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Alternating temperature (220C / -10C) pretreatments were effective for 

increasing cold hardiness and recovery of cryopreserved meristems. Combining low 

temperature pretreatment with abscisic acid (ABA) or sucrose treatments reduced the 

time required for optimal cold hardiness of meristems. Desiccation tolerance was 

directly correlated with increased cold hardiness and recovery of cryopreserved 

meristems. 

In v/fro-grown pear (Pyrus L.) plantlets were cold acclimated for up to 16 weeks, 

then shoot tips were either cryopreserved by slow freezing or tested for cold hardiness. 

Cold acclimation (CA) consisted of alternating temperatures or constant low temperature. 

Both alternating and constant low temperature CA significantly improved the cold 

hardiness and cryopreservation regrowth of pear meristems compared with non- 

acclimated controls. Alternating temperature treatment was significantly better than 

constant low temperature treatment. Photoperiod and the length of thermoperiod had 

little or no effect on cold hardiness and cryopreservation regrowth.   Some genotypes 



required only one week alternating temperature treatment for high regrowth but others 

needed more than 10 weeks. Pretreatment of shoots with ABA slightly increased 

cryopreserved meristem regrowth and shoot cold hardiness. However, ABA 

significantly shortened the CA requirement for high cryopreservation regrowth. The 

optimal pretreatment for recovery of cryopreserved meristems was 3-wk on medium 

with 50 nM ABA followed by 2-wk CA. 

Alternating temperature pretreatments were necessary for successful 

cryopreservation ofRubus meristems. Shoot tip survival of cryopreserved R parvifolius 

L. increased greatly after 3-wk CA while R caesius L. required 6 or more weeks. 

Histological studies showed that all cryopreserved R parvifolius shoot tips continued to 

grow and regenerated directly from the meristematic domes. 

Alternating-temperature pretreatments significantly increased cryopreserved 

meristem regrowth of five genotypes each of Lolium and Zoysia grasses, and also 

significantly increased the dehydration tolerance of both grasses. Lolium genotypes 

responded to slow freezing and encapsulation-dehydration with 60-100% regrowth, 

but produced less than 15% regrowth following vitrification. Zoysia responded with 

greater than 60% regrowth following encapsulation-dehydration when dehydrated to 

less than 22% water, but did not respond well to other methods. 
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CRYOPRESERVATION OF IN VITRO-GROWN APICAL MERISTEMS 

Chapter 1 

Introduction and Literature Review 

Introduction 

Plant genetic resources are the biological basis of world food security. 

However, genetic erosion is occurring throughout the world due to the increasing 

human population and changes in land use that disturb ecosystems. Nearly 2,000 

higher plant species are believed to be endangered, rare, or threatened with extinction 

(Bajaj, 1995). Each year some important genes are lost. The genetic diversity 

constituted by primitive cultivars and their wild relatives is essential for plant breeding 

programs and preserving these genes is very important for future crop development. 

During the last two decades conscientious efforts have been made toward plant 

germplasm conservation. However, most species and cultivars of woody plants are 

genetically heterozygous because of their genetic integrity of these plants can only be 

maintained by vegetative propagation. Genetic resources of vegetatively propagated 

plants are normally maintained as living plants in fields, greenhouses, or screenhouses. 

These in vivo collections are valuable as they provide immediate access for breeders 

and on-going evaluation of important characteristics. However, the preservation of 

woody plants in the field requires land and expensive constant maintenance. In 

addition, the susceptibility of plants to insects, diseases, and environmental stress is a 

major constraint on long-term preservation of these genetic resources. 



Cryopreservation (storage in liquid nitrogen at -1960C) is best used to provide a 

base collection for clonal materials (Reed, 1999). Cryopreserved collections add security 

to field and greenhouse collections and provide alternative methods of long-term storage 

(Razdan and Cocking, 1997a). Several recent review papers and books provide an 

overview of current theories and techniques (Bajaj, 1995; Benson, 1999b; Razdan and 

Cocking, 1997b). Recent improvements in cryopreservation techniques make 

cryopreserved collections feasible (Reed et al., 1998). 

Principles of Cryopreservation 

Cryopreservation can be applied to freshly collected seeds or vegetatively 

propagated germplasm, such as shoot tips or buds from field-grown plants or from in 

vitro collections. Cryopreservation is effective for very hardy species as well as tender 

tropical plants. When cells freeze, intracellular or extracellular ice may form. 

Intracellular freezing mechanically damages the unity and function of the cell, 

particularly the functions of plasma membranes (Burke et al., 1976). Most important 

for successful cryopreservation is the avoidance of intracellular crystallization, the 

main cause of cell and tissue injury during freezing and thawing. The crystallization 

process changes water's molecular structure from the random arrangement of a liquid 

state to a highly ordered lattice. Highly concentrated cytoplasm will be vitrified in 

liquid nitrogen. Vitrification refers to the physical process by which a highly 

concentrated solution supercools to very low temperatures and solidifies into 

metastable glass without crystallization (Fahy et al., 1983). Vitrification occurs at or 



near the equilibrium freezing point but well above the temperature of homogenous 

nucleation, so intracellular crystallization is avoided because the aqueous solution is 

too viscous to permit ice crystal nucleation. Extracellular freezing is an effective 

method of dehydration for temperate plant cells and tissues, and is also effective for 

most subtropical and tropical plants if cryoprotectants are present. Highly 

concentrated treatment solutions or air desiccation also can dehydrate cells or tissues 

and avoid intracellular ice formation. Over-dehydration of cells or tissues may be 

lethal even in the absence of ice formation. Injuries from both intracellular 

crystallization and desiccation must be avoided for successful cryopreservation. At 

ultra low temperatures, highly concentrated cells will be vitrified. Glass fills spaces in 

a tissue and during dehydration may help prevent additional tissue collapse, solution 

concentration, and pH alterations. When water forms a glass, it is exceedingly viscous 

and all chemical reactions that require molecular diffusion stop. Glass formation may 

lead to dormancy and stability over time (Burke, 1986). 

Cryopreservation Techniques 

There are three ways to dehydrate and vitrify cells or tissues to avoid 

intracellular crystallization on contact with liquid nitrogen: freezing dehydration, 

liquid dehydration and air dehydration. Three main protocols are available for the 

cryopreservation of plant cells and tissues: slow freezing (freezing dehydration), 

vitrification   (liquid   dehydration)   and   alginate   encapsulation-dehydration   (air 



dehydration). Each of these methods results in adequate dehydration of cells and 

tissues and the vitrification of water in the cytoplasm. 

Slow freezing 

Slow freezing, also called two-step freezing method, is a traditional method 

for cryopreservation using either a programmable freezer or standard freezer to cool 

the cells or tissues from 0oC to about -40oC at a specified cooling rate before 

exposure to liquid nitrogen. This method relies on osmotic and freezing induced 

dehydration. Normally the extracellular apoplast is more dilute than the cytosol and 

will freeze at a higher temperature. After freezing the osmotic potential in the 

extracellular space is more negative and intracellular water moves out of the cells. 

Cells are further dehydrated as the temperature decreases and water potential 

decreases. Once cells are highly dehydrated, the cytoplasm may vitrify on contact with 

liquid nitrogen. Normally samples are slow frozen to about -40oC and then plunged 

into liquid nitrogen. If the samples are cooled to a temperature that is too low, cells 

may fall below their killing temperature or be injured by extreme dehydration with 

resulting injury. With less cooling, the intracellular cytoplasm might be inadequately 

dehydrated and water in the cells will crystallize on contact with liquid nitrogen. 

Cooling rate is another major factor of the slow-freezing method (Chang et al., 1992). 

Plant cells contain vacuoles with relatively high water contents and it is important that 

sufficient time is allowed for water movement from the intracellular compartment to 

the extracellular space before immersion in liquid nitrogen.  Slow cooling rates 



(O.lC/min) are best for pear (Reed, 1990) and apple in vitro grown shoot tips (Chang 

et al., 1992). 

Vitrification 

Vitrification is the process by which water undergoes a phase transition from a 

liquid to an amorphous 'glass state'. Vitrification occurs when the solute 

concentration of a system becomes so high that ice nucleation is prevented, thus ice 

crystallization is inhibited by high viscosity. Ice nucleation is prevented when the 

solution forms a glass. Cells or meristems can be sufficiently dehydrated with a highly 

concentrated vitrification solution to allow vitrification of cytoplasm on exposure to 

liquid nitrogen. This method is simple and quick and no special equipment is needed. 

Cells or tissues may be directly plunged into liquid nitrogen after treatment with 

cryoprotectant solutions. A plant vitrification solution number 2 (PVS2) (40% 

polyethylene glycol, 15% DMSO and 15% glycerol) is the most popular vitrification 

solution (Sakai et al., 1990) and is used for many crops (Sakai, 1997). PVS2 is toxic 

to some plants so the exposure duration and temperature are critical to survival. Some 

plants are very sensitive to PVS2 even at low temperatures and very short durations 

(Makowska et al., 1999; Wu et al., 1999). PVS3 (50% (w/v) glycerol and 50% (w/v) 

sucrose in basal medium) is a good alternative vitrification solution for plants that are 

sensitive to PVS2 (Makowska et al., 1999; Nishizawa et al., 1993; Wu et al., 1999). 

A 1% bovine serum albumen (BSA) or proline presoak for 2 hours significantly 

improves the survival of Ribes meristems (Luo and Reed, 1997).   A number of 



protocols are dependent upon first dehydrating the materials with an osmotic agent 

such as sucrose before the PVS2 desiccation treatment (Dumet et al., 1993). 

Alginate encapsulation-dehydration 

Air-drying is a simple method of sample dehydration. Many seeds can be dried 

without harm (Stanwood, 1985), but vegetative tissues, such as meristems, shoot tips, 

cells, and somatic embryos normally can not tolerate direct drying. Fabre and 

Dereuddre et al. (1990) first used alginate beads formed from medium with high 

sucrose concentrations to encapsulate shoot tips. Shoot tips encapsulated in alginate 

beads can be dried gradually without damaging the cells and are protected by the 

alginate and sucrose (Fabre and Dereuddre, 1990). Encapsulated cells or tissues can 

tolerate desiccation and can be vitrified in liquid nitrogen. Pretreatment of 

encapsulated cells or tissues with sucrose (0.7-1.2M) significantly improves recovery 

of encapsulated materials. (Matsumoto and Sakai, 1995). This technique is widely 

used on many plant species including temperate, subtropical, and tropical plants. No 

equipment is needed for encapsulation-dehydration and sucrose is the only 

cryoprotectant. 

Difficult genotypes may be successfully cryopreserved by combining methods. 

Encapsulated grape axillary-shoot tips cooled at 0.1oC/min to -100oC before LN 

exposure had significantly better survival and shoot formation compared to those 

encapsulation alone (Plessis et al., 1993). Encapsulated apple dormant buds 

dehydrated with a vitrification solution were uninjured following LN exposure 



(SeufFerheld et al., 1991).   Further exploration of combined techniques may bring 

great advances in cryopreservation of difficult genotypes. 

Preconditioning of Plant Materials and Cryopreservation 

The growth conditions of in vitro plant materials are as important for 

successful cryopreservation as improved cryoprotectants. Growing plants are killed 

during the summer at temperatures slightly below freezing, but in winter they may 

tolerate very low temperatures. Inducing cold hardiness in the in vitro plant materials 

is as important as technique development for successful cryopreservation. 

Freezing tolerance is an inducible character in some plants and low 

temperature is a primary factor for initiating this. In the last two decades researchers 

studied many aspects of cold acclimation: morphology, physiology, biochemistry, and 

molecular biology. With the advances in molecular techniques, the cold acclimation 

process is now better understood and many cold-regulated genes are identified. 

During cold acclimation, new proteins are synthesized, and soluble protein content, 

enzyme activities and levels of glycoproteins or glycopeptides with high molecular 

weight increase while free water decreases (Guy, 1990). 

Weiser (1970) originally proposed that cold acclimation might require 

transcriptional activation of specific genes (Weiser, 1970). Guy et al. (1985) first 

demonstrated that cold acclimation is indeed correlated with changes in translated 

mRNA populations (Guy et al., 1985). The induction of new mRNA during cold 

acclimation provides the basis for isolation of the corresponding cDNAs. Cold 
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acclimation of plants triggers numerous physiological and biochemical changes and 

results in improved freezing tolerance. In the past decade, rapid progress has been 

made in the characterization of molecular changes associated with freezing tolerance. 

Many cDNAs for cold regulated at low temperature have been isolated (Guy, 1990). 

The cDNAs were isolated by taking advantage of the upregulation and accumulation 

of the corresponding mRNAs in plant tissues exposed to low temperature, a standard 

approach in the isolation of stress-responsive genes (Guy, 1990). Many low 

temperature responsive cDNAs or corresponding genes are described in varied plant 

species including alfalfa, Arahidopsis, barley, bromegrass, rice and wheat. Some of 

the characterized genes encode proteins with known functions, however, in most 

cases the functions of the proteins are not known and their involvement in the cold 

acclimation process are not well understood. One group of proteins that is responsive 

to low temperature are related to heat shock proteins (Neven et al., 1992). Heat 

shock proteins are generally believed to act as chaperones that bind to denatured 

proteins such as those denatured by freezing, and facilitate their refolding (Neven et 

al., 1992). Protein fractions from cold acclimated spinach and Brassica prevented 

freeze-thaw induced damage in plant thylakoids (Hincha et al. 1990). More recently, a 

cold inducible 7 kD protein, cryoprotectin, with cryoprotective activity was isolated 

from cabbage (Sieg et al., 1996). The Arahidopsis low temperature responsive genes 

corlSa and cor6.6 are suggested to encode cryoprotective proteins (Gilmour et al., 

1996; Lin and Thomashow, 1992). The corlSa protein has the capabihty to protect 

enzymes in vitro during freezing (Lin and Thomashow, 1992). Ectopic expression of 



Cor 15a increases the freezing tolerance of chloroplasts in non-acclimated plants 

(Gilmour et al., 1996). 

Several of the low temperature-induced proteins share structural 

characteristics with a group of proteins first identified during late embryogenesis 

(LEA) in higher plants (Baker et al., 1988). The corresponding genes are transcribed 

not only in seeds but also in vegetative tissues in response to water deficit, ABA, high 

salt concentrations, and low temperatures. It is suggested that these proteins are 

produced as a universal response to dehydration stress in plants and they are therefore 

referred to as dehydrins. The proposed function of dehydrins includes membrane 

stabilization and protection of cellular structures during dehydration stress. This could 

be caused either by the developmental program during seed development or by 

desiccation of vegetative tissues including freeze-induced dehydration (Bray, 1993). 

Both cold acclimation and freezing tolerance are complex genetic traits 

involving a number of genes. Improvement of this kind of multigenic system by 

genetic engineering is hampered by the large number of genes involved. Recently, 

Thomashow and his colleagues found that coordinate expression of a whole group of 

cold-induced genes induces freezing tolerance in Arabidopsis thaliana. This was 

achieved by overexpressing the transcription factor CBF1, which binds specifically to 

the so-called 'CRT/DRE element' that occurs in the promoters of cold-inducible 

genes. CBF1 is used to improve freezing tolerance (Jaglo-Ottosen et al., 1998). 
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Low temperature exposure is not the only means to induce freezing tolerance. 

Short days, dehydration or drought, and ABA treatments also induce freezing 

tolerance (Chen et al., 1983; Chen and Gusta, 1983; Lang et al., 1989). 

ABA is a mediator of plant response to various stresses, cold, drought, salt, 

heat and plays an important role in the development of freezing tolerance. As early as 

1983, Chen et al. (1983) suggested that increased endogenous ABA triggers cold 

acclimation and the expression of low temperature-responsive genes. Endogenous 

ABA increases in response to low temperature and appears to be correlated with an 

increase in freezing tolerance (Chen et al., 1992). Exogenously-applied ABA 

increases the freezing tolerance of cell cultures and whole plants (Chen and Gusta, 

1983; Tanino et al., 1990; Veisz et al., 1996). Both exogenous ABA and low 

temperature induce similar gene expression (Lee and Chen, 1993). In some cases, 

exogenous ABA application can only partially substitute for cold acclimates whole 

plants, and not to the same hardiness level as that induced by low temperatures 

(Dallaire et al., 1994; Lang et al., 1989). Lack of response to exogenous ABA may be 

due to poor uptake or lack of translocation to the ABA receptor that mediates cold 

hardening (Gusta et al., 1996). 

A series of Arabidopsis mutants either deficient in ABA or insensitive to ABA 

are used to study the role of ABA in cold hardiness. An ABA-deficient mutant of 

Arabidopsis was unable to cold acclimate unless treated with exogenous ABA (Heino 

et al., 1990). Gilmour and Thomashow (1991) found that mutants with low levels of 

ABA acclimated less than the wild type, while a mutant insensitive to ABA acclimated 
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to cold temperatures similar to wild type but much slower (Gilmour and Thomashow, 

1991). However, there is evidence that ABA is not the only mediator of the low 

temperature signal during cold acclimation. Although most of the low temperature- 

induced genes in Arabidopsis are also responsive to ABA, only a small subset of the 

genes absolutely requires ABA for activation (Gilmour and Thomashow, 1991; Lang 

and Palva, 1992). The majority of low-temperature induced genes have several 

activation pathways. There are 2 separate pathways for LT induced gene expression: 

one is ABA-dependent and another is ABA-independent pathway (Gilmour and 

Thomashow, 1991; Nordin et al., 1993). Because exogenous ABA can increase 

fi'eezing tolerance, ABA is sometimes used prior to cryopreservation to improve the 

freezing tolerance of plant material (Pence, 1998; Reed, 1993; Ryynanen, 1998). 

Further investigation of ABA application in plant cryopreservation is needed to 

determine the mode of action. 

Increased cellular sugar concentrations are strongly correlated with improved 

fi'eezing tolerance. Fowler et al. (1981) demonstrated that winter wheat cultivars vary 

in fi'eezing tolerance, and found a correlation between cold hardiness and crown 

sucrose concentration. Less-hardy winter cereals have an upright growth habit and 

lower sugar content (Fowler et al., 1981). Olien et al. (1986) identified a group of 

compounds termed "freezing inhibitors" located in the intercellular spaces. The 

inhibitors are polysaccharide polymers with molecular weights in the hundred 

thousand Daltons (Olien et al., 1986). Fijikawa et al. (1999) demonstrated that 

incubating asparagus shoot tips in high glucose concentration for 2 days increased 
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cold hardiness from -7 to -20°C (Fujikawa et al., 1999). Sugars have a cryoprotective 

function by colligative dilution of toxic substances which are concentrated in the 

cellular solution during extracellular freezing (Crowe et al., 1984). 

Vandenbussche et al. (1999) demonstrated that sugar beets increase in D- 

glucose, D-fructose and sucrose contents following cold acclimation. The level of 

unsaturated membrane lipid also increases. These changes are correlated with better 

regrowth following cryopreservation (Vandenbussche et al., 1999). High sugar 

concentrations inside plant cells help to establish a vitrification state during cooling 

and prevent dehydration and freezing damage (Hirsh, 1987; Koster, 1987). It is 

known that sucrose interacts with phospholipids and proteins to stabilize membranes 

during drying and freezing (Crowe et al., 1984). 

So far, there is no research on cold acclimation of pear in vitro plantlets. We 

need to determine the most efficient method for increasing cold hardiness and most 

efficient method for inducing cold acclimation when pretreating prior to 

cryopreservation. The relationship between pear cold hardiness and cryopreservation 

is also unknown. 

Protocols for Cryopreservation of Apical Meristems 

Apical meristems of many crop plants are successfully micropropagated. Good 

tissue culture performance is a prerequisite for apical meristem cryopreservation. 

Since the constituent cells of the meristems are less differentiated and have more 

uniform ploidy than those of mature tissues, plants regrown from shoot tips without 
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callus-mediated organgenesis would be most genetically stable pathway (Sakai, 

1985). Furthermore, the shoot tip has a greater ability to regenerate the whole plant 

than any other tissue. Many plant apical meristems have been successfully 

cryopreserved (Bajaj, 1995; Benson, 1999a). Improved cryopreservation techniques 

are successfully applied to many plant species including cold hardy, subtropical, and 

tropical plants. Following are applications of cryopreservation techniques used on 

some important vegetatively-propagated temperate crops. 

Fragana: Sakai et al. (1978) first reported that apices of field-grown strawberry runners 

frozen to -1960C developed normal shoots in vitro after thawing. Survival ranged from 

60% to 80% for apices prefrozen to -20 to -30oC in the presence of 12 to 16% DMSO 

and cooled rapidly (Sakai et al., 1978). In vz/ro-grown meristems precultured on medium 

supplemented with 5% DMSO and cooled at 0.84oC/min to -40oC before LN, had a 95% 

survival (Kartha et al., 1980). Fifty-six Fragaria accessions were tested for 

cryopreservation characteristics at NCGR-Corvallis (Reed and Hummer, 1995). In vitro 

plantlets were cold hardened for one week, 0.8 mm meristems were cut and pretreated on 

5% DMSO for two days, then frozen at 0.8oC/min to -40oC in the cryoprotectant PGD (a 

combination of 10% polyethylene glycol, 10% glucose, and 10% DMSO) and plunged 

into LN. Survival was dependent upon genotype; 25 genotypes had greater than 50% 

regrowth. A slower cooling rate (0.3oC/min) partially improved survival. No off-types 

were found during field evaluations of 15 cultivars regrown from cryopreserved 

meristems. 
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Bibes: Modifications to slow freezing, vitrification and encapsulation-dehydration 

techniques were successful for cryopreserving apical meristems from in v/Yrogrown Ribes 

plants (Reed and Yu, 1995). R diacantha Pall, meristems had moderate to high regrowth 

with each of the seven modifications tested and most methods resulted in regrowth for 

some R aurewn Pursh meristems. R rubrum L. cv. Cherry meristems had moderate 

(60%) regrowth with encapsulation-dehydration (3 hr dehydration) and very poor results 

with the other techniques. PVS2 vitrification and encapsulation-dehydration techniques 

were effective for R nignim cvs. Ben Tron and Ben More (Benson et al., 1996). A 2 h 

pretreatment with BSA significantly improved survival of R aureum and R ciliatum 

following vitrification in PVS2 solution (Luo and Reed, 1997). 

Rubus: In v/'/rogrown Rubus meristems were successfully cryopreserved using slow- 

freezing techniques (Reed, 1988, 1993; Reed and Lagerstedt, 1987). PGD (Finkle and 

Ulrich, 1979) produced good results as a cryoprotectant with in vitro-grovm Rubus 

meristems (Reed and Lagerstedt, 1987). Cold acclimation (220C day/-l0C night) 

improved the survival of cryopreserved Rubus meristems. Non-acclimated meristems had 

regrowth rates between 18% and 41% while cold-acclimated plants had 51% to 67% 

regrowth following slow freezing (Reed, 1988). Cold acclimation was effective for most 

genotypes tested, but the combination of ABA and cold acclimation improved survival for 

one Rubus genotype (Reed, 1993). Lett and Schmitt (1992) reported that a 24 h 1% BSA 
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pretreatment in Heller's medium was efifective for suspension-cultured Rubus cells when 

used with 15% DMSO as a cryoprotectant (Lett and Schmitt, 1992). 

Vaccinium: Reed (1989) cryopreserved in vitro-grown Vaccinium meristems by slow 

freezing with the cryoprotectant PGD. V. corymbosum L. survival increased from 6% to 

58% following three or more weeks of cold hardening (CH) (220C day/-l0C night). 

Cooling meristems at 0.1°C/min, produced the highest survival. Cold acclimation 

requirements and optimum cooling rates varied among species (Reed, 1989). 

Vitis: Plessis et al. (Plessis et al., 1991, 1993) successfully cryopreserved in v/Yro-grown 

Vitis shoot tips. Axillary shoot tips encapsulated in alginate beads, precultured in sucrose- 

enriched medium, dehydrated at room temperature, and slowly frozen from 20°C to - 

80oC, then immersed in LN, had 20% survival. Higher survival rates, between 40% and 

60% with 30% shoot recovery, were noted using lower prefreezing temperatures (- 

100oC) and slower cooling rates (0.1oC/min). Dussert et al. (1991) obtained 60% survival 

of embryogenic grape cell suspensions with 30% packed cell volume after 1 hr 

pretreatment at 0°C with 0.25 M maltose and 5% DMSO, freezing at 0.5oC/min to -40oC 

and immersion in LN. Six weeks after thawing the growth rate of cryopreserved cells was 

equivalent to that of the unfrozen control. The best recovery was obtained on medium 

with 1 mgl"1 napthoxyacetic acid. A minimum of six days on semi-solid medium was 

necessary to obtain regrowth from cryopreserved cells before placing them in liquid 

medium (Dussert et al., 1992). Matsumoto and Sakai (1998) obtained about 85% 
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regrowth using called 3-step vitrification procedure, which includes long culture duration 

(4-5 month-old plantlets), high concentration pretreatment with 2 M glycerol and 0.4 M 

sucrose for 3 days, and then PVS2 treatment for 80 min at 0oC (Matsumotol and Sakai, 

1998). 

Malus: Sakai and Nishiyama (1978) first demonstrated that apple and pear winter 

buds retained their viability after immersion in liquid nitrogen if provided with an 

initial exposure to subzero temperatures at slow freezing rates. Apple buds taken 

from shoots stored in LN grew after grafting onto rootstocks in the greenhouse (77% 

regrowth). Eighty to 100% viability was obtained from cryopreserved dormant 

vegetative buds from Malus using newly developed techniques (Stushnoff, 1987; 

Tyler and Stushnoff, 1988b; Tyler et al., 1988). The moisture content of the winter- 

dormant buds ranged from 48% to 60% and desiccation to 20% to 30% was required 

for survival; a few very tolerant species could be desiccated below 10%. Buds at 

maximum hardiness were most tolerant of desiccation (Stushnoff, 1987, 1991; Tyler 

and Stushnoff, 1988a, b). Drying of dormant buds before freezing is applicable to 

genotypes which naturally tolerate desiccation and freezing to -30oC or colder at 

maximum hardiness. Cryopreserved dormant buds are thawed either slowly (room 

temperature air) or rapidly (40oC water) (Sakai and Nishiyama, 1978; Tyler and 

Stushnoff*, 1988b; Tyler et al., 1988). Seufferheld et al. (1991) demonstrated that 

pretreating dormant apple buds with sugars and other cryoprotectants enhanced 

survival of taxa that are less cold hardy or do not sufficiently acclimate.   The buds 
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could be grafted directly onto rootstocks in the greenhouse after rehydration in moist 

peat moss, or the shoot tips excised for tissue culture. Shoot tips excised from winter 

buds of apple survived in vitro after slow freezing below -10oC and immersion in LN 

without a cryoprotectant (Katano et al., 1983). 

Dormant buds of 500 apple genotypes were stored in the vapor phase of LN at the 

National Seed Storage Laboratory (NSSL) in Ft. Collins, Colorado (Forsline et al., 1993). 

Single-bud sections were prepared from cold-hardened, dormant apple shoots, dried to 

30% moisture, cooled at l0C/h to -30oC, held for 24 h and then stored in the vapor phase 

of LN. Cold-tender apple dormant buds stabilized by encapsulation in 5% alginate and 

treated with two step-wise imbibition of 0.5 to 1.0 M sucrose and 0.2 M raffinose 

solution, and desiccated with forced air at 0oC improved recovery following 

cryopreservation (Seufterheld et al., 1999). 

In v/'/ro-grown shoot tips are considered ideal materials for germplasm storage and 

international exchange. Kuo and Lineberger (Kuo and Lineberger, 1985) first tested 

cryopreservation on in v/ft-o-grown shoot tips, but recovered only callus. Niino and Sakai 

(1992) cryopreserved in vitro-grovm apple shoot tips with the encapsulation-dehydration 

method. Shoot tips cold hardened at 50C for three weeks were progressively precultured 

on MS media with increasing sucrose, then encapsulated in alginate beads. The beads 

were dried to about 33% water content before exposure to LN. Shoot regrowth after 

thawing was about 80%. Eighty percent survival was obtained when shoot tips of in 

vitro-grovm apples were precultured with 0.7 M sucrose at 50C for one day and then 

cryoprotected with plant vitrification solution number two (PVS2) for 80 min before LN 
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exposure (Niino and Sakai, 1992). The growth conditions of in vitro grown shoots are 

important factor. The plant shoot tips from long duration culture shoots have higher 

recovery from cryopreservation (Chang et al., 1992; Wu et al., 1999). 

Shoot tips of in v/fro-grown apples have also been cryopreserved using 

vitrification techniques. Shoot tips were precultured with 0.7 M sucrose at S°C for 1 day 

and then cryoprotected with PVS2 for 80 min before LN exposure with 80% survival 

(Niino et al., 1992). 

Cooling rate determines the amount and rate of dehydration and is a key factor for 

success using the slow freezing method. In vzTro-grown apple shoot tips have a high 

water content and require slow cooling to complete dehydration before being exposed to 

LN. Chang et al. (1992) found 0.1-0.2oC/min suitable for in W/fo-grown apple shoot tips. 

This is similar to the 0. l0C/min rate required for pear meristems (Reed, 1990). 

Vitrification with highly concentrated cryoprotectant solutions allows cells to 

dehydrate quickly and liquids to form glasses at low temperatures. Sakai (1993) 

developed several vitrification solutions for plants. The vitrification solution and the 

duration of exposure are applied according to size of the plant material, cryoprotectant 

toxicity, and temperature. Niino et al. (1992c) dehydrated with PVS2 (30% glycerol, 

15% ethylene glycol and 15% DMSO in MS medium containing 0.4 M sucrose) at 250C 

for 80 min and obtained 80% shoot formation. Zhao et al. (1995) tested plant vitrification 

solutions PVS1 through PVS5 on three apple cultivars with several exposure lengths 

before vitrification. The best results were obtained using PVS3 (50% sucrose, 50% 

glycerol) for 80 min (Zhao et al., 1995). 
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When cryopreservation was successiul, most shoot tips resumed growth 

immediately after reculture, and all parts of the material retained green color and continued 

growing. The small leaves of some frozen shoot tips became brown after reculture, but 

new shoot tips emerged after one week. The recovered shoot tips grew rapidly and 

reached 1 cm long in one month (Chang et al., 1992). 

Cryopreservation of in vitro-grown shoot tips of mulberry employed slow freezing 

(0.5oC/min to -420C), vitrification (PVS2, 90 min), and air-drying (24% water content) or 

encapsulation-dehydration (33% water content) (Niino, 1995). Survival ranged from 40 

to 81.3% for 13 cultivars tested. 

Prunus: In vitro hardened shoots survived cryopreservation (75%) if held at -30oC for 

24 h before transfer to LN. Culture on medium containing 14% sucrose and frosting at - 

40C enhanced low-temperature tolerance (StushnofF, 1985). Axillary apices excised from 

in w'^o-cultured peach cv. GF 305 plants produced 70-80% survival following 

vitrification when pre-culture medium included 5% DMSO and 5% proline (Paulus et al., 

1993). Two Prunus rootstocks were successfully cryopreserved by vitrification (modified 

PVS2) by supplementing the pre-culture medium with 5% DMSO and 2% proline. The 

average rate of shoot formation was 69% and 74% for the two rootstocks (Brison et al., 

1995). 

Pyrus: In vitro pear shoot tip cryopreservation by slow freezing was developed by Reed 

(Reed, 1990) who demonstrated that cold hardening and slow cooling rate significantly 
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improved the recovery of shoot tips from four Pyrus species. Pear plantlets were cold 

hardened for 1 week at 220C for 8 h (light) and -10C for 16 h (dark). Apical meristems 

were frozen in PGD cryoprotectant at 0.1/min to -40oC before LN exposure and fast 

thawing in 40oC water. Shoot formation ranged from 55% to 95% for the four species 

(Reed, 1990). 

Dereuddre et al. (1990) developed the encapsulation-dehydration technique with 

pear axillary shoot tips. Shoot tips from plantlets cold hardened for 2 months were coated 

with alginate-gel beads, and then precultured in a liquid medium with 0.75 M sucrose for 

18 h and dehydrated in an air-flow cabinet for 2 to 6 hrs. Coated shoot tips were cooled 

rapidly by direct immersion in LN and rewarmed slowly in air at room temperature. High 

survival (80%) was obtained after dehydration for 3 h and 40% of the surviving shoot tips 

produced new plantlets (Dereuddre et al., 1990). The best results (80% shoot recovery) 

were obtained using 0.75 M sucrose for preculture and 4 hrs dehydration (20% residual 

water) (Scottez et al., 1992). Niino et al. (1992) also obtained about 70% shoot 

formation for three pear cultivars by using a modified encapsulation-dehydration method. 

They also successfully applied the vitrification method to pears with 40-72.5% shoot 

formation rates (Niino et al., 1992). 

Many Pyrus genotypes at NCGR-Corvallis have been screened by slow freezing 

(Reed, 1990) and vitrification techniques (Yamada et al., 1991). A comparison of 28 

Pyrus genotypes found that 61% had good survival (>50% regrowth) following slow 

freezing (0.1°C/min) while only 43% of the genotypes responded well to the vitrification 

technique (Luo et al., 1995).   Genotypes with greater than 50% shoot formation were 
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cryopreserved and shipped to the National Seed Storage Laboratory, Ft. Collins, CO for 

long-term storage. Each genotype shipped required 150 meristems (25 meristems per 

vial); 25 meristems thawed before shipping in Corvallis, 25 thawed at NSSL after storage, 

and the remaining 100 meristems stored in LN (Reed et al., 1998a, b). 

Choice of materials is an important consideration for any cryopreservation 

technique. There is wide variation between different genotypes in response to 

cryopreservation and variation between cryopreservation techniques as well (Reed and 

Yu, 1995). Changes in the physiological status of plants of a single genotype also result in 

differences in survival following cryopreservation (Chang et al., 1992). More emphasis 

should be placed on the physiological condition of plants prior to cryopreservation. Cold 

hardening is necessary for any cryopreservation techniques and is now included as a part 

of most procedures. Standardized cold-hardening conditions are needed before 

comparisons can be made on the efficacy of cryopreservation techniques. The wide 

variation in the temperature, light conditions and duration of cold hardening make 

comparisons of survival difficult. 

Several studies of genetic variation in cryopreserved plant material observed 

no change from the original genotype (Chang and Reed, 1995; Harding, 1994; 

Harding and Benson, 1994; Reed and Hummer, 1995). More studies are needed to 

evaluate the genetic stability of plants held in cryopreservation, but it seems likely that 

genetic abnormalities will be rare. 
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Abstract 

In vitro-grovm pear (Pyrus L.) plantlets were cold acclimated for up to 16 weeks, 

then shoot tips were either cryopreserved by slow freezing or tested for cold hardiness. 

Cold acclimation (CA) consisted of alternating temperature (220C with light/-10C 

darkness with several photo and thermoperiods) or constant low temperature (40C with an 

8-hr photopenod or darkness). Both alternating (A-CA) and constant (C-CA) low 

temperature CA significantly improved the regrowth of P. cordata Desv. and P. pashia 

Buch. -Ham. ex D. Don meristems following cryopreservation compared with non- 

acclimated controls. A-CA combined with either an 8-hr photoperiod or darkness were 

significantly better than C-CA. Regrowth of cryopreserved meristems increased with the 

duration of the C-CA for the first 5 weeks but then declined with longer C-CA. Regrowth 

remained high for up to 15 weeks with A-CA. Photoperiod and the length of 

thermoperiod had little or no effect on cold hardiness and regrowth following 

cryopreservation. Some genotypes required only one week A-CA for high regrowth but 

others needed more than 10 weeks. P. pashia and P. cordata grown without transfer 

for 6-12 weeks required much less A-CA than those with a 3-week transfer cycle. 

Extending the duration of culture and CA of in vitro-grown Pyrus plants was very 

effective for improving regrowth following cryopreservation. A-CA also improved in 

vitro-grown plantlet cold hardiness. The LT50 of plantlets grown with 10 weeks A-CA 

was -250C; with C-CA, -14.70C; and no CA controls -10oC. The optimum length of CA 

varied with plant genotype. 
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Introduction 

Pear is an important temperate tree-fruit crop throughout the world. Nearly 

1500 genotypes are available in the U. S. Department of Agriculture, Agricultural 

Research Service, National Clonal Germplasm Repository (NCGR) world pear 

collection in Corvallis, Oregon. Field collections are the most common way to 

preserve tree-fruit germplasm, but can be costly due to the need for land and constant 

maintenance (Hummer and Sugar, 1998). In addition, the susceptibility of the plants 

to insects, diseases, and environmental stress is a major constraint to long-term field 

preservation of these genetic resources. Cryopreservation is considered an ideal 

method for long-term base storage of germplasm in a relatively small space, free from 

biotic/abiotic stresses, and amenable to rapid multiplication on demand (Withers, 

1991). In the last two decades cryopreservation techniques developed for plant cells, 

callus, and organs include slow freezing, vitrification, and alginate encapsulation- 

dehydration (Benson, 1999). These techniques are available for several Pyrus 

genotypes (Dereuddre et al., 1990b; Niino et al., 1992; Reed, 1990). Each of these 

cryo-techniques is successful for some specific plant parts or particular genotypes, but 

method improvements are needed for success with other genotypes. 

A standard slow freezing protocol used to screen 60 pear genotypes was 

successful for about half of those tested (Reed et al., 1998).   This protocol applied 
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one-week of A-CA (Reed, 1990). Pyrus cordata Desv. and P. pashia Buch. -Ham. 

ex D. Don are two low chilling pear species that respond poorly to the standard slow- 

freezing technique. Improvements are needed to make cryopreservation protocols 

suitable for the diverse pear germplasm available in the world pear collection. 

Growth and nutritional conditions are very important for the development of 

freezing tolerance of field-grown plants (Westwood, 1993). Most hardy plants, such 

as woody perennials, can not tolerate -3°C during the growing season, however in 

winter when fully cold acclimated they tolerate temperatures as low as -1960C 

(Yelenosky and Guy, 1989). Low temperature treatment, short photoperiod, 

drought, or ABA treatment may influence cold acclimation and freezing tolerance of 

plants (Palva and Heino, 1998; Weiser, C.J., 1970). Cold acclimation is associated 

with many physiological and biochemical alterations including membrane alternations, 

changes in protein composition, increases in sugar content, changes in plant hormone 

concentrations, and alterations in gene expression (Chen et al., 1983; Guy, 1990; 

Lang et al., 1994; Steponkus et al., 1983). Cold acclimation and increased freezing 

tolerance of in vitro-grovm plantlets or meristems are not well studied. 

Dehydration techniques and plant dehydration tolerance are two of the most 

important factors in cryopreservation pretreatments and cryoprotectant regimes. 

Increasing osmolarity of pretreatment solutions causes cell dehydration and reduction 

of freezable water. This, in turn increases the free energy gradient, and reduces the 

possibility of intracellular ice formation (Crowe et al., 1990). Sucrose   and   other 
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disaccharides not only have interstitial osmotic effects, but also enter the cells to 

stabilize proteins and membranes during desiccation (Dumet et al., 1993). 

Cold acclimation is used as a pretreatment for cryopreservation of many in 

v/fro-grown plants. Conditions used for CA include low constant temperature with 

short photoperiod (Dereuddre et al., 1990a, b; Niino et al., 1992), total darkness 

(Chang et al., 1992), or alternating temperature with short photoperiod (Reed, 1989, 

1990; Ryynanen, 1998). There are no reports directly comparing the effects of these 

different CA conditions. 

This study compared the effects of CA with alternating and constant 

temperatures, different photoperiods and darkness, and cold acclimation duration on 

meristem regrowth of pear shoot tips following cryopreservation. In addition, culture 

duration and plant water content were studied relative to cold hardiness and 

cryopreservation. 

Materials and Methods 

Plant material 

Micropropagated plantlets of 8 Pyrus accessions, P. koehnei Schneider (PYR 

818.001), P. communisL. cvs. Beurre d'Amanlis Panachee (PYR 61.001), Bosc-OP- 

5 (PYR 1165.001), and Monchallard (PYR 397.001), P. calleryana Decne. (PYR 

661.001), P. communis x P. pyrifolia (Burm. F) Nakai cv. Good Christian 

(PYR250.003), P. pashia (PYR 871.001) and P cordata (PYR 750.001) from the 

NCGR collection were cultured in Magenta GA7 boxes (Magenta Corp., Chicago, IL, 
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USA) on Cheng medium (Cheng, 1979) with 4.9 \JM N* - benzyladenine (BA), 3% 

sucrose, 0.35% agar (Bitek agar, Difco, Detroit, MI. USA.) and 0.18% Gelrite 

(Kelco, San Diego, CA, USA.). The pH was adjusted to 5.2 before autoclaving. 

Growth room conditions were 250C with a 16-hr photoperiod (25 nmoUm"2^'1) and 

relative humidity at 40%. Plantlets were transferred every three weeks except for 

those in the culture duration experiment. 

Cold acclimation 

Eight genotypes P. koehnei, P. pashia, P cordata, Beurre d'Amanlis 

Panachee, Bosc - OP-5, Monchallard, P. calleryana and 'Good Christian' were tested 

to determine the effects of cold acclimation on regrowth following cryopreservation. 

Three-week old plantlets were cold acclimated at alternating temperatures 220C with 

8 hr light (10 nmol^m"2^"1)/-!0^ 16 hr darkness (AL8) for one week. We extended 

the CA to 6 weeks for some of the genotypes that performed poorly with only one 

week CA at AL8. Finally, we extended the CA to 16 weeks for P. pashia and P. 

cordata to see the effect of extended CA on the regrowth of meristems following 

cryopreservation. Cultures were not transferred to new medium during CA. 

Culture duration 

Plantlets of P. pashia and P. cordata were cultured in the growth room for 3 

or 12 weeks without transfer then placed in alternating temperature CA (AL8) for 0- 

15 weeks. The osmotic potential and water content of leaves and stems of plantlets 
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and   the   medium   were   measured.    The   regrowth   of   meristems   following 

cryopreservation were compared. 

Cold acclimation condition treatments 

Several CA conditions were tested to determine the effect of alternating 

temperature and short photoperiod. Six-week old plantlets of P. pashia and P. 

cordata were CA for 1 to 16 weeks without transfer. Five treatments were used: 1. 

(AL8) 220C with 8 hr light (10 nmol»m"2«s"1)/-l0C 16-hr dark. 2. (ADS) 220C 8-hr 

dark/-l0C 16-hr dark. 3. (CL8) Constant low temperature (40C) with 8-hr light. 4. 

(CD) Constant low temperature (40C) dark. 5. Control - Constant warm temperature 

(250C with 16-hr light). 

For further study of low temperature and photoperiod, several additional 

combinations of thermoperiod and photoperiod cycles were tested. Six-week old P. 

pashia and P. cordata plantlets were incubated for 5 weeks with seven CA 

treatments: 1. (AL16) 220C 16- hr light/-l0C 8-hr dark. 2. (AL8) 220C 8-hr light/- 

10C 16-hr dark. 3. (AD16) 220C 16-hr dark/-l0C 8 hr dark. 4. (ADS) 220C 16 hr/- 

10C 8-hr dark. 5. (AL12) 220C 12-hr light/-l0C 12-hr dark. 6. (AD12) 220C 12-hr/- 

10C 12-hr dark. 7. Control - Constant warm temperature (250C 16-hr light). 

Freezing procedure 

After CA 25 shoot tips (0.8-1.0 mm) of each treatment were dissected and 

precultured on a firmer medium (0.35% agar/0.185 gelrite) with 5% dimethyl 

sulfoxide (MeaSO) for 48 hr under the same CA conditions as the parent plantlets. 



37 

The basic slow-freezing procedure was described by Reed (1990). Shoot tips were 

transferred to 0.25 ml liquid medium in 1.2 ml plastic cryo-vials (Cryovial, Beloeil, 

Quebec, Canada) on ice. The cryoprotectant PGD (Finkle and Ulrich, 1979), a 

mixture of 10% each polyethylene glycol (MW 8000), glucose, and DMSO in liquid 

medium was added dropwise up to 1.2 ml over 30 min. After 30 minutes 

equilibration on ice, the shoot tips were frozen to -40oC at 0.1oC/min in a 

programmable freezer (Cryomed, Forma Scientific, Mt. Clemens, Mich.) and 

immersed in liquid nitrogen for at least 1 hr. Vials were thawed in 450C water for 1 

min, then in 23 0C water for two min. The cryoprotectant was removed and replaced 

with liquid medium. Meristems were plated in 24 cell plates with 2 ml medium per 

cell (Costar, Cambridge, Mass.) for recovery. Regrowth data were taken four weeks 

after thawing. Each experiment used 20 meristems per vial for each treatment and 5 

meristems for unfrozen controls, with at least 3 replications per experiment. 

Cold hardiness tests 

A piece (11.4 x 11.5 cm) of moist sterile Kimwipes tissue paper (Kimberly- 

Clark Corp., Roswell, GA, USA) was folded and placed in each glass test tube (10 x 

75 mm) with 10 pear shoots (1-1.5 cm). The samples were cooled in the 

programmable freezer at 0. l0C/min and nucleated at -20C. Five tubes per treatment 

were removed at 2.50C intervals. Shoots were thawed at 40C for 3 hr and recultured 

for four weeks on Cheng medium in the growth room to determine viability. Viability 

was expressed as LT50, the temperature at which 50% of the shoots were killed. 
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Fresh weight/dry weight 

The water content of plantlets of P. cor data was determined as the difference 

between dry weight (DW) and fresh weight (FW). Dry weights were determined after 

heating the samples in an oven at 950C for 24 hr. Percent water was calculated as: 

[(FW - DW)/FW] x 100%. 

Osmotic potential measurement 

The water potential of the medium and plantlets of P. cordata at different 

culture or CA durations were measured on expressed sap using a vapor pressure 

osmometer (5100C, Wescor, Inc., Logan, UT). The medium was frozen to -20oC 

over night then thawed for 5 min at room temperature (220C). Aliquots of the medium 

(0.5 ml) were centrifiiged in 1.5-ml microfuge tubes (Fisher Scientific, Pittsburgh) at 

3,000 rpm for 5 min. Plantlets were frozen in the microfuge tubes over night, thawed 

for 3 min at room temperature, then pressed with a glass bar to extract the sap. Sap 

was centrifiiged at 3000 rpm for 5 min to obtain a clear supernatant (Guak, 1998). 

Osmolalities were converted to MPa ¥ multiplied by 2.48 (According to Van't HofFs 

equation Y = -RTZCj, where R is the gas constant, T was the temperature in degrees 

Kelvin and Cj was the summation of the concentrations of all solutes in the solution). 

Each treatment had at least 3 replications. 
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Statistical analysis 

The results were analyzed by ANOVA and means separated with Duncan's 

multiple range test (P < 0.05) using Statgraphics plus (Statistical Graphics 

Corporation and STSC Inc., Rockville, MD). 

Results 

The response of genotypes to cold acclimation 

Cold acclimation (AL8) significantly improved meristem regrowth of all the 

Pyrus genotypes tested but the degree of response varied with genotype. P. koehnei, 

'Beurre d'Amanlis Panachee', 'Monchallard' and P. calleryana cultured for three 

weeks in the growth room and one week in AL8-CA produced >75% regrowth, 

compared to <25% regrowth for non-CA plants (Fig. 2. 1). Bosc-OP-5, P. pashia, 

and 'Good Christian' responded poorly to one week CA and required four to six 

weeks CA (AL8) (Fig. 2. 2). P. cordata required longer CA to reach high recovery 

(Fig. 2. 2). 

Culture duration 

Extended culture without transfer to fresh medium improved regrowth following 

cryopreservation for all eight genotypes. P. pashia and P. cordata plantlets cultured 

for 12 weeks without transfer required much less AL8-CA to produce high recovery 

than 3-week plantlets (Fig. 2. 3). After longer periods of culture without transfer little 

edium was left in the culture box. The water content of the plantlets decreased and 
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Figure 2. 1. Regrowth of meristems of different Pyrus genotypes cryopreserved 
following cold acclimation (CA). Cold acclimation conditions: 220C with 8-hr 
light/-l0C 16-hr dark. 
* Results are expressed as means ± SEM of 20 meristems with 3 replications. 
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Figure 2.2. The effect of cold acclimation duration on the regrowth of meristem 
of Pyrus genotypes following cryopreservation. 
Cold acclimation conditions: 220C with 8-hr light/-rC 16-hr dark. 
* Results are expressed as means ± SEM of 20 meristems with 3 replications. 
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Fig. 2. 3. The interaction of culture duration and cold acclimation on the recovery 
of Pyruspashia and P. cordata meristems following LN exposure. Plantlets were 
cultured in the growth room for 3 or 12 weeks without transfer to fresh medium 
before cold acclimation treatment at 220C with 8 hr light/- 10C 16-hr dark. 
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Figure  2. 4.   Changes in water content of leaves and stems of Pyrus cordata 
over 12 weeks in culture. 
Bars with different letters are significantly different (P < 0.05) as indicated by 
capital letters for the leaves and lower-case letters for the stems. 
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Figure 2. 5.   Changes in the osmotic potential of leaves and stems of Pyrus 
cordata after 4-15 weeks in culture. 
Bars with different letters are significantly different (P < 0.05) as indicated by 
capital letters for the leaves and lower-case letters for the stems. 
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the osmotic potential was more negative as the culture duration increased (Fig. 2. 4 & 

5). The plantlets stopped growing, and some formed dormant apical buds. In long- 

cultured plantlets some mature leaves abscised and young leaves died but the shoot 

tips remained alive and with higher freezing tolerance than controls. 

Cold acclimation conditions 

A-CA and C-CA significantly (P< 0.05) improved the regrowth of P. pashia 

and P. cordata meristems following cryopreservation (Fig. 2. 6A, B). The controls 

(no CA) had very little regrowth following cryopreservation. One-week CA 

increased regrowth from 0 to 5 - 40% under all CA conditions but recovery was still 

very low for these genotypes. After 3 or 5 weeks CA the A-CA treatments with 

either an 8-hr photoperiod or darkness were significantly better than C-CA. More 

than 3 (P. pashia) or 5 weeks (P. cordata) A-CA were necessary to obtain 80-100% 

regrowth. Regrowth with A-CA remained high with increasing CA duration while it 

declined after 5 weeks {P. cordata) or 8 weeks {P. pashia) with C-CA. Regrowth of 

meristems acclimated under A-CA remained high for the duration of the experiment 

(16 weeks). 

Additional combinations of alternating temperatures with various 

photoperiods were tested to determine the roles of temperature and photoperiod in 

cold acclimation (Table 2. 1). All six A-CA treatments significantly improved the 

regrowth of cryopreserved meristems of P. pashia and P. cordata compared to the 

non-CA controls and there were no significant differences among them.  The presence 
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Figure 2. 6. The effect of cold acclimation conditions on the cold hardiness of in 
v/firo-grown Pyrus plantlets and on the recovery of meristems following 
cryopreservation. A. Regrowth of P. cordata meristems following 
cryopreservation. B. Regrowth of P. pashia meristems following 
cryopreservation. C. Cold hardiness of P. cordata plantlets. D. Cold hardiness of 
P. pashia plantlets. Legend: (AL8) 220C with 8 hr light/-rC 16-hr dark. (ADS) 
220C 8-hr dark/-l0C 16-hr dark. (CL8) Constant low temperature (40C) with 8-hr 
light. (CD) Constant low temperature (40C) dark. Not shown: control - constant 
warm temperature (250C with 16-hr light). * Results are expressed as means ± 
SEM of 20 meristems with 3 replications. 
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Table 2. 1. The effect of thermoperiod and photoperiod during cold acclimation on 
regrowth of Pyrus meristems following cryopreservation. 

Treatment Percent regrowth 
Temperature Photoperiod Length (hr)* P. cordata P. pashia 

Alternating Light/darkness 8 
12 
16 

53.7*" 
67.3* 
46.8* 

72.5* 
74.6* 
63.5* 

Darkness 8 
12 
16 

55.0* 
72.3* 
50.0* 

68.3* 
83.4* 
58.3* 

Constant (250C) Light/darkness 16 3.9b 6.7" 

The length of the high temperature (220C) and/or photoperiod. Low temperature 
was -10C. 
** Mean separation by Duncan's multiple range test at P < 0.05 (n = 60). Values in a 
column with different letters are significantly different. 
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or length of a photoperiod (0, 8, 12, 16 hr) did not significantly affect regrowth of 

meristems of either species. Alternating high and low temperatures were important 

for high regrowth but the length of low temperature exposure (8, 12, 16 hr) was not 

significant. 

Cold hardiness 

Plant freezing tolerance and regrowth following cryopreservation were highly 

correlated (R = 0.9025**) for both P. pashia and P. cordata (Fig. 2. 6). All four CA 

treatments increased plant cold hardiness. The LT50 fell from -10oC to as low as - 

250C after 5 weeks of A-CA, while the LT50 of C-CA only decreased to -170C. Plant 

cold hardiness peaked at 5 weeks, then declined with the C-CA treatments. The LT50 

of plantlets under A-CA remained low (about -250C) for the 10-week experiment. 

Changes in water conditions in plant tissue and culture medium 

Water content of P. cordata significantly decreased during the long culture 

duration experiment (Fig. 3). Over the 3 to 12 week culture duration in the growth 

room the water content of leaves decreased from 81.4% to 69.4% and the osmotic 

potential of leaves was more negative (-1.37 MPa to -2.62 MPa). The water content 

of stems declined at the same rate as leaves (Fig. 3). Water content of tissues was 

only slightly reduced during AL8-CA. The water content of leaves decreased from 

81.4% to 80.1%, and stems from 86.3% to 82.1% after 5 weeks AL8-CA. The 

osmotic potential of leaves and stems did not decrease significantly until 8-12 weeks 

AL8-CA(Fig.2. 7). 
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Figure 2. 7. The osmotic potential of P. cor data leaves and stems during 0-12 
weeks of cold acclimation. Bars with different letters are significantly different 
(P < 0.05) as indicated by capital letters for the leaves and lower-case letters for 
the stems. 
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Discussion 

Low-temperature treatment is one of the main strategies for plant cold 

acclimation. During CA many changes occur in cellular structure, physiology, and 

biochemistry of cells and tissues, and gene expression is also induced (Chen, et al., 

1995; Guy, 1990). Several series of cold-regulated genes are now cloned and there is 

evidence that cold-regulated genes play a role in plant cold hardiness (Jaglo-Ottosen 

et al., 1998; Uemura and Steponkus, 1998). Cold acclimation significantly improves 

the survival of cryopreserved Pyrus meristems although there are significant 

differences among the genotypes. Reed et al. (1998) divided pear genotypes into 

three categories based on the amount of AL8- CA required for moderate to high 

regrowth: 1. Easily CA genotypes like P. koehnei require only one wk CA. Of 93 

pear genotypes tested, 43% belong to this group. 2. Medium-length CA genotypes 

like P. pashia require 3-5 wk CA. 3. Long CA genotypes like P. cordata require 

more than 8 wk CA. All genotypes tested fit in these three categories using the slow- 

freezing protocol. When CA duration was extended for Category 1 and 2 genotypes, 

regrowth remained high (Data not shown). 

The type of CA was important for meristem recovery following 

cryopreservation. Our results showed C-CA was less effective than A-CA (Fig. 2. 6). 

Low night temperatures stimulate cold-regulated gene expression and increase plant 

cold tolerance (Vallejos, 1991). A-CA conditions used in our studies may have 

provided strong stimulation of cold-regulated gene expression related to the similarity 

to natural CA conditions.  C-CA treatments increased cold hardiness but the effects 
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declined after 5 weeks. Under natural conditions some plants have reduced freezing 

tolerance in January as compared to that in November and December (StushnofF and 

Junttila, 1986). During the long C-CA treatments we noticed that plantlets grew 

slowly or even completely stopped growing for the first several weeks and had 

increased growth after 5 weeks (data not shown). Adaptation of plantlets to the C-CA 

conditions may have reduced stress and decreased cold-regulated gene expression. 

Exposure to low temperatures (chilling requirement) is required for breaking 

endodormancy in some plants (Scalabrelli and Couvillion, 1986). These two 

physiological processes, cold acclimation and the development of dormancy, are 

superimposed on each other. Plantlets grown under C-CA accumulate chilling hours 

quicker than A-CA plantlets. Plantlets under A-CA treatments grew little and some 

formed dormant buds (data not shown). CA is an induced stress response similar to 

that for low temperature, drought, or salt stresses. Low and high temperatures 

produce similar responses in gene expression (Fu et al., 1998). Possibly A-CA 

stimulated more cold-regulated genes, which resulted in increased plantlet 

acclimation. A-CA treatments resembled natural cold acclimation while C-CA might 

have induced cold acclimation but also released the plants from dormancy, thus 

decreasing freezing tolerance. 

Water stress induces CA, increases freezing tolerance for many plant species, 

and induces some genes same as low temperature and ABA (Lang et al., 1994; 

Yelenosky and Guy, 1989). Water stress is an effective pretreatment for 

cryopreservation (Pritchard et al., 1986a, b). During long culture durations the water 
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content of the plantlets gradually decreased and the osmotic potential became more 

negative (Fig. 2. 4 & 5). The very low osmotic potential of pear leaves and stems 

following long culture duration without transfer to fresh medium indicated that the 

plantlets were in water deficit. This drought stress slightly improved the regrowth of 

meristems following cryopreservation, however low temperature treatment was 

essential to reach high regrowth (Fig. 2. 3-5). Plantlets with long culture duration not 

only had increased regrowth following cryopreservation, but also required less CA 

than control plants. 

The water content of cells and tissues is a very important factor in the freezing 

process. Reduced water content induced by low temperature is correlated with an 

increase in freezing tolerance in some species (Chen et al., 1995; Guy, 1990). Our 

slow-freezing protocol included a constant cooling rate of 0.1oC/min to -40oC and 

initiated extracellular freezing at -90C. This resulted in sufficient concentration of the 

unfrozen fraction of the suspending solution and of the cytosol to enable vitrification 

upon rapid cooling in LN (Sakai, 1993). The slow cooling process combined with 

cryoprotectant action induced cellular dehydration. Although the water content 

decreased during CA (Fig. 2. 7) and water content was correlated with regrowth 

following cryopreservation, plant water content was not the main factor affecting 

cryopreservation in our procedure. Plantlets grown in growth room conditions for 

long culture duration had lower water content (70%) than CA plantlets (Fig. 2. 4 & 

5) but still had less survival following cryopreservation. During low-temperature CA 

many changes occur such as cold-regulated gene expression and the production of 
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dehydrins or dehydrin-like proteins (Arora et al., 1997; Bravo et al., 1999; Guy, 

1990), changes in the plasma membrane structure (Steponkus et al., 1983), cellular 

sugar composition, and cell wall components (Weiser, et al., 1990). These changes 

all contribute to cell cold hardiness and tolerance to freeze induced dehydration than 

water content alone. Intracellular ice crystal formation is the most common cause of 

plant death during freezing. Dehydration during freezing is another possible cause of 

injury (Weiser, 1970). Injury to non-acclimated rye protoplasts resulting from severe 

cell dehydration is associated with major changes in the ultrastructure of the plasma 

membrane. Cold acclimation resulted in alteration in the lipid composition of cellular 

membrane that in increase the stability during freeze-induced dehdration (Steponkus 

et al., 1992; Uemura et al., 1995). The slow freezing process we used allowed the 

intracellular water to move out of the cells into the intracellular spaces and crystallize 

there. We believe that the main cause of meristem death was not from ice formation in 

the cells, but from freezing dehydration or low temperature organelle damage. 

Plantlet water content was well correlated with regrowth and may be important, but 

the freezing-dehydration tolerance induced by CA may be more important during the 

slow freezing procedure. 

A short photoperiod is required for C A of many winter annuals, biennials, and 

perennials (Weiser, 1970). Light is required for photosynthesis to supply sufiBcient 

energy for cellular changes or to signal the induction of cold hardiness (Kacperska- 

Palacz et al., 1975). A short photoperiod induces some proteins similar to cold- 

regulated proteins (Jeknic and Chen, 1996).   In our study photoperiod was not 
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required for improved CA and the length of the photoperiod had no significant effect 

on CA (Fig. 2. 6 & Table 2. 1). Rikin et al. (1981) demonstrated that ABA-induced 

cold hardiness in cotton plants was dependent on either light or sucrose. In our 

experiments sucrose was plentiful in the medium and may have substituted for any 

light requirement. 

Conclusions 

There are many factors involved in conditioning plants to withstand liquid 

nitrogen temperatures. Both C-CA and A-CA improved the survival and regrowth of 

Pyrus meristems following cryopreservation. A-CA was more effective than C-CA. 

Photoperiod had no effect on CA or recovery of meristems from cryopreservation. 

Plant cold hardiness was well correlated with the regrowth of cryopreserved 

meristems. Genotype response to CA varied. Regrowth of moderate or difficult to 

cryopreserve genotypes was significantly improved by extending the CA to four or 

more weeks. Long culture duration improved regrowth and also reduced the length 

of CA required for high regrowth of pear meristems following cryopreservation. 
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Abstract 

Cold hardiness plays an important role in the recovery of cryopreserved 

meristems. Micropropagated pear (JPyrus cordata Desv.) shoots were used for 

evaluating the effects of exogenous abscisic acid (ABA) and sucrose on plant cold 

hardiness and tolerance to liquid nitrogen. A 4-wk 150 nm ABA pretreatment 

increased meristem regrowth from 0 to 16.7% following cryopreservation, and 

plantlet cold hardiness (LT50) by 30C. Low temperature (LT) treatments improved 

the recovery of cryopreserved P. cordata meristems. Six to 10 wk of LT were 

required for reaching high cryopreservation recovery. Exogenous ABA and LT 

treatments showed significant synergistic effects on both cold hardiness and 

cryopreservation recovery. Exogenous ABA shortened the LT requirement for high 

cryopreservation regrowth for 2 wk. The optimal treatment for recovery of 

cryopreserved meristems was 3-wk culture on 50 (iM ABA following by 2-wk LT. 

The maximum cold hardiness (-22.5 0C) was obtained with 150 ^m ABA and 2-wk 

LT. ABA exposure induced meristem dormancy. Four-wk culture on 150 \im ABA 

at 25 0C induced dormancy in 73.7% of meristems but had little effect on 

cryopreservation recovery. ABA and LT produced different levels of cold hardiness 

for leaves, nodes, and shoot tips. Control shoots had similar cold hardiness for leaves, 

shoot tips and lateral buds. But for LT treated shoots, the shoot tips had the highest 

freezing tolerance, followed by the lateral buds and finally the leaves. When the 

sucrose concentration in the preculture medium increased from 2 to 7%, the LT50 of 
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control pear shoots dropped from -7.8 to -12.4 °C and meristems cryopreservation 

regrowth significantly increased (0% to 75%). 

Key words: Abscisic acid, sucrose, cryopreservation, Pyrus, meristems, 

freezing tolerance. 

Introduction 

Cryopreservation is now used for long-term storage of pear germplasm. 

Cryogenic genebanks for base (long-term backup) storage for active genebanks will 

be increasingly important in the future (Reed et al., 1998b). Cold acclimation is 

essential for meristem cryopreservation of most pear genotypes (Reed et al., 1998a). 

Low temperature (LT) pretreatments are effective for cold acclimating plants and 

improving the recovery of cryopreserved in vitro-grovm meristems. However, some 

plant species require very long LT treatments, some genotypes do not respond to LT, 

and some do not tolerate any LT treatment (Chang and Reed, 1997). 

Abscisic acid (ABA) is a very important stress hormone and plays an 

important role during cold acclimation. Chen et al. (1983) suggested that elevation of 

the ABA concentration in cells is the factor that triggers cold acclimation and 

expression of low temperature-responsive genes. Exogenous ABA increases the cold 

hardiness of cell cultures and whole plants of many species (Chen and Gusta, 1983; 

Lang et al., 1989; Tanino et al., 1990a; Veisz et al., 1996). Exogenous ABA at room 

temperature substitutes for LT treatments for cold acclimating embryogenic wheat 
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callus and LT50 is similar for ABA and LT acclimation. ABA has a much weaker 

effect on intact wheat than on wheat callus (Dallaire et al., 1994). 

ABA in the preculture medium improves the recovery of cryopreserved shoot 

tips of several plant species (Pence, 1998; Reed, 1993; Ryynanen, 1998; 

Vandenbussche and De Proft, 1998). The relationship of ABA, cold hardiness, and 

cryopreservation of in v/fro-grown pear is not known. 

Sucrose plays an important role in plant dehydration and freezing tolerance, 

and is a commonly used cryoprotectant (Dumet et al., 1993). Sucrose cryoprotectant 

solutions are typically highly concentrated (10-50%) and used for short times (hours 

to several days). High sucrose concentrations in the medium of in vitro apple and 

Rubus shoots or tissues increased the freezing tolerance (Caswell et al., 1986; 

Palonen and Junttila, 1998). 

Our objectives were to determine the effects of the application of exogenous 

ABA and sucrose on the cold hardiness and cryopreservation recovery of pear shoots, 

and to examine interactions between the ABA and LT for inducing plant cold 

acclimation and improving cryopreservation recovery. 

Materials and Methods 

Plant material 

Pyrus cordata was chosen because it responded poorly to standard 

cryopreservation protocols (Reed, 1990). Micropropagated shoots of P. cordata 

were cultured on Cheng medium (Cheng, 1979), with 4.9 \xM N^-benzyladenine 
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(BA), 3% sucrose, 0.35% agar (Bitek agar, Difco, Detroit, MI) and 0.145% Gelrite 

(Kelco, San Diego, CA). The pH was adjusted to 5.2 before autoclaving. Growth 

room conditions were 250C with a 16-hr photoperiod (25 (amol-m"2^"1) and 40% 

relative humidity. Shoots were transferred every three wk. The pear shoots were 

acclimated in a growth chamber at 220C with 8-hr light (10 nmol^m'^s"1) and -10C 

16-hr darkness for the low temperature (LT) treatments. 

Abscisic acid treatments 

Shoots were cultured for 3 wk on the medium described above with seven 

concentrations of (±) cis-trans-abscisic acid (Sigma Chemical Co., St. Louis, MO) (0, 

10, 25, 50, 75, 100, and 150 nM). After 3 wk the shoots were moved to the LT 

chamber for 0, 1, or 2-wk without transfer to new medium. Cold hardiness and the 

liquid nitrogen tolerance of the shoots were tested at the end of the LT treatment. To 

determine the effect of ABA on the growth apical meristems (1.0 mm) were dissected 

from shoots grown for 3 wk on each ABA concentration and placed on regular Cheng 

medium. Regrowth data were recorded at four wk. If the meristems were green but 

did not grow new shoots or leaves by 4 wk they were considered dormant. 

Sucrose and B A treatments 

The shoots of P. cordata were cultured on Cheng medium with 2, 3, 5, or 7% 

sucrose and 0.89, 2.22 and 4.44 |aM N^-benzyladenine (BA) for three wk and then 

placed in the LT chamber for 0, 1, or 2-wk without transfer to new medium. 
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Freezing procedure 

After ABA, sucrose, BA, or LT pretreatment, 25 shoot tips (0.8-1.0 mm) of 

each treatment were dissected and precultured on Cheng medium with 0.35% agar 

and 0.175% Gelrite and 5% dimethyl sulfoxide (DMSO) for 48 hr under the same LT 

conditions as the parent shoots. The basic slow-freezing procedure was described by 

Reed (1990). Shoot tips were transferred to 0.25 ml liquid medium in 1.2 ml plastic 

cryo-vials (Cryovial, Beloeil, Quebec, Canada) on ice. The cryoprotectant PGD 

(Finkle and Ulrich, 1979), a mixture of 10% each polyethylene glycol (MW 8000), 

glucose, and DMSO in liquid medium was added dropwise up to 1.2 ml over 30 min. 

After 30 minutes equilibration on ice, the shoot tips were frozen to -40 0C at 0.1 

0C/min in a programmable freezer (Cryomed, Forma Scientific, Mt. Clemens, Mich.) 

and immersed in liquid nitrogen for at least 1 hr. Vials were thawed in 450C water for 

1 min, then in 23 0C water for 2 min. The cryoprotectant was removed and replaced 

with liquid medium. Meristems were plated in 24-cell plates with 2 ml medium per 

cell (Costar, Cambridge, Mass.) for recovery. Regrowth data were taken 4 wk after 

thawing. Each experiment used 20 meristems in one vial for each treatment and 5 

meristems for unfrozen controls, with at least 3 replications per experiment. 

Cold hardiness test 

A piece (11.4 x 11.5 cm) of moist sterile Kimwipes tissue paper (Kimberly- 

Clark Corp., Roswell, GA) was placed around the 10 pear shoots in each test tube 

(15 x 100 mm) with a plastic cap sealed with parafilm. Tubes were cooled at 0.1 

0C/min in a programmable freezer with ice nucleation at -2 0C. Five tubes per 
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treatment were removed at each 2.5 0C interval. The shoots were thawed at 4 0C for 

3 hr and recultured. Leaves retained green color for two weeks were considered as 

survival. Only regrown shoot tips and buds were considered as survival. Viability was 

expressed as LT50, the temperature at which 50% of the shoots were killed. 

Fresh weight/dry weight 

The water content of shoots of P. cordata was determined as the difference 

between dry weight (DW) and fresh weight (FW). Dry weights were determined after 

heating the samples in an oven at 950C for 24 hr. Percent water was calculated as: 

[(FW - DW)/FW] x 100%. 

Osmotic potential measurement 

The water potential of the medium and P. cordata shoots at different culture 

or LT durations were measured on expressed sap using a vapor pressure osmometer 

(5100C, Wescor, Inc., Logan, UT). The medium was frozen at -20 0C for 16 hr then 

thawed for 5 min at room temperature (22 0C). Aliquots of the medium (0.5 ml) were 

centrifiiged in 1.5-ml microfuge tubes (Fisher Scientific, Pittsburgh, Penn.) at 3,000 

rpm for 5 min. Shoots were frozen in the microfuge tubes over night, thawed for 3 

min at room temperature, then pressed with a glass bar to extract the sap. Sap was 

centrifiiged at 3000 rpm for 5 min to obtain a clear supernatant (Guak, 1998). 

Osmolalities were converted to MPa *? multiplied by 2.48 (According to Van't HofFs 

equation ¥ = -RTSQ, where R is the gas constant, T was the temperature in degrees 
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Kelvin and Cj was the summation of the concentrations of all solutes in the solution). 

There were at least 3 replications for each treatment. 

Statistical analysis 

The results were analyzed by ANOVA and means separated with Duncan's 

multiple range test (P < 0.05) using Statgraphics Plus (Statistical Graphics 

Corporation and STSC Inc., Rockville, MD). 

Results 

ABA and LT effects on the cold hardiness of in vitro-grown pear shoots 

Increasing concentrations of ABA produced increasingly lower LT50S either 

with or without LT treatments. At 25 0C shoots grown on 150 \xM ABA were the 

hardiest with an LTJQ of- 12.5 0C, 2.5 0C lower than the no-ABA controls (Fig. 3. 

1). LT produced greater increases in cold hardiness than the ABA treatments. 

Control plantlet LT50S were 4 degrees lower with 1-wk LT and 7 degrees lower with 

2-wk compared to the non-LT controls. ABA and LT interacted to improve plant 

cold hardiness. The addition of 150 |AM ABA to the LT treatments reduced the LT50 

to - 17.5 0C after 1 wk and to -22.5 0C after 2 wk. 

Effect of ABA and LT on cold hardiness of pear tissues 

Lateral buds, leaves, and shoot tips of control shoots had LT50S near -10 0C 

(Table 3.1). ABA (75 \xM) significantly increased cold hardiness, but by only a few 

degrees, and   there were no significant differences among the three tissues. LT 
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Figure 3.1. Cold hardiness of in v/fro-grown Pyrus cordata shoots after 3 wk growth 
with ABA followed by 0,1, or 2 wk low temperature (LT) treatment. 

Low temperature treatment conditions: 22 0C with 8-hr light (10 jjitioNinW1) 
and -1 0C 16 hr darkness. Points are means of 3 replications (n = 60); vertical bars 
are SE. 
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Table 3.1. Cold hardiness of in v/'fro-grown P. cordata shoot tissues following 3 wk 
growth on 75 |jM abscisic acid and/or 2-wk low temperature pretreatments. 

LT5( >(0C) 
Type of tissues Control2 +ABAy +LTX +ABA + LTW 

Shoot tips 
Lateral buds 
Leaves 
Means 

-lO.S30 

-ll.laD 

-10.1aD 

-10.7° 

-12.4aC 

-12.5aC 

-12.1aC 

-12.3C 

-16.9aB 

-15.2bB 

-14. l"68 

-15.4B 

-22.5aA 

-20.1bA 

-17.9cA 

-20.2A 

z   Control: Growth at 250C for 3 weeks with no ABA. 
y +ABA: Growth at 250C for 3 weeks with 75 JJM ABA. 
x   +LT: Two-week LT at 220C with 8 hr light (10 nmoUinW1) and -10C 16 hr 
darkness. 
w +ABA + LT: Growth at 250C for 3 weeks with 75 ^M ABA then two-week LT 
treatment. 
v Means in a row with different capital letters (A-D) are significantly different at P < 
0.05; Means in a column with different letters (a-c) are significantly different at P < 
0.05. 
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treatments significantly increased shoot cold hardiness and the effect was significantly 

stronger than ABA treatment for all three tissues. Shoot tips produced the greatest 

response to LT and were significantly more hardy than the leaves (P < 0.05). Lateral 

buds were intermediate and not significantly different from either shoot tips or leaves. 

The addition of ABA to the LT treatment increased the hardiness of all three tissues 

with the shoot tips and lateral buds both significantly more hardy than the leaves. 

Dormancy induction of in-vitro pear shoots by ABA 

ABA induced apical dormancy in meristems of P. cordata and the rate 

increased with increasing ABA concentrations. After 3-wk growth, 30% of 

meristems growing on 50-80 (oM, 50% on 100 fiM, and 75% on medium with 150 

HM ABA formed dormant apical buds. ABA concentrations below 25 JIM did not 

affect meristem regrowth or dormancy. Some leaves became yellow and abscised 

when the culture duration on ABA was extended to 6 wk (Fig. 3. 5). 

Effects of ABA and LT pretreatments on the regrowth of cryopreserved pear 

meristems 

ABA pretreatments alone slightly improved the regrowth of cryopreserved P. 

cordata meristems (Fig. 3. 2). Regrowth of meristems pretreated on 150 |jM ABA 

was 16.7% compared to zero for the controls. LT treatments for 2 wk (without ABA) 

produced about 20% meristem regrowth while control and 1-wk LT meristems did 

not   survive.     ABA  and  LT  treatments   interacted  to   improve  regrowth   of 
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cryopreserved meristems. Shoots treated with 50 jaM ABA had less than 10% 

regrowth after thawing, but with only l-wk LT regrowth increased to 38% and 2-wk 

LT treated meristems had over 70% regrowth. Increasing ABA to 75 nM or 150 pM 

slightly improved regrowth (from 8% to 20%), but adding l-wk or 2-wk LT 

produced 40-50% regrowth. Extended LT treatments (10 wk) were required for 

>80% regrowth of cryopreserved P. cordata meristems and 6 to 8-wk LT were 

required for > 50% regrowth (Chang and Reed, 1997). 

The effects of sucrose concentration on the cold hardiness of pear shoots 

The cold hardiness of P. cordata shoots increased significantly with increasing 

sucrose concentrations in the pretreatment medium (Table 3.2). The LT50 of shoots 

grown on 7% sucrose with no-LT treatment was significantly lower (P < 0.05) than 

those on 2 or 3%. LT treatments significantly increased the cold hardiness of the pear 

shoots grown on all sucrose concentrations. There was an interaction between 

medium sucrose level and LT treatment. Shoots grown on 7% sucrose had 

significantly lower LT50S after 2-wk LT than with 0 or l-wk LT, but the LT50S were 

not significantly different from the 3 and 5% sucrose 2-wk LT treatments. 

Effects of sucrose and B A concentration on cryopreservation 

Sucrose and BA in the preculture medium affected the regrowth of pear 

meristems following cryopreservation (Table 3. 3). Shoots grown on 2% sucrose had 

very   poor   recovery   at   all   BA   concentrations.      Standard   growth   medium 
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Table 3. 2. Cold hardiness of in v/'fro-grown P. cordata shoots cultured 3 wk on 
medium with 2, 3, 5 or 7% sucrose followed by 0, 1, or 2 wk low temperature 
pretreatment. 

LT5o(0C)y 

Sucrose (%)z LI duration (wk) 
Means 

2 
3 
5 
7 

Means 

cB -7.8' 
-10.6 
■11.5 
-12.41 

-10.5C 

(bC 

abC 

aC 

-12.6' 
-15.5 
-16.7 
-17.5 

■is.e* 

cA 

bB 

abB 

aB 

bA 

aA 

aA 

-13.3 
-18.6: 

-20.4' 
-20.3aA 

-18.2A 

-11.2° 
-14.9b 

-16.0 
-16.7' 

ab 

z Plantlets grown at 2, 3, 5, or 7% sucrose at 250C for 3 weeks and then treated with 
0, 1, or 2 weeks LT treatments at 220C with 8 hr light (10 nmol-m'W1) and -10C 16 
hr darkness. 
y Means in a row with different capital letters (A-C) are significantly different at P < 
0.05; Means in a column with different letters (a-c) are significantly different at P < 
0.05. 
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Table 3.3. Regrowth of cryopreserved P. cordata menstems excised from shoots 
grown for 3 wk on preculture medium with different concentrations of sucrose and 
benzyladenine and 2 wk at low temperature. 

BA concentration Sucrose < concentration (%)z 

(MM) 2 3 5 7 
0.89 35±11.4b 60±15.8a 70±7.8a 58±12.3a 

2.22 0C 69±10.7a 68+9.5" 72+6. la 

4.44 0C 25±8.9b 67±6.7a 75±5.0a 

z Shoots were precultured on Cheng medium with different concentrations of sucrose 
and BA for three weeks followed by LT treatment for two weeks at 22 0C with 8-hr 
light (10 nmofcin^s"1) and -1 0C 16-hr darkness (n = 60). 



73 

^ 

90 

80 - 

70 - 

60 - 

50 

1)  40 

30 

20 

10 

0 

I 1 NonLT 
KZm IweekLT 
^^ 2-week LT 

I 

i 

i 

A 

i 
25 50 75 

ABA concentration (joM) 

A, 
I 

150 

Figure 3. 2. Regrowth of in vitro-grown Pyrus cordata meristems after 3-wk growth with 
ABA followed by 0,1, or 2-wk low temperature (LT) treatment. 
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Figure 3. 3. Pyrus cordata shoot water content and osmotic potential following culture on 
Cheng medium with 2, 3, 5, or 7% sucrose. 

( ) osmotic potential; ( ) water content.  Shoots were cultured on each 
medium for 3 wk (25 0C with 16-hr photoperiod.). Points are means of 3 
replications (n = 60); vertical bars are SE. 
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Figure 3. 4. Pyrus cordata shoot water content and osmotic potential following culture on 
Cheng medium with different ABA concentration. 

( ) osmotic potential; ( ) water content. Shoots were cultured on each 
medium for 3 wk (25 0C with 16 hr photoperiod). Points are means of 3 
replications (n = 60); vertical bars are SE. 
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Figure 3. 5 Induction of dormancy on in vitro P. cordata plants by 
150^MABA. 
A. 3 weeks culture on 150 j^M ABA. 
B. 6 weeks culture on 150 (iM ABA. 
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concentrations of BA (4.44 \iM) and sucrose (3%) resulted in significantly less 

regrowth than lower BA concentrations or slightly higher sucrose concentrations. 

Water content and osmotic potential of sucrose and ABA -cultured shoots 

Shoot moisture content decreased from 86.1% to 71.3% for leaves and 88.5% 

to 74.7% for stems when the medium sucrose concentration increased from 2% to 

7%. The osmotic potential of the shoots became more negative with the sucrose 

concentration increase and the curve was similar to that for water content (Fig. 3. 3). 

Shoot water content decreased significantly after 3-wk ABA (150 (jM) treatment, 

from 88.2% to 76.8% for stems, and 85.8% to 75.9% for leaves. And also the 

osmotic potential of ABA-treated tissues was decreased with the increase of ABA 

concentration (Fig. 3.4). 

Discussion 

Exogenously-applied ABA (75-150 \iM) in the preculture medium increased 

the cold hardiness of P. cordata shoots by only a few degrees (Fig. 3. 1) and only 

slightly improved cryopreservation recovery. LT induced much deeper cold hardiness 

than ABA. Exogenous ABA does not substitute for LT for inducing in vitro-peax cold 

hardiness. Those responses indicate that ABA and LT induce cold hardiness by 

different pathways. A similar conclusion was also reached in wheat (Dallaire et al., 

1994) where ABA (50 pM) application increased the cold hardiness of intact wheat 

plants by 3 0C, while LT induced much higher cold hardiness. For five Rubus 

genotypes cold hardiness was not directly tested, but LT combined with ABA (50 
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JJM) treatment improved their regrowth of cryopreserved meristems although ABA 

alone had little effect (Reed, 1993). LT treatments improved cryopreservation 

recovery of P. cordata shoots from no regrowth of controls to greater than 80% after 

12-wk LT (Chang and Reed, 1997). Long periods of LT cold acclimation (2 wk to 

12 wk), are required to achieve maximum cold hardiness in many pear genotypes 

including P. koehnei, P. pashia, P. cordata, Beurre d'Amanlis Panachee, Bosc - OP- 

5, Monchallard, P. calleryana, and 'Good Christian' (Chang and Reed, 1997). In the 

current study, P. cordata cold hardiness significantly improved when ABA and LT 

were applied together. This is similar to Rubus hybrid cv. Hillemeyer that has 

improved cryopreservation regrowth with LT pretreatment (from 17% to 21%), but 

regrowth more than doubles (52%) with combined LT and ABA pretreatments (Reed, 

1993). In P. cordata pretreatment with ABA and 2-wk LT produced cold hardiness 

similar to that produced with 12-wk LT pretreatment (Table 3.1). Exogenous ABA 

(75-150 piM) accelerated the effects of LT on cold acclimation although when applied 

without LT cold hardiness increased only by a few degrees (Fig. 3. 1). Shoot tips, 

lateral buds, and leaves varied in their response to exogenous ABA and LT (Table 

3.1). LT and ABA and LT combined induced deeper cold hardiness in the shoot tips 

and lateral buds than in the leaves. Meristems appear to be the best materials for 

cryopreservation not only because of their genetic stability, but also because they cold 

harden and withstand freezing. 

Dehydration tolerance of Medicago sativa and oilseed rape is increased by 

adding ABA to the culture medium (Anandarajah and McKersie, 1990; Senaratna et 



79 

al., 1991). Dehydration tolerance and freezing tolerance are well correlated with 

improved regrowth of meristems following cryopreservation (Chang and Reed, 2000). 

In this study, exogenous ABA slightly increased the regrowth of pear meristems 

following cryopreservation (Fig. 3. 2). There are two mechanisms by which ABA 

could confer freezing tolerance in plants: maintenance of a favorable water balance 

(Rikin et al., 1981; Tanino et al., 1990b) or induction of specific sets of genes whose 

products protect against freezing (Lee et al., 1991). Higher concentrations of ABA in 

the culture medium caused a decrease in shoot water content (Fig. 3. 4). 

High sugar concentrations in plant tissues are strongly correlated with freezing 

tolerance and cold hardiness (Gusta et al., 1996; Dumet et al., 1993). We increased 

the concentration of sucrose in the pear pretreatment medium and significantly 

increased cold hardiness of non-acclimated shoots. High sucrose concentrations also 

enhanced the effect of LT treatments on cold hardiness (Table 3. 2). Increased 

sucrose concentrations in the medium resulted in decreased shoot moisture content of 

the shoots (Fig. 3. 3). Generally, moisture content correlates negatively with cold 

hardiness in plants (Caswell et al., 1986; Tanino et al., 1990b; Yelenosky and Guy, 

1989). Palonen and Junttila (1999) demonstrated that exogenously-applied sucrose 

in the culture medium increased the sugar content of raspberry shoots. Sucrose is 

readily taken up by shoots without prior hydrolysis (Palonen and Junttila, 1999). 

Regrowth of meristems following cryopreservation is also influenced by the 

physiological condition of the parent shoots (Reed and Chang, 1997; Wu et al., 

1999).  Cytokinins such as BA are added to tissue culture media to regulate plantlet 
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growth, development, and differentiation. High concentrations of cytokinin may 

induce plantlet hyperhydricity, a physiological disorder resulting in water soaking of 

tissues (Bottcher et al., 1988; Kevers et al., 1984). Lower BA concentrations in the 

culture medium resulted in improved pear shoot growth (data not shown) and 

increased the regrowth of meristems following cryopreservation. High sucrose (5- 

7%) and BA (2.22 - 4.44 (iM) concentrations combined also produced good 

regrowth of cryopreserved meristems (Table 3.3). 

Conclusions 

LT treatment played the main role in increase of the cold hardiness and the 

recovery of cryopreserved pear meristems. Exogenous ABA and sucrose in the 

culture medium only slightly increased the cold hardiness and tolerance to liquid 

nitrogen. However, ABA and sucrose effects were greatly enhanced when combined 

with LT treatment. 
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Abstract 

Alternating low temperature treatment [22°C with 8 h light (10 ^E • m"2 • s"1)/-! 

0C 16 h dark] as a cold acclimation (CA) treatment improved the recovery ofRubus shoot 

tips cryopreserved by the slow freezing method. As the duration of CA prior to 

cryopreservation increased from 1 to 3 weeks, R parvifolius L. shoot tip survival 

increased from 63% to 90% and shoot formation increased from 25% to 75%. However, 

more than six weeks of CA was required to achieve high survival and shoot formation in 

R caesius L. Eliminating indole-3-butyric acid from the recovery medium decreased callus 

formation and increased direct shoot formation for both R parvifolius and R caesius. 

Histological studies showed that R parvifolius shoot tips continued to grow and 

regenerated directly from the meristematic domes following liquid nitrogen exposure. The 

upper axillary buds often survived and regrew along with the apex. No shoots regenerated 

from callus produced on margins of leaf primordia and damaged meristematic domes. 

Key words: cryopreservation, histology, recovery, shoot tip, raspberry, blackberry 
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Introduction 

One problem often encountered in cryopreservation of shoot tips is the 

maintenance of organization within the meristem and its subsequent regrowth without 

inducing callus formation, since regeneration of shoots from callus increases the frequency 

of somaclonal variation (Razdan and Cocking, 1997). The genetic stability of regenerated 

plants can be ensured by developing appropriate protocols of cryopreservation and 

regrowth medium for each species and cultivar (Towill, 1988; Withers et al., 1988). 

Although many Rubus (blackberry and raspberry) genotypes can be cryopreserved and 

have high survival following cryopreservation, the percentage of shoot formation of some 

genotypes is not high enough for germplasm storage and many genotypes produce too 

much callus (Reed, 1993; Reed and Chang, 1997; Reed and Lagerstedt, 1987). Long-term 

storage and maintenance of genetic stability in Rubus require improved protocols. 

Many plant species that grow in temperate areas increase their freezing tolerance 

by exposure to low, non-freezing and non-injurious temperature. This process is called 

cold acclimation (CA). One-week cold acclimation pretreatment significantly improves 

survival and regrowth of some Rubus genotypes following liquid nitrogen (LN) exposure, 

but others do not respond (Reed, 1988, 1993). Extended CA treatments improved 

recovery following cryopreservation of pear and silver birch meristems (Chen et al., 1995; 

Ryynanen, 1998). The effect of extended CA treatment on recovery of Rubus shoot tips 

following LN exposure is not known. 

The aim of this study was to improve shoot formation, reduce callus formation, 

and verify the direct regrowth of shoots from cryopreserved shoot tips. We examined the 
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effect of CA treatment duration on the recovery of cryopreserved shoot tips and the effect 

of indole-3 -butyric acid (IBA) in the recovery medium on shoot and callus formation. 

We also studied the histology of apices with and without LN exposure to observe the 

regrowth performance of shoot tips and determine the origin of callus observed under 

some conditions. 

Materials and Methods 

Plant material 

Two in vitro-grovm Rubus sp. plantlets were used for all the experiments. 

Both raspberry (R. parvifolius L.) and blackberry (R. caesius L.) are very hardy 

species. The plantlets were micropropagated in Magenta GA7 boxes (Magenta Corp., 

Chicago, IL, USA) on NCGR-RUB medium, a modified MS medium (Murashige and 

Skoog, 1962) with doubled EDTA-Fe, 4.4 jaM N6 - benzyladenine (BA), 0.49 pM 

IBA, 0.35% agar (Bitek agar, Difco, Detroit, MI. USA), 0.175% Gelrite (Kelco, San 

Diego, CA), and 3% sucrose (Reed, 1993). The pH was adjusted to 5.8 before 

autoclaving. The plantlets were subcultured every three weeks, and grown at 25 0C 

with a 16 h light/8 h dark photoperiod (40 JJE* m"2» s"l). 

Cold acclimation and pretreatments 

Two weeks after the last subculture, plantlets were cold acclimatized with 

alternating temperatures and a short photoperiod and radiance [22 0C with 8 h light 

(10 nE • m"2» s"l)/-l 0C 16 h dark] for 1 to 10 weeks. Controls were held under 
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growth-room conditions without transfer. Dissected shoot tips from CA treatment and 

control treatments (0.8-1.0 mm) were grown for 48 h on NCGR-RUB medium with 5% 

dimethyl sulfoxide (DMSO) under the same CA conditions as the parent plantlets. 

LN exposure and recovery 

Following the 48 h 5% DMSO pretreatment, shoot tips were transferred to 

1.2 ml plastic cryo-vials containing 0.25 ml liquid NCGR-RUB medium at 0 0C. The 

cryoprotectant PGD [a mixture of 10% each polyethylene glycol (MW 8000), 

glucose, and DMSO in liquid NCGR-RUB medium] was added dropwise up to 1.2 ml 

over 30 min (Reed and Lagerstedt, 1987). After 30 min equilibration at 0 0C, the 

shoot tips were cooled to -35 0C at 0.5oC/min in a programmable freezer (CRYO- 

MED, Forma Scientific, Mt. Clemens, Mich.) and then immersed in LN for 1 h. Vials 

were thawed in 45 0C water for 1 min, then for 2 min in 23 0C water. The 

cryoprotectant was removed and replaced with liquid NCGR-RUB medium. And then 

the shoot tips were recovered on NCGR-RUB medium without IBA in 24 cell plates, 

one shoot tip per cell (Costar, Cambridge, Mass.). 

Effect of IBA on recovery 

The effect of IBA on shoot tip recovery was examined by recovery of frozen 

shoot tips on NCGR-RUB medium with or without 0.49 nM IBA. Ten-week CA 

pretreated plantlets of/?, parvifolius and R. caesius were used in this test. Shoot tips 

were cooled as described above, thawed and plated on media with or without IBA in 

24 cell plates for recovery under standard growth-room conditions. 
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Data collection 

Shoot formation and/or survival data were taken four weeks after thawing. 

Shoot formation was the percentage of new shoot formation by cryopreserved shoot 

tips, and survival was the percentage of shoot tips producing either new shoots or 

callus. There were 20 shoot tips in a vial for each treatment and five apices for 

unfrozen controls. The experiment was repeated 3 times. 

Anatomical observations 

Histological studies were conducted on R. parvifolius meristems recovered on 

NCGR-RUB medium without IBA Ten shoot tips were fixed in FAA (50% alcohol: 

formalin: acetic acid =18:1:1) at 0, 3, 5, 7, 11, 15 and 21 days following thawing. After at 

least 48 h fixation, the samples were dehydrated with tert-burtyl-alcohol (TBA) and water 

series, infiltrated with xylene and embedded in paraflfin. The sections (10 [xm thick) were 

cut with a rotary microtome (Spencer Lens CO., Buffalo, NY, USA) and stained with 1% 

safranin and 0.1% fast green (Johansen, 1940). 

Results and Discussion 

The effect of cold acclimation on Rubus shoot tip survival and shoot formation 

The two Rubus genotypes varied in the rate of response to CA (Fig. 4. 1). One week 

of CA increased the survival ofi?. parvifolius following LN exposure from 23 to 63%, and 

shoot formation from 0 to 25%. R parvifolius shoot formation continued to increase, and 
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at 3 weeks CA reached 90% survival and 75% shoot formation. Shoot formation and 

survival remained high until 10 weeks CA. For R. caesius, survival and growth gradually 

increased with CA duration. Shorter CA treatments (< 3 weeks) resulted in little shoot 

formation. Both shoot formation and survival ofi?. caesius reached 81.5% with 10 weeks 

CA Optimal survival and regrowth is achieved after 2 weeks of cold acclimation for R 

parvifolius, but after 10 weeks only for R. caesius. This observation is similar to that 

reported for other cold hardy genera. With pears, length of CA is genotype-dependent, 

some genotypes require only one week CA, but others require more than 10 weeks 

(Chang and Reed, 1997). Silver birch shoots require more than 4 weeks CA to obtain 

greater than 40% recovery (Ryynanen, 1998). 

Successful cryopreservation protocols must be designed to minimize damage 

and maximize regrowth potential. Cold acclimation of in vitro plantlets takes 

advantage of the plant's natural defense against cold and increases cold hardiness of 

the tissues. There are many morphological, physiological and biochemistry changes in 

cells during plant cold acclimation. Many genes are involved in the overall cold 

acclimation process (Chen et al., 1995). Our studies showed that increased duration 

of CA greatly improved the regrowth of cryopreserved Rubus meristems, which gave 

low survival or not at all to a 1-week CA period. When the CA period was short, the 

survival was low and most of the surviving shoot tips formed callus rather than 

shoots. This phenomenon indicates that the apices were seriously injured during the 

freezing/thawing process of cryopreservation, resulting in callus production during 

regrowth. Tissues and cells which have been cold acclimated for longer periods were 
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more resistant to freezing stress and therefore were better able to recover following 

cryopreservation. 

IBA effects on recovery 

Shoot formation increased and callus formation decreased following LN exposure 

when IBA was eliminated from the shoot-tip recovery medium (Fig. 4. 2). Callus 

proliferation was stimulated rather than shoot growth when IBA was included in the 

recovery medium. R parvifolius apices produced more callus on the IBA medium than 

did those of R. caesius. Callus production on medium without IBA dropped to zero or 

near zero for apices of both genotypes which had been submitted to a lO-week CA period. 

IBA as a plant growth regulator promotes plantlet growth in culture, and is very 

commonly added to Rubus multiplication medium (Anderson, 1980; Reed, 1988). 

However, IBA also stimulates callus formation from many kinds of tissues (Irvine et al., 

1983). After LN exposure, tissues of Rubus apices were partially damaged and that 

damage stimulated callus formation. In this case, if IBA was added to the recovery 

medium, additional callus was produced. The composition of the recovery medium is an 

important parameter to optimize the recovery of cryopreserved shoot tips. The 

cryopreserved shoot tips are considerably more fragile than the control shoot tips or a 

micropropagated plantlet. The damages produced by freezing and dehydration of cells 

in the shoot tips induce callus production that is further encouraged by growth 

regulators in the recovery medium (Irvine et al., 1983). Reducing IBA, a callus 

promoter, is therefore a logical choice for the cryopreserved Rubus recovery culture. 
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Figure 4. 3. Longitudinal sections of cryopreserved meristems of R parvifolius on 
NCGR-RUB medium without IBA. A). The non-frozen control meristem, bar = 40 |jM. 
B). The cryopreserved meristems continued to grow and developed directly from the 
meristematic dome (3-day reculture), some callus formed on leaf primordia (arrow), bar = 
40 |iM. C). Axillary buds survived and grew along with the apical meristems (5-day 
reculture), bar = 40 |jM. D). Most of the callus (arrow) was produced from the margins 
of the leaf primordia (5-day reculture), bar = 160 pM. 
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Histology of the meristems before and after cryopreservation 

R parvifolius shoot tips consisted of an apical dome and two or three leaf 

primordia (Fig. 4. 3A). Following freezing/thawing, meristems continued to grow and 

develop directly when recovered on medium without IB A. The structure of frozen shoot 

tips was similar to that of the non-frozen controls (Fig. 4. 3B). The axillary buds survived 

and grew along with the apical meristems (Fig. 4. 3C.). For some apices, growth was 

delayed for several days compared to the controls. Recovered shoot tips originated from 

the direct regrowth of either apical meristems or lateral meristematic domes. This 

regrowth pathway is the most likely to ensure genetic stability of the plant materials. In 

cases where damage was noticed in the apical meristems, lateral meristems or leaf 

primordia, some callus formed at these locations as well (Fig. 4. 3D). Callus and other 

tissues did not produce adventitious meristems. Histology is often used to evaluate the 

genetic stability of regenerated plants following cryopreservation (Haskins and Kartha, 

1980; Mari et al., 1995; Ryynanen, 1998). Haskins and Kartha (1980) found that for pea 

meristems regrowth generally resumes at many sites and most of the surviving cells are 

located in the primordial leaf tissues. Other surviving cells are located laterally on the 

apical meristem. Ryynanen (1998) found that callus forms from silver birch apices 

following cryopreservation, and some shoots are regenerated from this callus. Our 

observations demonstrated that our cryopreservation procedure and recovery medium 

produced Rubus shoots only from pre-existing meristems. Although some callus formed 

during recovery, no shoots regenerated from the callus. Thus, all new Rubus shoots 
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originated from the pre-existing apical or lateral meristems. The observation that shoots 

develop directly from pre-existing apical and axillary meristems without intermediate 

callus formation provides evidence that cryopreservation maintains the genetic stability of 

Rubus plants. 

Conclusions 

Frozen-thawed Rubus shoot tips directly produced shoots from either apical 

meristems or axillary buds but not from callus. The histological evidence provided by this 

study indicated the safety of using meristems for Rubus germplasm storage. Shoot 

formation was greatly improved by increasing the duration of CA before freezing. Shoot 

formation was also increased and callus formation decreased by eliminating IBA from the 

shoot recovery medium. A protocol for cryopreservation of Rubus germplasm should 

include a CA period of 6-10 weeks and recovery on medium without auxin. 
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Abstract 

Cold acclimation of Lolium L. and Zoysia Willd. grass cultivars significantly 

increased regrowth of cryopreserved meristems. One wk of cold acclimation 

improved recovery following cryopreservation but extended cold acclimation (4-8 

wk) resulted in the best regrowth. Cold acclimation also significantly increased the 

dehydration tolerance of both Zoysia and Lolium meristems. Lolium apices cold 

acclimated for 4 wk produced 60-100% regrowth following cryopreservation by slow 

freezing or encapsulation-dehydration. Cold-acclimated Zoysia had greater than 60% 

regrowth following encapsulation-dehydration when beads were dehydrated to less 

than 22% water content. Non-acclimated meristems of both genera had little or no 

regrowth. Thawed meristems grew quickly without callus formation and the plantlets 

produced were transplanted to pots in the greenhouse after 4 to 6 wk. Samples of 

each cultivar were stored in liquid nitrogen as part of the U.S. National Plant 

Germplasm System. 

Key Words: cold acclimation, dehydration tolerance, ryegrass, genetic resources, 

liquid nitrogen, meristem, zoysiagrass 

Introduction 

Lolium perenne L., perennial ryegrass, is the most important temperate forage 

turf grass and is the main component of large areas of permanent pasture in Europe, 
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Japan, southeastern Australia, New Zealand, and portions of the USA. Zoysia, 

zoysiagrass, is a key forage and turf grass in subtropical and dry areas and is very 

tolerant to high temperature and water stress. Many important cultivars and clones 

used in genetic mapping of these two genera require vegetative propagation because 

of their inability to produce sufficient and viable seed, or because they are outcrossing 

or heterozygous. Preservation of this clonal germplasm is very important for both 

research and industry, however preservation of these cultivars in the greenhouse or 

field can be problematic due to possible contamination from runners or seeds. Many 

original stocks of early cultivars of grass species are no longer available due to 

difficulties in preserving these clonal genotypes (Engelke, 1997). 

Cryopreservation is an excellent method for long-term storage of clonal plant 

germplasm and is successful for many vegetatively propagated species (Withers, 

1991). There are three main cryopreservation strategies: slow freezing (also called 

two-step cooling) (SF), alginate encapsulation-dehydration (E-D), and vitrification 

(VIT) (Dereuddre et al., 1991; Reed, 1990; Sakai et al., 1990). Slow freezing is 

relatively easy but requires freezing equipment, which may limit its application. 

Encapsulation-dehydration uses sucrose as the only cryoprotectant and no special 

facilities are needed. Vitrification is simple and quick but highly concentrated 

cryoprotectants are toxic to some plants (Reed and Yu, 1995). These 

cryopreservation techniques are now available to preserve clonally propagated crops, 

but not all work equally well for specific genera or genotypes. For example, three 
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Ribes species and many pears showed distinct genotype responses to cryopreservation 

techniques (Reed and Yu, 1995; Reed et al., 1998). Individual protocols for 

cryopreservation are specifically developed for many crops such as, pear, apple, yam, 

potato, peanut, and berries (Razdan and Cocking, 1997). 

Grass embryogenic cells and cell suspension cultures have been successfully 

cryopreserved by slow freezing (Gnanapragasam and Vasil, 1992; Scottez et al., 

1992). These cell types are not suitable for germplasm preservation due to possible 

problems with somaclonal variation (Larkin, 1987). Meristems are genetically stable 

and therefore the best materials for backup of important clonal collections. There is 

only one report available on grass meristem cryopreservation. Zoysia meristems 

cryopreserved by E-D produced shoots initially, however most meristems showed 

poor regrowth and did not survive reculture (Minami and Sawai, 1998). 

This study was designed to determine the effect of cold acclimation and 

dehydration pretreatments on recovery of Lolium and Zoysia cultivars following 

cryopreservation. We also tested three common cryopreservation techniques to 

determine their suitability for Lolium and Zoysia germplasm storage. 

Materials and Methods 

Plant materials 

A single clone of Lolium perenne L. cvs. Elka -1-A (Elka), SR 4400 (4400), 

Linn, Manhattan (Mann), and SR 4500 (SR) and Zoysia matrellas L. cvs. Cavalier, 

DH 96 - 12, Diamond, and Z. japonicas Steud cvs. Palisades and El Toro were 
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collected from potted greenhouse plants provided by Dr. R. Barker, originally from 

Dr. L. Brilman (Lolium) and Dr. M. Engelke (Zoysia). Tillers (2-3 cm) were rinsed 

with tap water for 30 min, surface sterilized in 15% bleach solution (0.79% sodium 

hypochlorite) and 0.1 ml/L of Tween-20 (Sigma Chemical Co., St. Louis, Mo) for 25 

min, and rinsed three times in sterile water. Meristems (1.5 mm) were dissected from 

the tillers and placed in small glass tubes (10 x 150 mm) with 5 ml of initiation 

medium. Three wk later, shoots were transferred to multiplication medium. Plantlets 

were multiplied in GA7 Magenta boxes (Magenta Corp., Chicago, 111) with a 2.5-wk 

transfer cycle. Growth-room conditions were 250C with a 16-h light / 8-h dark 

photoperiod (cool white fluorescent illumination, 25 (imol-m"2^"1). 

Culture media 

• Initiation medium: MS medium (17) with 3% sucrose, 0.2 mg/L kinetin (KT), 

0.3% agar (Bitek agar, Difco, Detroit, Mich), and 0.1% Gelrite (Kelco, San 

Diego, Ca) adjusted to pH 5.8. 

• Multiplication medium: MS medium with 0.5 mg/L KT for Lolium and 1.0 mg/L 

KT for Zoysia. 

• Pretreatment medium for SF and VIT: Multiplication medium with 3.5% agar, 

1.75% Gelrite and 5% DMSO. 
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• Recovery medium for SF and VIT: Multiplication medium (2 ml per well) in 24- 

well plates (Costar, Cambridge, Mass.). 

• Recovery medium for E-D: Softer multiplication medium (agar 0.3% and Gelrite 

0.05%) used to aid in rehydrating the beads. 

Cold acclimation 

Two wk after transfer to fresh medium, plantlets were cold acclimated (CA) 

for 4 wk in a growth chamber [-10C 16 h dark/220C 8 h with light (10 nmol-mV1)] 

as the standard treatment (Chang and Reed, 1998; Reed, 1988). 

To determine the effects of CA on grass meristem cryopreservation, two-wk 

old plantlets of Lolium perenne cvs. Elka and Linn, Z. matrellas cv. DH 96-12, and 

Z. japonicas cv. Palisades were CA for 0, 1, 4, and 8 wk in the standard CA 

conditions. Two replications for each treatment were frozen (n = 40) with the slow 

freezing protocol (described below) and 5 controls were treated with cryoprotectant 

but not frozen. 

Dehydration 

The effect of air-dehydration on the moisture content and regrowth of 

encapsulated meristems was studied with 'Elka' and 'DH 96-12' based on the E-D 

procedure as described below. The encapsulated meristems were air-dehydrated for 2, 

4, 5, 6, or 7 h under laminar flow and plunged into liquid nitrogen. Twenty meristems 

were cryopreserved in each treatment with two replications (n = 40).  Five meristems 
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were used for the non-frozen controls. Twenty meristems from each of the 10 

cultivars were tested for their response to E-D with 6-h dehydration. Moisture content 

of beads with encapsulated meristems was determined for 30 beads dried under laminar 

flow for 0, 1, 2, 3, 4, 5, 6, and 7 h. Moisture content was determined as the diflFerence 

between dry weight (DW) and fresh weight (FW) calculated as [FW-DW)/FW] x 

100%. Dry weight was determined after heating the beads in an oven at 950C for 24 

h. 

To determine the effect of duration of PVS2 dehydration on regrowth of 

meristems, 'Palisades' meristems were treated with PVS2 for 20, 35, 50, or 60 min 

and plunged into liquid nitrogen (described below). For each time period 20 

meristems were vitrified and 5 controls were treated with PVS2, rinsed, and plated. 

The experiment was done twice (n = 40). 

Cryopreservation procedures 

Lolium perenne cvs. Elka and Linn, Z matrellas cv. DH 96-12, and Z. 

japonicas cv. Palisades were tested with the following three techniques. Plantlets 

were cold acclimated (CA) for 4 wk (as noted above) before meristems (1 mm) were 

dissected for cryopreservation (Chang and Reed, 1998; Reed, 1988). 

Slow freezing (SF): The method used was originally developed for pear (Reed, 

1990). Meristems from 4-wk CA plantlets were grown on pretreatment medium for 2 

d under the CA conditions. Meristems were transferred to 0.25 ml liquid MS medium 

in 1.2 ml plastic cryovials (Cryovial, Beloeil, Quebec, Canada) on ice. One ml of the 
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PGD cryoprotectant (Finkle and Ulrich, 1979), a mixture with 10% each of 

polyethylene glycol (MW 8000), glucose and DMSO in MS liquid medium, was 

added drop wise over 30 min then equilibrated at 4°C for another 30 min. Samples 

were cooled in a programmable freezer at 0.1oC/min to -40oC (Cryomed, Forma 

Scientific, Mt, Clemens, Mich.) with ice initiation at -90C, and plunged into liquid 

nitrogen. Meristems in the vials were thawed in 450C water for 1 min, then 250C 

water for 3 min, rinsed with liquid medium, and plated on recovery medium. 

Encapsulation-dehydration: This method was originally developed for pear 

(Dereuddre et al., 1990). Meristems from 4-wk CA plantlets were encapsulated in 

alginate beads (3% medium viscosity alginic acid (Sigma Chemical Co. St. Louis, 

MO) in liquid MS medium with 0.75 M sucrose and solidified in MS basal medium 

with 100 mM calcium chloride and 0.4 M sucrose). The beads were pretreated in 

liquid MS medium with 0.75 M sucrose for 18 h on a rotary shaker. Beads were 

removed from the pretreatment medium, placed on filter paper in sterile Petri dishes, 

and air dried under laminar flow for 4 h at 250C (at about 40% relative humidity). 

Dried beads were transferred to 1.2 ml cryovials and plunged directly into liquid 

nitrogen. Vials were rewarmed at room temperature for 20 min and encapsulated 

meristems were transferred to recovery medium. 

Vitrification: The technique used was developed for Ribes (Luo and Reed, 

1997). Meristems from 4-wk CA plantlets were pretreated as for SF. Immediately 

before cooling the meristems were transferred to 1.2 ml cryovials with 1% bovine 

serum albumin (BSA) in 0.4 M sucrose MS liquid medium for 2 h. The BSA solution 
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was replaced with PVS2 cryoprotectant (30% glycerol, 15% ethylene glycol and 15% 

DMSO in MS liquid medium with 0.4 M sucrose) (Sakai et al., 1990) for 20 min, and 

vials were plunged directly into liquid nitrogen. Vials were rewarmed in 450C water 

for 1 min, transferred to 250C water for 2 min, rinsed in liquid medium with 1.2 M 

sucrose, and plated on recovery medium. 

Data collection and statistical analysis 

Regrowth data (new shoot growth) were taken after 3 wk on the recovery 

medium. Data were analyzed with ANOVA and Duncan's multiple range test with 

significance at P < 0.05 using STATGRAPHICS 7.0 (Statistical Graphics Corp. and 

STSC Inc., Rockville, MD, USA). 

Results and Discussion 

Cold acclimation 

Cold acclimation was essential for successful SF cryopreservation of Lolium 

and Zoysia meristems. One wk CA significantly increased regrowth for the four 

genotypes tested and regrowth increased with CA duration except for 'Elka', which 

reached 100% recovery at 4 wk CA (Table 5. 1). Without CA only 30% of the 

Lolium meristems regrew and all Zoysia meristems died. Zoysia cultivars required 8 

wk CA for even moderate regrowth following SF. 

Lolium, a very cold-hardy genus, is widely distributed in temperate regions. 

There is a considerable amount of literature showing low temperature treatment as 
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Table 5. 1. Recovery oiLolium and Zoysia meristems cold acclimated for 0 to 8 wk 
and cryopreserved by slow freezing. 

Regrowth (%) 

Cultivar 
Weeks of cold acclimation 

0 1 4 8 
Lolium Elka 33.3+11.7 85.0±7.1 100±0 100+0 

Linn 31.6±16.4 50.0±14.1 63.2+4.5 88.9±5.5 
Zoysia DH 96-12 0 6.3+1.83 20.0±0 30.0±7.1 

Palisades 0 5.0±0 15.0±7.1 50.0±21.2 
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one of the best strategies for cold acclimation of most temperate plants (Burke et al., 

1976; Weiser, 1970). During cold acclimation many changes occur, cold-regulated 

genes are expressed, dehydrin or dehydrin-like proteins are produced (Arora et al.; 

Bravo et al., 1999), and plasma membrane structure, cellular composition and cell 

wall components change (Chen et al., 1995; Weiser et al., 1990). Although Zoysia is 

a subtropical genus, it also cold acclimated under the alternating low temperature 

regime in our experiments. For both genera, cold acclimation significantly increased 

the regrowth of cryopreserved meristems (Table 5. 1). 

The response to CA obtained with Lolium and Zoysia is similar to results seen 

in Rubus and Pyrus cryopreservation where CA increased regrowth for subtropical as 

well as temperate species (Reed 1988; 1990). For some Rubus and Pyrus genotypes, 

one wk CA significantly increased the regrowth of meristems following 

cryopreservation, but some genotypes required much longer CA (Chang and Reed, 

1998; Chang and Reed, 1999). 

The dehydration tolerance of alginate-encapsulated (but not cryopreserved) 

meristems was also improved by CA (Figure 5. 1). CA meristems of 'Elka' and 

'Palisades' retained high regrowth following dehydration for up to 7 hr, while 'DH 

96-12' declined to 80%. All non-CA meristems survived a 2-h dehydration to 40% 

water content, but regrowth of all three genotypes declined sharply following 4-hr 

dehydration (22% water content) and dropped to almost zero with 6-h dehydration 

(17.6 % water content). 
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Figure 5. 1. The effect of 4-week cold acclimation and moisture content on 
the regrowth of alginate encapsulated L. perenne cv. Elka, Z japonicas cv. 
Palisades, and Z matrellas cv. DH 96-12 meristems during air-dehydration 
(no LN). 



110 

Dehydration 

Both Lolium and Zoysia responded well to E-D cryopreservation with 4-h to 

7-h dehydration (Figures 5. 2&3). The extent of dehydration was important for both 

genera. The standard 4-wk C A followed by a 6-h dehydration resulted in regrowth of 

all 'Elka' and 80-95% of 'Palisades' and 'DH 96-12' meristems. The largest 

improvement in recovery occurred with 4-h dehydration and gradually improved up to 

7 h for 'Elka' (Figure 5. 2) and 6 h for 'DH 96-12' (Figure 5. 3). Control and 

cryopreserved 'Elka' meristems tolerated 7-h dehydration and moisture contents 

down to 16.5 % with little damage. Recovery of cryopreserved 'Elka' meristems was 

80% with 4-h dehydration (22% moisture) and increased to nearly 100% with 7-h 

dehydration (16.5% moisture). Control 'DH 96-12' meristems (dried but not 

cryopreserved) had reduced regrowth after 4-h dehydration and recovery decreased 

to 60% at 7 hr. The cryopreserved 'DH 96-12' meristems had the best recovery with 

5-h dehydration (19% moisture). Moisture contents of approximately 20% are 

successful for cryopreservation of several crops by E-D (Engelmann, 1991). Survival 

of mulberry and sugar cane shoot tips declined when encapsulated meristems were 

desiccated below 20% because of dehydration injury (Gonzalez-Arnao et al., 1996; 

Niino et al., 1992). 

High dehydration tolerance is a prerequisite for successful cryopreservation by 

encapsulation-dehydration because protoplasm must have low water content to 

vitrify, thus avoiding ice crystal formation when exposed to liquid nitrogen. 

However, low water content may cause dehydration damage to the cells, often in the 
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form of membrane alterations. Cold acclimation increases dehydration tolerance by 

altering membrane composition (Sugawara and Steponkus, 1990). Cold acclimation 

also increases glass formation in woody plants (Steponkus et al., 1992). The best 

results for alginate-encapsulated pear menstems occur with about 20% bead-moisture 

content before plunging into liquid nitrogen (Scittez et al., 1992). We also found that 

low bead-moisture content was necessary for successful grass cryopreservation. 

Cold-acclimated grass meristems tolerated as low as 16.5% bead-moisture content 

and had higher regrowth following E-D than non-acclimated meristems (Figure 5.1). 

Non-acclimated meristems could not tolerate long periods of dehydration and most 

died at bead-moisture contents of 25% or less. Scottez et al. (1992) demonstrated 

that the dehydration tolerance and regrowth of cold-acclimated pear shoot tips 

declined dramatically after only one day under deacclimating conditions and continued 

to lose dehydration tolerance at room temperature. Low-temperature treatment not 

only increased freezing tolerance but also increased the dehydration tolerance of grass 

meristems (Figures 5. 1&3). 

Screen of cryopreservation techniques 

Slow freezing: Lolium meristem regrowth following SF was 90% for 'Elka' 

and 65% for 'Linn' (Table 5. 2). Zoysia meristems had poor recovery and both 'DH 

96-12' and 'Palisades' produced 15% or less regrowth. Lolium, a cold-tolerant 

temperate genus, responded well to slow freezing, but Zoysia, a subtropical genus, 

did not. The slow freezing method is based on freeze-induced dehydration. 

Extracellular ice formation increases intracellular dehydration resulting in a highly 
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Figure 5. 2.    The efifect of dehydration duration and moisture content on 
growth of in vitro-grovm control and cryopreserved meristems of L. perenne 

v.  Elka meristems by encapsulation-dehydration.  All materials were cold 
cclimated for 4 weeks before cryopreservation (LN). 
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Figure 5. 3. The effect of dehydration duration and moisture content on 
regrowth of in vitro-grown control and cryopreserved meristems of Z matrellas 
cv. DH 96-12 meristems by encapsulation-dehydration. All materials were cold 
acclimated for 4 weeks before cryopreservation (LN). 
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Table 5. 2. The regrowth oiLolium and Zoysia meristems following cryopreservation 
by standard methods of slow freezing, encapsulation-dehydration, or vitrification. 
All materials were cold acclimated for 4 wk before cryopreservation. 

Regrowth (%) 
Genus/Cultivar Technique2 

SF E-D VIT 
Lolium Elka 90±7.4a 85±5.6a 3.7±1.7e 

Linn 65±12.7b 45±3.5C 15.5±2.6d 

Zoysia DH 96-12 13.3±3d 60±6.5b 14.5+2.8d 

Palisades 15+2.3 d 80±7.8ab 5±2.5e 

z SF: slow freezing. E-D: encapsulation-dehydration with 4-h air-dehydration. 
VIT: vitrification in PVS2 for 20 min. (n = 40). Means in a column with diflFerent 
letters are significantly different at P< 0.05 by Duncans multiple range test. 
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Table 5. 3. Regrowth of 4-wk; cold acclimated meristems ofLolium and Zoysia 
cultivars cryopreserved by encapsulation-dehydration after 6-h air dehydration 
(17.6% moisture content). 

Cultivars Regrowth (%) 
Lolium Elka 93 

Linn 67 
Mann 79 
SR 75 
4400 86 

Zoysia Cavalier 80 
DH 96-12 70 
Diamond 22 (71)z 

El Toro 91 
Palisades 95 

z Initial plants tested were hyperhydric /watersoaked. The second group (tested 
with improved growth conditions) was physiologically normal. 
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concentrated protoplasm that vitrifies on exposure to liquid nitrogen (Sakai et al. 

1990). After the 4-wk CA treatment all genotypes had increased freezing tolerance 

and improved regrowth following cryopreservation (Table 5.1). 

Encapsulation-dehydration. The standard 4-hr dehydration resulted in 

moderate to high regrowth of all four cultivars (Table 5. 2). Additional tests with 6- 

hr dehydration of the encapsulated meristems (based on Figures 5. 2&3) produced 

excellent results (67-95%) for nine of the ten cultivars (Table 5. 3). Cryopreserved 

meristems recovered quickly and regrowth was apparent within one day following 

reculture. There was no callus formation and full-sized plantlets were formed in 

about 2 wk. Plantlets were transplanted to the greenhouse with 100% survival. Only 

'Diamond' meristems recovered poorly. We attributed the poor regrowth to 

hyperhydricity of the 'Diamond' plantlets in culture, a physiological disorder resulting 

in water soaking of the leaves. By improving growth conditions to eliminate 

hyperhydricity we improved meristem regrowth following E-D from 22% to 71%. 

Studies of other plants show that the physiological condition of meristem source 

plants is very important for successful cryopreservation (Reed, 1996; Wu et al. 1999). 

Vitrification: None of the four cultivars tested responded well to the 

vitrification procedure used, and regrowth for all four was below 16% (Table 5. 2). 

Additional tests indicated that the 20-min dehydration with PVS2 was not adequate 

for vitrification of grass meristems. Increased duration of PVS2 exposure improved 

regrowth of 'Palisades' meristems from 5% to 40%, but the longer exposure 
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Figure 5. 4. The effects of exposure time to PVS2 at 0oC on the regrowth of Z 
japonicas cv. Palisades meristems following cryopreservation by vitrification. All 
materials were cold acclimated for 4 weeks before cryopreservation (LN). 
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to PVS2 killed 60% of the control meristems (Figure 5. 4). This indicates the 

possibility of further improving vitrification results through additional CA and longer 

PVS2 exposure. 

PVS2 solutions are toxic to some plants but the toxicity can sometimes be 

decreased with pretreatments employing bovine serum albumen (BSA), proline, or 

glycerol and sucrose solutions (Luo and Reed, 1997; Sakai, 1997). It may be 

necessary to use an alternative vitrification solution with the grass meristems. Several 

crops that show PVS2 toxicity respond well to PVS3 (50% (w/v) glycerol and 50% 

(w/v) sucrose in basal medium (Makowska et al., 1999; Nishizawa et al., 1993; Wu et 

al., 1999). 

Conclusions 

Cold acclimation was essential for successful cryopreservation of bothLolium 

and Zoysia meristems. Cold acclimation not only increased freezing tolerance but 

also significantly increased meristem dehydration tolerance. Cold-acclimated 

meristems tolerated dehydration to 16.5% - 22% water content and they responded 

to the stress with improved recovery from liquid nitrogen. Cryopreservation by 

slow freezing and encapsulation-dehydration produced high regrowth for the five 

temperate Lolium cultivars. The five subtropical Zoysia cultivars produced 

excellent regrowth following encapsulation-dehydration. One hundred meristems of 

each of these cultivars were stored in liquid nitrogen as part of the U.S. National 

Plant Germplasm Collection. 
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Chapter 6 

Conclusions 

Cryopreservation (storage in liquid nitrogen at -1960C) of apical meristems is 

becoming a very important strategy for long-term storage of clonal germplasm 

because it requires minimal space and maintenance. Producing high freezing tolerant 

apical meristems is very critical for successful cryopreservation. Both alternating (220C 

day/-l0C night) and constant low temperature (40C) treatments significantly improved the 

cold hardiness and cryopreservation regrowth of in vitro-grovm pear (Pyrus L.) meristems 

compared with non-acclimated controls. Alternating temperatures combined with either an 

8-hr photoperiod or darkness was significantly better than constant low temperature 

treatments. Photoperiod and the length of thermoperiod had little or no eflEect on cold 

hardiness and cryopreservation regrowth. Some genotypes required only one week 

alternating temperature acclimation for high regrowth but others needed more than 10 

weeks. Alternating temperature treatments were also very effective on increasing 

cryopreservation regrowth of in w/ro-grown Rubus, Zoysia, and Lolium meristems. 

Alternating low temperature pretreatments also significantly increased the dehydration 

tolerance of both Lolium and Zoysia grasses. 

Shoots precultured with ABA (150 pM) before cryopreservation produced 

slightly more meristem regrowth and shoot cold hardiness. However, ABA shortened 

the length of the low temperature treatments required for high cryopreservation 

regrowth. The optimal pretreatment for recovery of cryopreserved meristems was 3- 

wk on medium with 50 fxM ABA followed by 2-wk LT. When sucrose in the 
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preculture medium increased from 2 to 7%, cold hardiness of non-cold acclimated 

pear shoots improved by 4.60C and cryopreservation regrowth significantly increased. 

Improvement of the recovery medium increased the cryopreserved meristem regrowth 

of two Rubus species. Eliminating indole-3-butyric acid from the recovery medium 

decreased callus formation and increased direct shoot formation for both species. 

Histological studies showed that all R parvifolius shoot tips continued to grow and 

regenerated directly from the meristematic domes following liquid nitrogen exposure. 

Grass genotypes had different responses to cryopreservation methods. Lolium 

genotypes responded to slow freezing and encapsulation-dehydration with 60-100% 

regrowth, but produced less than 15% regrowth following vitrification. Zoysia 

responded with greater than 60% regrowth following encapsulation-dehydration 

when dehydrated to less than 22% water, but did not respond well to other methods. 

Overall these studies show that alternating temperature pretreatments are 

effective for increasing cold hardiness and recovery of cryopreserved meristems. 

Combining low temperature pretreatment with ABA or sucrose treatments reduced 

the time required for optimal cold hardiness of meristems. Desiccation tolerance 

directly correlated with increased cold hardiness and recovery of cryopreserved 

meristems. 
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