early germination resulted in an increase in autophagic vacuolar activity, which may be a 

contributing factor to the increased desiccation sensitivity of embryonic axes of L. kirkii 

as germinative changes proceed. Similar observations were made for root meristematic 

and contiguous cells of axes from hydrated seeds of Telfairia occidentalis that had been 

stored at 25°C for two weeks (Ajayi et al., 2006a). Berjak et al. (1992) also found that 

plastid starch reserves were characteristic of mature axes of L. kirkii. High plastid starch 

reserves were also a prominent component within the radicle tip cells observed in this 

investigation (Figure 3.12b, c) as well as other studies on desiccation-sensitive species 

[e.g. Araucaria angustifolia (Farrant et al., 1989; Berjak and Pammenter, 2000)]. 

Mitochondrial development and deposition of material within plastids is attributed to 

increased cellular respiration and an advanced metabolic state (Berjak and Pammenter, 

2000). Furthermore, Berjak and Pammenter (2000) stated that polysome formation, as 

evident in the current study (Figure 3.12d), is evidence of de novo protein synthesis. 

Therefore, the ultrastructure is a visible manifestation of the metabolic status of ongoing 

developmental or germinative metabolism in L. kirkii [and other recalcitrant embryos 

(e.g. Farrant et al., 1986; 1989; Berjak and Pammenter, 2000)]. 

 

Ultrastructural examination, while providing other information, was undertaken 

particularly to assess the responses of the lipid bodies to dehydration and subsequent 

cryogenic exposure, and to ascertain whether their responses could be involved in cell 
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death post-freezing. Specimens were rehydrated at 5, 25 or 45°C prior to processing for 

electron microscopy. Ultrastructural assessment of fully hydrated and dehydrated radicle 

tips from mature axes exposed to rapid cooling treatments, revealed massive intracellular 

destruction showing the destructive impacts of plunging naked axes into LN, or tumbling 

in nitrogen slush. Figure 3.13 shows loss of compartmentation and extensive degradation 

accompanying the death of all cells, when non-dried and axes flash-dried to 0.28±0.04    

g g
-1

 were rapidly cooled to -196°C. Nuclei remained recognisable, but were considerably 

degraded (Figure 3.13a, b cf. Figure 3.12a) with possible evidence of ice crystal damage. 

Most organelles could no longer be differentiated (Figure 3.13a, b) and the remnants of 

cell contents including the fragmented plasmalemma were generally contracted well 

away from the walls (Figure 3.13c, d). However, the only subcellular components that 

appeared to have retained their morphology and remained intact, after fresh and axes 

flash-dried to 0.28±0.04 g g
-1

 were exposed to -196°C, were the lipid bodies, as 

illustrated in Figure 3.13a – d. However, the average diameter of the lipid bodies was 

approximately twice that of those seen in the fresh material (Figure 3.12.). It is therefore 

suggested that drying and/or cooling caused perturbation of the oleosin layer (which 

bounds lipid bodies), resulting in their spreading. 
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Figure 3.13Figure 3.13Figure 3.13Figure 3.13a a a a – d:d:d:d: Meristem cells from (a, c) fresh mature axes and (b, d) axes 

flash-dried to 0.28±0.044 g g-1, all of which had been subjected to rapid cooling to 

-196°C in LN, thawed at 5°C and imbibed at 25°C, are illustrated. (a, b) Cooling 

resulted in the loss of intracellular integrity and compartmentation, (c) absence of 

differentiation among organelles. (a – d) Despite extensive ultrastructural 

degradation, lipid bodies retained morphological integrity. Note that as the 

subcellular situation was essentially similar for fresh axes and axes flash-dried to 

0.28±0.04 g g-1, thawed at 25 or 45°C and rapidly cooled in either LN or nitrogen 

slush, illustrative micrographs are not duplicated. L, lipid; N, nucleus. (a and d) X 

20 000; (b) X 25 000; (c) X 12 000 
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When embryonic axes of L. kirkii were dehydrated to a ‘detrimental’ water content of 

0.11±0.05 g g
-1

 and subsequently exposed to rapid cooling treatments, the effects of both 

desiccation and freezing damage is clearly evident (Figure 3.14); however it is difficult to 

identify and separate the damage caused by either process. As was the case with non-

dried and axes flash-dried to 0.28±0.04 g g
-1

, cytoplasm has been reduced to clumpy 

patches and most internal structures could not be positively deciphered (Figure 3.14a, b). 

It appeared that the vacuoles were no longer intact having lost their structure and shape 

with Figure 3.14b and c revealing the leakage of vacuolar contents into the cell, 

suggesting that the tonoplast had been damaged. This, in conjunction with loss of 

membrane integrity, may account for the increase in electrolyte leakage readings 

recorded for embryonic axes subjected to flash-drying and cooling trials, when compared 

to fresh axes that were only imbibed (Figure 3.12) (Wesley-Smith et al., 2001a). Plastids 

have been destroyed with only starch grains remaining (Figure 3.14a). There is visual 

evidence of potentially-lethal ice crystal formation within the nuclei (arrow), along with 

the swelling of the nuclear envelope (Figure 3.14d). Again, the only structures that appear 

to have remained intact after axes were dehydrated to a water content of 0.11±0.05 g g
-1

 

and exposed to -196°C are the lipid bodies that are clearly visible in Figure 3.14b and c. 
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Figure 3.14Figure 3.14Figure 3.14Figure 3.14a a a a –    d:d:d:d: Desiccation and freezing damage of meristematic cells and 

their nearby derivatives are illustrated for mature embryonic axes of Landolphia 

kirkii dehydrated to a water content of 0.11±0.05 g g-1, and subjected to rapid 

cooling to in LN -196°C, prior to thawing at 5°C and imbibition at 25°C. (a) 

Deranged plastids, with only starch recognisable, (b, c) what are presumed to be 

vacuoles following tonoplast rupture (*) would have resulted in leakage of 

vacuolar contents into the cell and (d) ice crystal damage within the nucleus is 

apparent. (b, c, d) Lipid bodies however, remained prominent and unaffected by 

the sub-zero temperature treatments prior to thawing at 5°C. Note that as the 

subcellular situation was essentially similar for axes thawed at 25 or 45°C and 

rapidly cooled in either LN or nitrogen slush, illustrative micrographs are not 

duplicated. L, lipid; N, nucleus; S, starch. (a) X 6000; (b) X 10 000; (c) X 20 000; 

(d) X 20 000 
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Berjak and Pammenter (2000) suggested that the stress of mild desiccation would 

stimulate intracellular development, resulting in the strong development of mitochondria 

and polysomes, accumulation of material within the plastids and enhanced abundance of 

Golgi bodies. However, the complete loss of internal structure, made it impossible to 

decipher of most organelles for all embryonic axes of L. kirkii, including those flash-

dried to 0.28±0.04 g g
-1

 (Figure 3.13d) and 0.11±0.05 g g
-1

 (Figure 3.14a – c). 

Ultrastructural evidence does suggest freezing damage within the nuclei of mature non-

dried axes (Figure 3.13a), axes flash-dried to 0.28±0.04 g g
-1

 (Figure 3.13b) and 

0.11±0.05 g g
-1

 (Figure 3.14d) and exposed to rapid cooling to -196°C. As discussed in 

section 1.6.2, it has been suggested that when seed tissue is dehydrated rapidly, the speed 

of the dehydration does not allow for water to equilibrate in the tissue and even though 

tissue has been dehydrated to a certain water content as a whole, the cells in the interior 

of the axes are likely to be at a higher water content than cells at the exterior (Pence, 

1995; Pammenter et al., 1998; Wesley-Smith et al., 2001a). Previous studies (Berjak et 

al., 1986; Bruni and Leopold, 1992; Leubner-Metzger, 2005; reviewed by Berjak, 2006b) 

have also proposed localised pools within dehydrated cells to have higher water activity, 

with the suggestion that interior organelles such as mitochondria, plastids and milieu of 

chromatin may represent such loci (Berjak, 2006b). Therefore, bulk water contents of 

axes and seeds may mask such internal variations (Berjak, 2006b). This may be a 

potential explanation for the apparent swelling of the nuclear envelope and freezing 

damage within the nuclei of meristematic and contiguous cells of L. kirkii viewed in this 

study. It also serves to reiterate the thin line between desiccation damage and freezing 

damage when attempting cryopreservation of non-orthodox germplasm.  

 

It was initially suspected that TAG crystallisation within lipid bodies might have resulted 

in their rapid disintegration upon rehydration, as has been demonstrated for embryos of 

the other species (Crane et al., 2003; 2006; Volk et al., 2006a; 2007) (discussed in 

sections 1.4.2.1 and 3.6). Vertucci (1989c) has also suggested that rapid cooling may 

induce lipid vitrification that may impart damage to seeds. However in all cases, whether 

axes had been subjected to dehydration or not, irrespective of the temperature of 

rewarming, lipid bodies within meristematic and other cells of L. kirkii remained intact, 
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with no evidence of disintegration having occurred (Figures 3.13a – d, and 3.14b – c). 

Mature axes that were exposed to cryogenic temperatures and rewarmed at 5°C before 

imbibition (which should not permit melting of crystallised lipid), retained their shape 

and ultrastructural integrity. Furthermore, lipid analyses of the non-polar fraction of L. 

kirkii axes (see section 3.6) revealed negligible occurrence of capric and lauric acids, the 

saturated fatty acids particularly implicated in crystallisation within the seeds of different 

Cuphea species. (Volk et al., 2006a). 
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Concluding remarks and future research 

   

 

Previous research has recorded survival of mature embryonic axes of Landolphia kirkii 

when stored at -70°C, but no survival had been reported at any lower temperatures 

(Vertucci et al., 1991). Therefore, the present investigation was conducted with the intent 

of developing a successful cryopreservation protocol for recalcitrant embryonic axes of L. 

kirkii at temperatures lower than -140°C.  

 

It was initially suspected that crystallisation of intracellular TAGs may occur during 

cooling of axes of L. kirkii. Previous studies have identified specific medium-chain fatty 

acids to play a major role in TAG crystallisation within seeds (Crane et al., 2003; 2006; 

Volk et al., 2006a; 2007). Therefore the lipid composition of embryos of this species was 

determined using gas chromatography and total lipid content was calculated by electron 

microscopic morphometry.  

 

Evidence of desiccation and cooling induced injury in the intracellular environment was 

obtained through transmission electron microscopy. Rapid dehydration was achieved by 

flash-drying and water content most amenable to cryopreservation was established. 

Thereafter, the effects of various cooling techniques, cooling rates and the use of 

chemical cryoprotectants on the survival of mature axes, excised with cotyledons 

completely removed and with a portion of both cotyledons left attached, were evaluated. 

Viability was assessed by the TTZ test, electrolyte leakage readings and in vitro culture, 

with survival scored by the ability for both root development and shoot production. 

 

The current study has shown that avoidance of excision injury and appropriate (slow) 

cooling rates have markedly beneficial effects on the survival of excised L. kirkii axes 

after cryogen exposure. Axes excised with no cotyledonary segments attached did not 

develop shoots when exposed to all the injurious steps in a cryopreservation protocol. 

However, shoot development (and therefore survival) was recorded when axes were 

excised with cotyledonary segments attached. Therefore the survival of axes after 

cryopreservation, as demonstrated in this study, may primarily be the result of a 
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decreased intensity of excision injury suggested to be the consequence of a ROS burst, as 

cotyledons were incised at least 3 mm away from the point of attachment to the axis. This 

may also have lessened the effects of further, presumably ROS-mediated events (e.g. 

Roach et al., 2008) that accompany subsequent procedures of cryopreservation. Future 

studies should therefore aim to assess the production of ROS [possibly through 

measuring extracellular superoxide (O2
·–

) (e.g. Beckett et al., 2003; Goveia et al., 2004; 

Roach et al., 2008; Pammenter et al., 2011)] by embryonic axes of L. kirkii, with and 

without attached cotyledonary segments.  

 

This study has also demonstrated the importance of cooling rate(s) that are appropriate to 

the embryonic axes concerned. When axes with attached cotyledonary segments were 

cooled, a slower rate was more effective than a more rapid one (assessed by the ability of 

recovered axes to form functional seedlings). Data showed that a cooling rate of 1 and 

2°C min
-1

 resulted in the highest survival when explants were exposed to a temperature 

of -70°C. However, when axes were exposed to cryogenic temperatures (below - 180°C), 

cooling rates of 14 and 15°C min
-1

 showed the highest root and shoot production. 

 

 Controlling the formation of ice is critical for the survival of cryopreserved germplasm 

(Benson et al., 2005; Benson, 2008). The point of initiation of this ice formation is called 

ice-nucleation or ‘seeding’ and in most biological systems, generally occurs at or around 

-40°C (Benson, 2008). In future studies aimed at increasing plant explant survival of L. 

kirkii using a programmable freezer, seeding ice by incorporating holds of various 

durations for ice nucleation and the excursion of water from the cell at -40°C could be 

incorporated into control rate cooling protocols (Benson, 2005; 2008; Day et al., 2008; 

Reed and Uchendu, 2008). The addition of such a hold in the controlled rate cooling may 

optimise the survival of embryonic axes of L. kirkii (with attached cotyledonary 

segments).  

 

Although the effects of chemical cryoprotectants on the survival of embryonic axes of L. 

kirkii was shown to be lethal when combined with rapid dehydration, their possible use in 

cryopreservation protocols of explants of this species should not be completely excluded. 
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Due to the lack of adequate seed material available at the time of this study, differing 

concentrations of cryoprotectants (and combinations thereof), exposure times and 

temperatures at exposure could not be assessed for the survival of these axes. Therefore, 

as suggested previously (see section 3.7), further research aimed at optimising 

cryopreservation survival of axes of L. kirkii should test the effects of 

cryoprotectant/cryoprotectant combinations at much lower concentrations than employed 

in the present investigation (possibly 1 and 2%). Furthermore, lowering the time of 

exposure as well as the temperature at exposure may result in improved axis survival 

post-dehydration and therefore increase the survival after cooling. Additionally, the use 

of vitrification solutions such as PVS2 (Sakai et al., 1990, as used by e.g. Cho et al., 

2002; Gagliardi et al., 2002; Nadarajan, et al., 2007) in optimising the survival of 

embryonic axes of L. kirkii should not be dismissed. Cryoprotection and vitrification 

solutions and techniques need to be given priority for any prospective cryopreservation 

investigations on embryonic axes of L. kirkii.  

 

Ultimately, this study has demonstrated the partial successful cryopreservation of 

embryonic axes of Landolphia kirkii with attached cotyledonary segments by rapid 

dehydration and slow and controlled rate cooling to temperatures below -180°C.  
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