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The innate ability of potato leaf tissue to initiate freezing 

was studied.  Two potato species, the non-hardy cultivated potato 

Solanum tuberosum L. cv. Russet Burbank, and Solanum acaule Bitt. a 

hardy species from South America, were studied.  Two treatments, 

low (cold) and high (warm) temperatures were included to study the 

effects of growing environment on ice nucleation activity.  The 

nucleation characteristics of cell suspensions, leaf disks and 

leaflets were determined. 

A procedure was developed to isolate and purify mesophyll 

cell suspensions from potato leaves prior to testing of the cell 

suspensions. This procedure involved the use of clear adhesive 

tape attached to the upper and lower epidermis during enzymatic 

degradation. The tape held the epidermis together allowing its 

removal and exclusion from the resulting suspension. Mesophyll 

cell suspensions prepared in this way contained less than 11% 

epidermal cells. 



Data from droplet freezing assays of suspensions and leaf 

disks were plotted as percent frozen vs. temperature.  No 

substantial nucleation activity occurred above -90C.  Nucleation 

activity for suspensions was lower than leaf disks. 

The temperature of ice formation in leaflets was determined 

by differential thermal analysis (DTA).  Mean temperatures of 

freezing were -11.1 and -12.10C for S. acaule warm and cold 

respectively, and -11.4 and -9.90C for S. tuberosum warm and cold. 

There are no significant differences between means at the 5% level. 

Plant hardiness was determined by whole plant freezing.  Cold 

grown S. acaule survived -60C while warm grown S. acaule survived 

-40C.  S. tuberosum only tolerated -20C for the warm and -2.50C 

after a cold treatment. 

The differences between plant hardiness and leaf nucleation 

temperatures indicate that intrinsic leaf ice nucleators do not 

substantially limit supercooling in potato. 
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CHARACTERISTICS OF ICE NUCLEATION IN POTATO LEAVES 

Chapter 1 

INTRODUCTION 

Plants utilize one of two major strategies to survive low 

temperature.  They either tolerate the presence of ice in their 

tissues or they avoid ice formation by supercooling (Burke et al., 

1976).  In both cases the crystalization of water into ice, or ice 

nucleation, is of critical importance.  For hardy plants which 

tolerate ice, nucleation at relatively high temperatures enhances 

survival (Siminovitch and Scarth, 1938).  This initiates 

extracellular freezing and allows the slow removal of water to 

regions where ice can accumulate without damaging tissue.  Those 

plants which survive low temperatures by freeze avoidance are 

killed or damaged at the moment of ice formation.  Delaying ice 

nucleation will maximize supercooling and increase survival of 

these plants.  Supercooling is a survival mechanism utilized by 

flower buds, xylem ray parenchyma of some hardy woody species, and 

many herbaceous crops such as tomato and potato. 

Many substances can act as ice nuclei including minerals, 

proteins, steroids, and particulate matter (Hobbs, 1974).  Recently 

several species of bacteria were found to be very good ice 

nucleators (Maki et al., 1974).  Some of these ice nucleation 

active (INA) bacteria initiate ice formation at temperatures as 



high as -10C (Lindow, 1983b).  Most other connnonly occurring nuclei 

are not active above -80C (Hobbs, 1974). 

Plant material itself is now thought to contain nucleators 

(Anderson and Ashworth, 1985, Andrews et al., 1983, Ashworth and 

Davis, 1984, Ashworth et al., 1985).  These intrinsic nucleators 

would limit plant supercooling. Manipulation of intrinsic ice 

nuclei may allow us to increase supercooling in tender tissues or 

decrease supercooling in ice tolerant tissues. 

Intrinsic ice nucleators have been reported to be active in 

many plants (Andrews et al., 1983, Ashworth and Davis, 1984, 

Ashworth et al., 1985, Kaku, 1973, Marcellos and Single, 1976, 

Marcellos and Burke, 1979, Marcellos and Single, 1979, Rajashekar 

et al., 1983).  Several woody species have been shown to contain 

nuclei (Andrews et al., 1983, Ashworth and Davis, 1984, Ashworth et 

al., 1985).  Peach (Ashworth and Davis, 1984, Ashworth et al., 

1985) and cherry (Andrews et al., 1983) stems freeze at high 

temperatures in the absence of INA bacteria, indicating active 

intrinsic nuclei.  The evidence for intrinsic nucleators in 

herbaceous plants is less clear.  Spring wheat, alfalfa, field 

peas, beans (Marcellos and Single, 1979), potato (Marcellos and 

Single, 1979, Rajashekar et al., 1983), and Veronica persica 

(Kaku, 1973) have been reported to have intrinsic nucleating 

ability. Many of these studies however, did not consider the 

possible presence of INA bacteria.  Since most field grown plants 

harbor measurable populations of INA bacteria (Lindow et al., 



1978), these studies may have shown the effects of either external 

or internal nuclei. 

This study was undertaken to establish whether or not there 

are intrinsic ice nucleators in potato, an important herbaceous 

plant.  The possible importance of these ice nucleators in freeze 

injury was also considered.  Two potato species were included.  The 

cultivated potato, Solanum tuberosum L. cv. Russet Burbank, is 

damaged at the relatively high temperatures, -2 to -30C at which it 

freezes (Li, 1977).  The hardy potato species, Solanum acaule Bitt. 

will survive -60C if cold acclimated (Li, 1977). 

Cell, leaf disks, and whole-plant studies were conducted to 

determine the ability of potato plants to initiate ice formation. 

Ice nucleation was determined by droplet freezing assays and by 

differential thermal analysis (DTA).  Results were correlated with 

plant hardiness as determined by whole plant freezing tests.  This 

information is presented in Chapter 4. 

Before testing at the cell suspension level, a technique had 

to be developed to prepare large quantities of viable mesophyll 

cells.  The details of this technique are given in Chapter 3. 



Chapter 2 

LITERATURE REVIEW 

I.  CELL PREPARATION TECHNIQUES 

A.  ISOLATION TECHNIQUES 

Researchers utilize cell suspensions to study various 

physiological processes and biochemical changes.  Suspensions have 

been used to study photosynthetic metabolism (Cataldo and Berlyn, 

1974, Jensen, 1971, Rehfeld and Jensen, 1973, Servaites and Ogren, 

1977), and freezing stress (Pomeroy et al., 1983, Singh, 1981, 

Steponkus and Evans, 1982, Tao et al., 1983).  Cells can be 

isolated from plant material with tissue degrading enzymes such as 

pectinases (Takebe et al., 1968), through physical grinding methods 

(Kohlenbach, 1984), or a combination of these methods (Singh, 

1981). A mixture of cell types and fragments usually results from 

the maceration.  Not only are mesophyll cells released, but also 

epidermal cells, trichomes, and cell fragments.  Mesophyll cells 

represent at best 50-70% of the total yield (Servaites and Ogren, 

1977).  Purification techniques are sometimes employed to increase 

the relative concentration of mesophyll cells (Singh, 1981, Pomeroy 

et al., 1983, Cataldo and Berlyn, 1974). 

Physical isolation methods include glass homogenizers 

(Kohlenbach, 1984), blenders (Fukuda and Komamine, 1982), and 

mortar and pestle (Gnanan and Kulandaivelu, 1969).  Yields of 



intact cells isolated with these methods are low.  Palisade 

mesophyll cells are the predominate form collected since they seem 

to be more resistant than the spongy mesophyll cells (Kohlenbach, 

1984).  As expected many cell fragments are produced during the 

procedure. 

Enzymatic isolation of cells requires the use of a middle 

lamella degrading enzyme or pectinase (Evans and Bravo, 1983). 

Commercial preparations of these enzymes are isolated from various 

fungi including Rhizopus and Aspergillus species (Evans and Bravo, 

1983).  The activity of the preparations is largely due to 

polygalacturonase and pectinesterase action.  The more potent 

pectinases such as Pectolyase Y-23 (Seishin Pharmaceutical Co., 

Tokyo, Japan) also has pectin lyase activity (Evans and Bravo, 

1983).  Activity of the enzyme preparations is generally given in 

units which are defined as a measure of the macerating activity on 

potato tuber disks as determined by loss of weight at 30oC, pH 5.0 

(Takebe et al., 1968).  Commercial preparations are often 

contaminated with proteases, lipases, other enzymes, phenolics and 

salts (Evans and Bravo, 1983).  Some researchers use a desalting 

column or otherwise clean up the preparation before use, while 

others report little difference in the activity of the enzymes 

(Fitter and Krikorian, 1983). 

Often enzymatic degradation is aided by physical methods. 

Peeling of the epidermis or scoring the underside of the leaf can 

greatly increase yields (Fitter and Krikorian, 1983, Takebe et al., 

1968).  Some workers use a mild homogenization treatment or mortar 



and pestle in addition to the enzyme (Rehfeld and Jensen, 1973, 

Singh 1983). 

Media used in cell isolation jare often complex.  Salts, an 

osmoticum, and occasionally vitamins and hormones may be included 

(Cataldo and Berlyn, 1974, Rehfeld and Jensen, 1973, Servaites and 

Ogren, 1977).  (See Appendix Table A.1 for a comparison of media 

components and concentrations). 

Pre-degradation incubation of the tissue in the dark has been 

reported to increase yields of protoplasts (Shepard and Totten, 

1977), but this treatment is not commonly used in the preparation 

of intact cells. 

B. PURIFICATION 

Purification of mesophyll cells from the maceration 

suspension is not easy.  Techniques which have been used include 

filtration, density gradient centrifugation, and epidermal removal. 

Filtration techniques are often used as a first step in the 

purification process.  In many cases, strict purity of the 

suspension is not required and filtration and centrifugation 

techniques can be used to remove large groups of cells and other 

debris giving an acceptable suspension (Fujimura and Romamine, 

1984, Servaites and Ogren, 1977).  More stringent purity 

requirements demand greater control of sieving effects and 

centrifugation techniques.  The size similarity of single mesophyll 

and epidermal cells prevents their separation via filtration 

(Singh, 1981, Servaites and Ogren, 1977).  Filtration alone gave 



only 50-70% mesophyll cells with 90% viability (Servaites and 

Ogren, 1977). 

The buoyant density of epidermal cells and mesophyll cells 

are often too similar to allow separation.  Density centrifugation 

techniques have however, been used to isolate mesophyll cells of 

rye (Singh, 1981), and wheat (Pomeroy et al., 1983).  A minimum of 

two centrifugation steps was required to isolate viable rye 

mesophyll cells (Singh, 1981).  For wheat one density gradient step 

was used (Pomeroy et al., 1983).  The specific densities required 

for separation varied with variations in cell density due to time 

and treatment.  An overnight dialysis against water was required 

before differences in buoyant density were sufficient to allow 

separation.  These many steps add a time delay in effective use of 

the cells.  The resulting final purity from wheat was only 60% 

viable mesophyll cells (Pomeroy et al., 1983). 

Removal of the epidermis prior to enzyme degradation is 

another possible separation technique.  This can be done by 

carefully peeling off the epidermis.  This is time consuming, 

tedious, and does not totally remove the epidermis.  This technique 

works well only on those plants with a loosely attached epidermis 

(Fitter and Krikorian, 1983). 

A combination of purification techniques is needed to get the 

best purity.  Filtration combined with density centrifugation or 

epidermal removal seems to be the best.  The specific techniques 

best suited to any one particular situation must be determined for 

that situation and stringency level. 



II.  ICE NUCLEATION 

A.  NUCLEATION THEORY 

Water is capable of supercooling or avoiding freezing to 

temperatures well below its melting point of 0oC.  Small droplets 

of pure water can supercool to -380C (MacKenzie, 1977).  This is 

the homogeneous nucleation point of water where ice spontaneously 

forms.  Solutes depress the homogeneous nucleation temperature by 

approximately two times the effect on the melting point depression 

(MacKenzie, 1977). 

Ice nucleation is defined as the transition, or 

crystallization, of water from a liquid to a solid (Hobbs, 1974). 

For this to occur water molecules must be ordered into an ice-like 

lattice.  The size of the nucleus required is temperature dependent 

(Hobbs, 1974).  At temperatures near 0oC a much larger nucleus is 

required than at very low temperatures.  In homogeneous nucleation, 

ice spontaneously forms as water molecules come together in a pure 

solution.  Heterogeneous nucleation requires the presence of an 

impurity to order the water molecules.  Many things can act as 

nucleators including mineral particles (eg. Agl), proteins, 

steroids, particulate matter, and many other substances (Hobbs, 

1974).  The best nucleator of course is ice itself. 

Ice nucleation is an important consideration in plant cold 

hardiness.  Ice nucleation at high temperatures is desirable for 

hardy plants which tolerate the presence of ice.  Extracellular 

freezing then occurs and lethal intracellular freezing is avoided 



(Siminovitch and Scarth, 1938).  Water can then migrate out of the 

cells to non-damaging or less-damaging, regions of ice formation. 

Other plants are damaged at the moment of ice formation (Burke et 

al., 1976).  They must avoid freezing to survive.  Delaying ice 

nucleation as long as possible is desired to maximize supercooling 

and survival.  Deep supercooling to temperatures near the 

homogeneous nucleation point is possible for some plant tissues. 

Dormant flower buds and xylem ray parenchyma of some plants can 

avoid freezing to -40oC (Burke and Stushnoff, 1979).  This is 

accomplished by decreasing water content, compartmentalization of 

water into small volumes, and an increase in solute concentration. 

A plant will sometimes use a combination of these survival 

strategies.  Different tissues within a plant will use different 

strategies for surviving low temperatures.  For example, peach wood 

tolerates freezing yet peach flower buds and xylem ray parenchyma 

do not.  Survival of these plants is ultimately limited by the 

least hardy tissue. 

Ice nucleation is a complex phenomenon.  The occurrence of 

ice nucleation is dependent on several factors.  Temperature is the 

primary consideration.  There are two theories which seek to 

explain ice nucleation, the singular hypothesis and the stochastic 

(probabilistic) model.  According to the singular hypothesis, ice 

nucleation is dependent on temperature only (Vali and Stansbury, 

1966).  Each nucleus is assumed to have its own distinct freezing 

temperature with no additional freezing events occurring over time. 

This has been shown to hold for INA bacteria (Hirano et al., 1985). 
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In the stochastic model, nucleation is believed to be based 

on a probabilistic function dependent not only on temperature, but 

also on sample size and time (Ashworth et al., 1985, Salt, 1970). 

Larger samples have been shown to exhibit less supercooling, ie. 

freeze at higher temperatures (Ashworth and Davis, 1984, Anderson 

and Ashworth, 1985, Kaku, 1971).  Ashworth found a logarithmic 

relationship between sample fresh weight and nucleation temperature 

(Ashworth and Davis, 1984).  Stem segments of at least twenty grams 

were required to closely indicate freezing temperature of intact 

trees.  Holding plant samples for longer time intervals at a given 

temperature has also been reported to increase nucleation in peach 

(Ashworth et al., 1985), and tomato (Anderson and Ashworth, 1985). 

Peach shoots held at a set temperature for 24 hours showed an 

increase in nucleation over time (Ashworth et al., 1985). This 

time dependency was a function of temperature, with nucleation rate 

increasing with a decrease in temperature (Ashworth et al., 1985). 

The most valid model for plant nucleation is uncertain.  Both 

hypotheses have been applied to the study of nucleation in plants 

(Rajashekar et al., 1983, Ashworth et al., 1985). 

B.  EXTERNAL AND INTERNAL PLANT NUCLEATORS 

Freezing of plants can be initiated by nucleators on or in 

the plant.  External nucleators include ice nucleation active (INA) 

bacteria (Lindow, 1983b), impurities on the leaf surface and 

surface frost (Marcellos and Burke, 1979).  Internal nucleation may 

be caused by plant material itself.  Although there are some 
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reports of INA bacteria acting as nuclei within plant tissue, this 

has not yet been proven. 

INA bacteria are the most active source of ice nuclei 

commonly found in nature (Lindow, 1983b).  They can initiate ice 

formation at temperatures as warm as -10C (Lindow, 1983b).  Most 

other naturally occurring ice nuclei are limited to temperature 

below -70C.  The most active INA bacteria is Pseudomonas syringae 

van Hall.  Others include P. fluorescens Migula, and Erwinia 

herbicola (Lohnis) Dye.  These bacteria are widespread and are 

commonly found on most field grown crops (Lindow, 1983a).  The 

elimination of INA bacteria has been shown to increase plant frost 

survival.  Significant reduction in frost damage was achieved on 

corn, beans, potatoes, squash, tomatoes, pear, almond, citrus and 

avocado following applications of bactericides (Lindow, 1983a). 

This illustrates the role of bacterial ice nuclei in frost damage. 

INA bacteria were thought to be largely responsible for all 

high temperature (-2 to -50C) freezing (Lindow et al., 1982).  The 

finding that woody plant material still froze at high temperatures 

in the absence of INA bacteria was surprising.  Proebsting et al. 

(1982) were the first to report that woody fruit trees contain 

intrinsic ice nuclei.  They found that apricot, peach, sweet 

cherry, plum, and pear flower buds supercooled to -5 to -8CC if 

detached, but froze at -2 to -3.80C if attached to the woody stem 

tissue.  This suggests that woody tissues contain intrinsic ice 

nuclei. 
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Further evidence for woody ice nuclei came from Ashworth who 

found that peach twigs froze at -20C regardless of the INA 

bacterial populations (Ashworth and Davis, 1984).  Treatment with 

disinfectants or bacterial nucleation inhibitors also had no effect 

on freezing temperature (Ashworth and Davis, 1984). 

Intrinsic ice nucleators also seem to be present in 

herbaceous plants, but the evidence is less clear.  Spring wheat, 

alfalfa, french beans, field pea, broad bean (Marcellos and Single, 

1976, Marcellos and Single 1979), potato (Marcellos and Single, 

1979, Rajashekar et al., 1983), and Veronica persica (Kaku, 1973), 

have all been shown to have some nucleating ability.  There was no 

nucleation activity at temperatures just below 0oC.  The main 

internal nucleators in wheat were not active until -110C, although 

chance nucleations occurred at temperatures as high as -7.50C 

(Marcellos and Single, 1976). Mean nucleation temperatures for 

beans and peas were below -70C, while alfalfa and potato were near 

-110C (Marcellos and Single, 1979).  In contrast to these low 

nucleation temperatures, Veronica persica leaf tissue had a high 

temperature range of active nucleation, -2 to -60C (Kaku, 1973). 

In all of these studies however, the possible contribution of INA 

bacteria to freezing were not considered. 

Attempts have been made to characterize intrinsic plant 

nucleators.  Location, chemical stability, and effects of 

environment have been considered (Ashworth et al., 1985, Kaku, 

1973, Rajashekar et al., 1983).  Ice nucleator location within the 

plant may vary with species (Kaku, 1973).  Veronica persica was 
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reported to have high ice nucleating ability in leaf mesophyll 

tissue.  Buxus microphylla, on the other hand, had high nucleating 

ability in the vascular tissues (Kaku, 1973).  In some cases 

immature tissues had greater supercooling ability (Kaku, 1975). 

This may be related to the volume of intercellular space (Kaku, 

1966), or to structural changes associated with maturation (Kaku, 

1971). 

Ashworth tested the chemical stability of nuclei (Ashworth et 

al., 1985, Ashworth and Davis, 1984).  He found the nuclei in dried 

powders of peach twigs to be quite stable.  The nuclei were not 

destroyed by extraction with hot water, chloroform, ethanol, KOH, 

or NaHSO,.  Only extraction in 1 M H-SO, significantly decreased 

nucleation activity (Ashworth et al., 1985).  Treatment of intact 

peach twigs with 50 mM CuSO,, 73 mM H-PO,, 1% sodium hypochlorite, 

boiling water or autoclaving failed to significantly alter 

nucleation activity (Ashworth and Davis, 1984). 

Ice nucleation activity of some plants has been altered by 

cold acclimation treatments (Rajashekar et al., 1983).  Leaf disks 

from a potato species capable of acclimation, Solanum acaule Bitt., 

had reduced nucleation activity following a cold treatment 

(Rajashekar et al., 1983).  In S. acaule the initial freezing event 

was lowered by 0.5oC in cold acclimated plants.  This indicates 

that plants may be able to alter intrinsic nucleation sites to 

prevent freezing.  The low temperature acclimation treatment did 

not significantly shift the initial nucleation temperature for the 

non-hardy potato Solanum tuberosum L.   The practical significance 
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of this alteration is limited if freezing due to internal factors 

is much lower than actual damaging field freezing temperatures. 

Structural integrity appears important for intrinsic nuclei. 

Homogenates of plant material showed significantly less nucleation 

activity than intact tissue (Kaku, 1973, Rajashekar et al., 1983). 

The nucleation temperature of dried and ground peach twigs was 

3.5e,C lower than that of the intact twigs (Ashworth et al., 1985). 

Tissue viability is not even as important as structural intactness. 

Intact tissue, even if dead, froze at the same temperature as 

living tissue (George et al., 1974). 

Many factors must be considered in a study of nucleation. 

Plant type, age, tissue type, and test conditions and procedures 

must be standardized to decrease variablity. 



15 

Chapter 3 

A METHOD FOR ISOLATING MESOPHYLL CELLS FROM POTATO LEAVES 

ABSTRACT 

An improved method for isolating mesophyll cells from potato 

leaves was developed which reduced contamination from epidermal 

cells and trichomes that commonly contaminate prepared cell 

suspensions.  Contaminant cells are of similar size and density to 

mesophyll cells and are not easily separated by physical methods 

such as filtration or density centrifugation.  The simple method 

presented here utilizes adhesive tape to hold the epidermis 

together and facilitates its removal. Mid-way through the 

digestion process one layer of epidermis is removed, further 

exposing the mesophyll cells to enzyme attack.  Mesophyll cell 

suspensions prepared with this method contained less than 11% 

epidermal cells (calculated as % of total components).  Plants with 

leaf epidermal layers which were less tightly attached such as 

Solanum acaule, had less than 4.5% epidermal cells in the final 

suspension.  This method could be useful for preparing mesophyll 

cells from many plant species. 
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INTRODUCTION 

Cell suspensions are useful for studying various 

physiological and biochemical changes.  Suspensions can be 

especially useful for studying photosynthetic processes and the 

effects of physiological stress (Andrews and Pomeroy, 1983, Jensen 

et al., 1971, Pomeroy et al., 1983, Rehfeld and Jensen, 1973, 

Servaites and Ogren, 1977, Singh, 1981).  Suspensions allow for 

more rapid diffusion of test substances into cells while avioding 

some of the problems associated with unequal exposure of cells to 

chemical or environmental stimuli.  Although many researchers use 

protoplasts for these reasons, intact cells are preferred for some 

studies, thus avoiding the complicating use of an osmoticum.  In 

our study, purified intact cells of potato were desired for 

studying ice nucleation characteristics. 

Cell suspensions can be isolated from plant material with 

tissue degrading enzymes such as pectinases (Takebe et al., 1968) 

or through physical grinding methods (Kohlenbach, 1984).  Both 

methods result in a suspension of mixed cell types.  Mesophyll 

cells normally represent only 50-70% of the final yield at best 

(Servaites and Ogren, 1977). 

In cases where it is desirable to purify mesophyll cells, 

separation techniques such as filtration, density gradient 

centrifugation, and epidermal removal are used.  The size 

similarity of mesophyll and epidermal cells prevents their 

separation via filtration (Singh, 1981).  Even trichomes are 
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difficult to remove as they will pass through a small pore filter 

if aligned correctly. 

The buoyant density of epidermal cells and mesophyll cells 

are often too similar to allow separation.  Density centrifugation 

techniques have however, been used to isolate mesophyll cells of 

rye (Singh, 1981), and wheat (Pomeroy et al., 1983).  A minimum of 

two centrifugation steps was required to isolate viable rye 

mesophyll cells (Singh, 1981).  For wheat, one density gradient 

step was used (Pomeroy et al., 1983).  The specific density steps 

required for separation varied with variations in cell density due 

to time and treatment.  This necessitated preliminary tests each 

time an isolation was performed to determine the correct densities 

to use.  An overnight dialysis against water was required before 

the differences in buoyant density were sufficient to allow 

separation.  The time delay necessitated by these steps limits the 

effective use of isolated cells.  The final result was only 60% 

viable mesophyll cells (Pomeroy et al., 1983). 

Removal of the epidermis prior to enzymatic degradation is 

another possible separation technique (Takebe et al., 1968, Fitter 

and Krikorian, 1983).  The procedure requires the careful peeling 

off of the epidermis.  This is time consuming, tedious, and only 

works well on those plants with a loosely attached epidermis.  For 

plants with a firmly anchored epidermis it is impossible to remove 

much of the epidermis. 

The objective of this study was to develop a simple and rapid 

procedure for isolating high yields of potato mesophyll cells 
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relatively free of epidermal cells, trichomes and other cellular 

debris. 
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MATERIALS AND METHODS 

Plant Material. 

The cultivated potato, Solanum tuberosum L. cv. Russet 

Burbank and a wild species, Solanum acaule Bitt., were grown from 

tubers under greenhouse conditions.  S. tuberosum was provided by 

the Oregon seed certification group at Oregon State University, 

Corvallis, OR.  S. acaule tubers were supplied by the Potato 

Introduction Center in Sturgeon Bay, Wisconsin.  Plants were 

fertilized weekly with half strength Peter's professional 

formulation (20-20-20).  The plants were divided into two groups 

three weeks after emergence.  One group was kept in the greenhouse 

(warm grown) at an average daily maximum temperature of 29"C and 

minimum temperature of 150C, while the other plants (cold grown) 

were moved to a 40C cold room with ten hour days.  The light 

intensity in the cold room at plant height, provided by cool white 

-2    -1 
fluorescent bulbs, was 380 pEm m  sec   .  All plants were a 

minimum of 6 weeks old at testing. 

Media. 

The enzyme solution used for digestion contained 0.01M MES 

(2-(N-morpholino)ethanesulfonic acid), 0.2mM CDTA (trans-1,2- 

Diaminocyclohexane-NjNjN'jN'-Tetraacetic acid), 1% (w/v) low 

molecular weight dextran sulfate, 0.2mM KH PO , ImM KNO, and 0.5% 

(w/v) pectinase (Macerase, 3,000 units/g).  The pH was adjusted to 

5.8 with KOH.  Replacement enzyme solution was as above plus 3mM 

DTT (dithiothreitol).  Storage media consisted of 0.01M MES, 0.2mM 
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KH P0,, and ImM KNO. at pH 5.8.  All solutions were filter 

sterilized through a 0.2 um pore Nalgene filter. 

MES, CDTA, DTT and salts were obtained from Sigma Chemicals. 

Low molecular weight dextran sulfate and Macerase were purchased 

from Calbiochem. 

Isolation of Cells. 

Fully expanded mature leaflets were harvested from each 

treatment and species.  Leaves were surface sterilized with 70% 

ethanol for 10 seconds followed by 10 minutes in 10% chlorox plus a 

drop of Tween 20.  Leaves were then rinsed four times with sterile 

distilled water. 

One gram of leaf tissue minus midvein was added to 20 ml of 

the enzyme solution plus Tween 20.  The tissue was vacuum 

infiltrated for 5 minutes, the vacuum released and then re-applied 

for an additional 5 minutes.  Leaves were removed and blotted dry 

on sterile paper towels.  Any samples which were not at least 90% 

infiltrated was replaced in the enzyme solution, vacuum infiltrated 

again and blotted dry. 

Leaf samples were firmly pressed onto clear adhesive tape (3M 

Highlander).  Another layer of tape was placed over the leaves and 

firmly applied.  The tape was cut around the leaves and the taped 

leaves were returned to the beaker with the enzyme solution.  After 

45 minutes on a shaker at room temperature the enzyme solution was 

decanted and discarded.  By this time the enzyme had loosened the 

tissue sufficiently to allow one side of the tape with epidermis to 

be pulled off, exposing the mesophyll cells.  This greatly 
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facilitated the action of the enzyme on the exposed mesophyll 

tissue.  Twenty mis of fresh enzyme solution plus 3mM DTT were 

added to the beaker, and it was replaced on the shaker for 3 hours. 

The suspension was then flushed through a disposable plastic 

pipette several times resulting in nearly complete maceration of 

tissue.  The epidermal layer from the other leaf surface remained 

on the tape and was discarded. 

The suspension was filtered through two layers of sterile 

cheese cloth and a 100pm pore nylon filter to remove any persistent 

large groups of cells.  Cells were washed through the filter with 

ten mis of storage media.  The filtrate was then centrifuged in a 

swinging bucket rotor at 300 xg for 5 minutes.  The supernatant was 

discarded.  The pellet was resuspended in 10 mis of storage media 

and centrifuge^ at 100 xg for 5 minutes.  The supernatant, which 

contained small cell fragments and free chloroplasts was carefully 

pipetted off and discarded. 

The pellet was washed twice by resuspending it in ten mis of 

storage media and centrifuging at 300 xg for 3 minutes.  Packed 

cell volume (PCV) was then recorded.  The pellet was resuspended in 

a volume of storage media approximately 4 times the PCV.  This 

dilution factor resulted in a cell density just greater than the 

desired 106 cells/ml. 

Cell density, % viability, % contamination, and % epidermal 

cells were determined from hemacytometer counts.  Evan's blue vital 

stain, 5% (w/v), was used to determine viability.  Those cells 

which accumulated Evan's blue were considered to be non—viable. 
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Cell suspensions were adjusted to a density of 10° mesophyll 

cells/ml for use in droplet freezing tests. 

Photomicrographs were taken with a bellows camera mounted in 

an Aristophot system.  The microscope was a Leitz Labolux with a 

10X compens eyepiece.  The objective was 25X, NA=0.50.  Final 

magnification was 390X.  The film used was Plus X Pan Professional. 

Negatives were developed according to standard procedures and 

printed via a Kodabromide procedure. 
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RESULTS AND DISCUSSION 

Application of the method described resulted in yields of 

80-90% mesophyll cells.  Total yields varied from 4.5 to 14.6 X 106 

mesophyll cells/g tissue.  Solanum acaule yielded slightly more 

cells than S. tuberosum with an average yield of 8.9 X 10° cells/g 

compared to 5.9 X 10 , respectively.  Mesophyll viability was 

greater than 90% in all cases (Table 3.1).  Healthy mesophyll cells 

were a vibrant green with clearly defined chloroplasts.  Most cells 

in the suspensions occurred as single cells but small groups of 

palisade cells were not uncommon (Figure 3.1a and b). 

The major contaminant in these preparations were epidermal 

cells.  Several methods to remove epidermal cells were tried 

including density centrifugation, filtration, and epidermal 

removal.  Percoll density centrifugations techniques were evaluated 

including discontinuous gradients, pre-formed linear density 

gradients, and loading and starving the mesophyll cells relative to 

the epidermal cells in an attempt to change' their buoyant density. 

Percoll was chosen as the gradient material because of its lack of 

osmotic and metabolic activity.  It was mixed with the storage 

medium to adjust its density to the desired level. 

The epidermal cells were found to layer in the same bands 9s 

the mesophyll cells on stepped gradients and at similar locations 

on continuous gradients.  In an attempt to change the density of 

the mesophyll cells relative to the epidermal cells, plants were 

left for 48 hours in the dark (starving) or in continuous light 
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(loading).  Since the mesophyll cells are the major photosynthetic 

cells, it was hoped that they would accumulate starch (loading), or 

lose a sufficient amount (starving) to significantly change their 

density (Tetley, 1985).  Epidermal cells have few chloroplasts and 

undergo little photosynthesis so that they should not be affected 

by this treatment.  Epidermal and mesophyll cells continued to band 

at similar locations after starving and loading treatments. 

Filtration is useful for separating cells which differ 

sufficiently in size.  Potato mesophyll cells are irregular in 

size, varying from an average of 25 X 75 Jim for the palisade 

mesophyll to an average diameter of 80 jim for the spongy mesophyll. 

Epidermal cells also averaged approximately 80 pm in diameter, and 

would pass through any filter which allowed the mesophyll cells 

through. 

Evaluations were made of techniques which might remove the 

epidermal cells or keep them in large pieces which could be trapped 

by a filter.  Attachment of the epidermal cells to one another 

could facilitate removing the whole epidermis or excluding it 

during filtration.  Parlodion, a plastic used for histological 

studies, fingernail polish, rubber cement, antitranspirants, and 

several types of adhesive tape were tested for their ability to 

stich to, and hold together the epidermis.  A clear adhesive tape 

was found to be the best.  The other materials either penetrated 

and damaged the plant tissue (rubber cement, fingernail polish) or 

did not remain attached to the epidermis (parlodion, some tapes). 
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Incubation in the enzyme media helped to loosen the 

attachment between mesophyll and epidermis and allowed the 

epidermis to be peeled off.  A 45 minute incubation period prior to 

tape removal was far superior to a 30 minute incubation period. 

The additional time allowed more maceration to occur, further 

loosening the epidermis.  The media discarded at this time 

contained mainly broken cells and free chloroplasts. Nearly 

complete removal of epidermal tissue was possible with S. acaule 

which has a loosely attached epidermis.  Epidermal cells accounted 

for less than 4.2% of the total in S. acaule preparations while 

they accounted for nearly 11% of S. tuberosum preparations (Table 

3.1). 

A simple medium was desired which most closely simulates 

conditions in the intact leaf.  The medium was buffered to a pH of 

5.8 to maximize efficiency of the enzyme and to standardize 

conditions.  CDTA, and similar compounds such as EDTA, have been 

reported to help loosen the attachments between cell walls and aid 

in degradation (Jarvis, 1982).  The addition of dextran sulfate 

increased viability of the final suspension.  The action of dextran 

sulfate is not completely understood but it has been proposed to 

play a protective role.  Some evidence suggests that it may inhibit 

the enzymatic activity of some proteins (Takebe et al., 1968). 

Thus it may protect the cells from spurious activity of the 

pectinase preparation (Singh, 1981).  Low concentrations of two 

salts, KH PO, and KNO_, were included for ion balance.  Potassium 

is also required for CO  fixation in isolated cells (Takebe et al., 
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1968). DTT was added to the final enzyme media as an antioxidant. 

Oxidative browning otherwise occurred during maceration, resulting 

in lower cell viability. 

Many media formulations include osmoticums of 0.3 to 0.8M 

mannitol or sorbitol (Jensen et al., 1971, Servaites and Ogren, 

1977, Singh, 1981, Takebe et al., 1968).  Cells recovered in these 

media are plasmolyzed.  To de-plasmolyze, some researchers use a 

less concentrated wash solution (Servaites and Ogren, 1977), or 

dialyze against water (Singh, 1981) to remove the osmoticum.  An 

osmoticum was not found necessary in this study. 

The suspensions prepared here were used for freezing studies 

within one day to remove variation due to suspension age and 

physiological changes over time.  Cell degradation as evidenced by 

loss of chloroplast structure and color became apparent after one 

day.  It may be possible to store suspensions if a more complete 

media were used.  A complete supply of vitamins, minerals and 

sugars would be required.  The additions of bactericides and 

fungicides to prevent microorganism attack have been used in some 

cases (Jensen et al., 1971) and may be beneficial if storage is 

desired (Appendix Table A.1 A comparison of medias used for cell 

isolation). 

In the method developed and described here, one side of the 

epidermis is removed from the potato leaves, while the other side 

is bound tightly to prevent the release of cells.  This allowed the 

preparation of large quantities of relatively pure suspensions of 

viable mesophyll cells.  The removal of one side of epidermis 
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exposed the inner face of mesophyll cells to enzyme attack, thereby 

increasing the final yield.  This method could be useful for 

preparing mesophyll cells from many plant species. 
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Figure 3.1. .Photomicrographs of cells isolated from warm grown 

S. tuberosum.  (a) spongy and palisade mesophyll cells.  Note the 

distinct chloroplast structure.  (b) A suspension prepared with- 

out removing the epidermis.  Note the morphology of the epidermal 

cells.  There is also a pair of palisade mesophyll cells still 

joined. 
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Figure   3.1   (a)   and   (b) 



Table 3.1.  Summary of Cell Isolation Results, 

SPECIES TREATMENT CELL YIELD 
/1(F 

% VIABLE 
MESOPHYLL 

% TOTAL 
CONTAMINANTS 

% 
EPIDERMAL1 

warm 5.2 96 19 10.5 

cold 6.6 93 21 10.7 

warm 6.1 96 13 4.2 

cold 11.6 97 10 4.0 

S. tuberosum 

S. tuberosum 

S. acaule 

S. acaule 

X 
number of mesophyll cells/g fresh tissue 

y % of total that are epidermal cells 

O 
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Chapter 4 

CHARACTERISTICS OF ICE NUCLEATORS ASSOCIATED WITH POTATO LEAF 

TISSUE 

ABSTRACT 

The innate ability of potato leaf tissue to initiate freezing 

was examined.  Ice nucleation in the non-hardy cultivated potato 

Solanum tuberosum L. cv. Russet Burbank, and a hardy species, 

Solanum acaule Bitt. from South America, were compared.  Two 

treatments, low (cold) and high (warm) temperatures were included 

to study the effects of the growing environment on ice nucleation 

activity.  The nucleation characteristics of cell suspensions, leaf 

disks and leaflets were determined by a droplet freezing method. 

No substantial nucleation activity occurred above -90C in cell 

suspensions, leaf disks or leaflets.  Nucleation activity was lower 

for suspensions than for leaf disks. 

The temperature of ice formation in leaflets was determined 

by differential thermal analysis (DTA). Mean temperatures of 

freezing were -11.1 and -12.10C for the warn and cold grown 

S. acaule respectively, and -11.4 and -9.90C for the warm and cold 

grown S. tuberosum.  Differences between treatments or species were 

not significant at the 5% level. 

In whole plant freezing tests, the hardiness levels for the 

four treatments were:  cold grown S. acaule -6<>C, warm grown 
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S. acaule -40C, cold grown S. tuberosum -2.50C, and warm grown 

S. tuberosum -20C. 

Results indicate that potato leaves do not contain intrinsic 

ice nucleators which are effective above -90C.  The differences 

between plant hardiness and leaf nucleation temperatures indicate 

that intrinsic leaf ice nucleators do not substantially limit 

supercooling in potato. 
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INTRODUCTION 

Ice nucleation is an important consideration in plant cold 

hardiness for two reasons.  Ice nucleation at high temperatures can 

enhance survival of hardy plants which tolerate the presence of• 

ice.  Extracellular freezing permits such plants to avoid lethal 

intracellular freezing as water can then migrate out of the cells 

to non-damaging or less-damaging, regions of ice formation.  Other 

plants are damaged at the moment of ice formation.  Delaying 

nucleation in such species maximizes supercooling, permits plants 

to avoid freezing and increases survival (Siminovitch and Scarth, 

1938). 

Water is capable of supercooling or avoiding freezing to 

temperatures well below its melting point of 0oC.  Small droplets 

of pure water can supercool to -38<>C (MacKenzie, 1977), the 

homogeneous nucleation point of water.  Deep supercooling to 

temperatures near this point occurs in some plant tissues (Burke 

and Stushnoff, 1979).  Many plants can supercool to -10oC in the 

absence of ice or other highly active nucleators.  Many substances 

can act as nucleators including mineral particles, proteins, 

steroids, particulate matter, and others (Hobbs, 1974).  The best 

nucleator of course is ice itself. 

Freezing of plant tissue can be initiated by external or 

internal nucleators.  External nucleators include ice nucleation 

active (INA) bacteria (Lindow, 1983b), impurities on the leaf 

surface and surface frost (Marcellos and Burke, 1979).  The nature 
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of internal nucleators is not known.  Researchers speculate that 

internal nucleators may be INA bacteria or an integral component of 

the plant itself (Anderson and Ashworth, 1985, Andrews et al., 

1983, Ashworth and Davis, 1984, Ashworth et al., 1985, Proebsting 

et al., 1982). 

INA bacteria were thought to be responsible for all high 

temperature (-2 to -60C) plant freezing (Lindow et al., 1982).  The 

finding that woody plant material froze at high temperatures in the 

absence of INA bacteria was surprising (Andrews et al., 1983). 

Proebsting et al. (1982) were the first to report that the woody 

tissue of fruit trees may contain intrinsic ice nuclei. They found 

that apricot, peach, sweet cherry, plum and pear flower buds 

supercooled to -5 to -80C when detached, but were limited to -2 to 

-3.80C when attached to the woody stem tissue.  This suggests that 

the woody tissues contain intrinsic ice nuclei. 

Ashworth found that peach twigs froze at -20C regardless of 

the presence or absence of INA bacteria.  Treatment with 

disinfectants or bacterial nucleation inhibitors also had no effect 

on the freezing temperature of peach twigs (Ashworth and Davis, 

1984). 

Intrinsic ice nucleators also seem to be present in 

herbaceous plants, but the evidence is less clear.  Spring wheat, 

alfalfa, french beans, field pea, broad bean (Marcellos and Single, 

1976, Marcellos and Burke, 1979), potato (Marcellos and Single, 

1979, Rajashekar et al., 1983), Veronica persica (Kaku, 1973), have 

all been shown to have some nucleating ability.  These intrinsic 
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nuclei had no activity at temperatures just below 0oC.  The main 

internal nucleators in wheat were not active until  -110C, although 

chance nucleations occurred at temperatures as high as -7.50C 

(Marcellos and Single, 1976).  Mean nucleation temperatures for 

beans and peas were below -70C, while alfalfa and potato were near 

-110C (Marcellos and Single, 1979).  Veronica persica leaf tissue 

had nucleators active at high temperatures ranging from -2 to -6CC 

(Kaku, 1973).  In all of these studies however, the possible 

contributions of INA bacteria to freezing were not considered 

(Kaku, 1973, Marcellos and Single, 1976, Marcellos and Single, 

1979). 

The objectives of this study were to determine the presence 

of intrinsic nucleators in sterile potato leaf tissue, and to 

compare the nucleation characteristics of enzymatically isolated 

leaf cell suspensions with leaf disks and whole leaflets.  The 

freezing characteristics of two species of potato with different 

hardiness levels were compared after growing plants of both species 

at two (warm and cold) temperature regimes.  The cultivated potato, 

Solanum tuberosum L. cv. Russet Burbank, is damaged when it freezes 

at -2 to -30C (Li, 1977).  The South American species 

Solanum acaule Bitt., on the other hand, can withstand -60C or 

lower (Li, 1977).  S. tuberosum is incapable of acclimating to low 

temperatures, while S. acaule has the ability to increase in 

hardiness when subjected to low temperatures prior to frost (Li, 

1977). 
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MATERIALS AND METHODS 

Plant Material. 

Solanum tuberosum L. cv. Russet Burbank and Solanum acaule 

Bitt. were grown from tubers in one gallon plastic pots under 

greenhouse conditions.  S. tuberosum was provided by the Oregon 

seed certification group at Oregon State University, Corvallis, OR. 

S. acaule tubers were supplied by the Potato Introduction Center, 

Sturgeon Bay, Wisconsin.  To compare the nucleating properties of 

warm and cold grown plants, the plants were divided into two groups 

three weeks after emergence.  One group was kept in the greenhouse 

at an average daily maximum temperature of 290C and minimum 

temperature of 150C (warm grown), while the other plants (cold 

grown) were moved to a 40C cold room with ten hour days.  The light 

intensity at plant height in the cold room, provided by cool white 

-2   -1 
fluorescent bulbs, was 380 pEin m  sec  .  All plants were a 

minimum of 6 weeks old at testing. 

Suspensions. 

Cell suspensions were prepared as previously described (see 

Chapter 3) and adjusted to a density of 10 cells/ml in storage 

media.  Storage media consisted of 0.01 M MES, 0.2 mM KH PO, and 1 

mM KNO adjusted to pH 5.8 with KOH and filter sterilized.  Cell 

density, viability, and % contamination were determined by 

hemacytometer counts.  Viability of the mesophyll cells was greater 

than 90% in all cases as indicated by Evan's blue vital stain. 

Contamination of S. acaule and S. tuberosum preparations was 13 and 
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21% respectively.  Contaminants included epidermal cells and cell 

fragments.  Epidermal cells accounted for 34 to 39% of S. acaule 

preparation contaminants, and 51 to 56% of S. tuberosum preparation 

contaminants.  Nearly all epidermal cells were non-viable. 

Ten jul droplets of suspension prepared from each treatment 

and species were placed on a paraffin coated aluminum foil boat. 

Foil boats were prepared by spraying the surface with a 1% solution 

(w/v) of paraffin in heptane.  The heptane was allowed to evaporate 

at least overnight before the foil was used.  The foil boat was 

floated on an ethylene glycol low temperature circulating bath at 

-1<>C.  Ten rows of 8 droplets for a total of 80 droplets were used 

for each treatment per replication.  Nucleation events which may 

occur due to the medium or chance were accounted for by including a 

background of filter sterilized suspending medium. Eighty droplets 

of medium/replication were also placed on the foil for the 

background.  Samples were allowed to equilibrate for 10 minutes. 

Bath temperature was then lowered to -20oC.  The temperature 

decreased at a rate of 20oC/hour.  The number of frozen droplets 

and the temperature of freezing was recorded for each treatment. 

Percent droplets frozen was calculated and plotted versus 

temperature.  This percentage was used as an indication of 

nucleation activity.  A nucleator was assumed to be present and 

active when freezing occured. 

The low temperature bath was placed in a 40C cold room to 

minimize moisture condensation and external temperature 
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fluctuations.  Data was limited to temperatures above -150C due to 

ice propagation and excessive condensation at lower temperatures. 

Leaf Disk Nucleation. 

Leaf disks 5 mm in diameter were prepared from fully expanded 

mature leaflets of each treatment.  Leaflets from S. tuberosum were 

selected from the fifth or sixth internode.  Leaflets were surface 

sterilized by 10 seconds in 70% ethanol followed by 10 minutes in 

10% chlorox.  Leaflets were then rinsed 4 times with sterile 

distilled water.  Twenty ul droplets of suspending medium were 

placed on a paraffin coated aluminum foil boat.  Droplets 

representing background nucleation levels were included as before. 

Twenty-four disks of each treatment per replication were placed in 

the droplets.  The disks were tested in two orientations, abaxial 

or adaxial side up.  The suspending medium was also tested.  To 

maintain consistency with the suspension freezing tests, the 

storage media was initially used.  However, to remove the possible 

effects of the salts and other medium components on the freezing 

characteristics, filter sterilized distilled water was also used as 

a suspending medium. 

Leaf disk freezing profiles were determined as before, with 

percent samples frozen plotted versus temperature.  The data were 

fitted to regression lines and R'' values determined.  The 

regression line given for the background data for leaf disks placed 

abaxial side up is a composite of the background data from three 

tests.  Regression analysis showed no significant differences 

between the data, so the full model was used. 
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Target theory (Poisson statistics) was used to predict the 

size of a leaf with a 50% probability of having no ice nucleators 

(ie. not freezing).  The Poisson distribution is given by: 

Pk(r
2) = (Cr2)k e-Cr2 

k! 

where Pi,(r2) is the probability of observing k nucleators in a leaf 

disk of radius r.  C is an arbitrary constant that can be 

determined from the % frozen data.  For survival, k equals 0 and 

the equation becomes: 

P t   \ -Cr 

From this, the following equation can be derived: 

r2 = (r1
2 X ln(0.50))/ln(S) 

where r equals the radius (cm) of the leaf disk used to determine 

S.  The expected radius with 50%- probability of no nucleators can 

be calculated using the probability for survival, S, (100-% 

frozen)/100, and solving for r. 

Stomatal density was determined for abaxial and adaxial leaf 

surfaces.  An impression of the leaf surface was formed in a 

histological embedding material (25% (w/v) parlodion in 1:1 ethyl 

ether:100% ethanol).  This was then viewed under a microscope and 

the number of stomates determined.  Stomatal density was then 

calculated. 

Leaflet DTA. 

Fully expanded mature leaflets were harvested from plants of 

both species under the same conditions as those previously 

described.  S. acaule leaflets averaged 21 X 15 mm in size with an 



41 

average weight of 53 mg.  S. tuberosum leaflets averaged 49 X 26 

mm, with an average weight of 165 mg. 

One leaflet/replication from each temperature treatment and 

species was surface sterilized and rinsed as before, then blotted 

dry.  Six replications were used for leaflet DTA studies.  In 

addition, to illustrate the effects of INA bacteria on the 

temperature of freezing, a suspension of an active Pseudomonas 

syringae culture was sprayed on additional leaflets and DTA 

profiles determined.  The P. syringae culture was provided by Dr. 

Larry Moore, Department of Botany and Plant Pathology, Oregon State 

University, Corvallis, OR.  The suspension was prepared by adding 

five mis of sterile distilled water to the culture plate and gently 

suspending the colonies by running a glass rod across the surface. 

The activity of this preparation was tested by droplet freezing 

tests as described previously.  Nucleation occurred by -40C in all 

droplets.  The suspension was then sprayed on leaflets with a 

chromatography mister and allowed to dry before testing.  Care was 

taken to prevent the spread of bacteria to other leaflets. 

Thermocouples were attached to individual leaflets with 

masking tape and then covered with aluminum foil.  Two references, 

one consisting of a thermocouple attached to aluminum foil with 

tape, and the other consisting of oven dried Whatman #1 filter 

paper were concurrently run.  Since no differences were found 

between these references, only the foil results are reported. 

Samples were suspended in a styrofoam cooler which had been 

prechilled to 40C.  The cooler was then placed in an upright 
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freezer at 10C.  Samples were allowed to equilibrate for 30 minutes 

after which the temperature of the incubator was lowered to -20oC. 

The rate of cooling was approximately 150C/hour. 

Temperatures were recorded using an Apple II computer 

interfaced to an Interactive Microware Inc. ADA-Mux system.  DTA 

curves were calculated and plotted on the Apple using a combination 

of purchased software (Interactive Microware Inc.) and software 

developed in our lab.  Data are recorded as the temperature 

immediately prior to the exotherm. 

Plant Hardiness 

The hardiness level of potted plants of both species grown at 

both temperature regimes was determined.  The soil was covered with 

moist peat moss to avoid damage to the roots.  Plants were placed 

in an incubator at 10C.  Plants were allowed to equilibrate for 1 

hour before lowering the temperature to -10C.  Plants were allowed 

to remain at each test temperature for 1 hour before a sample of 2 

plants per treatment was removed from the freezer.  The temperature 

was lowered in 10C increments to -80C with samples taken at each 

temperature increments.  Plants were allowed to thaw slowly in a 

40C cold room for a minimum of 2 hours, after which they were 

placed in a 250C room.   Initial evaluation of visual damage was 

done 3 days after testing followed by a final evaluation after 4 

days.  Plants were either dead, with flacid, water soaked leaves 

and drooping stems, or alive.  In most cases, both plants in a 

treatment were either dead or alive at the particular test 
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temperature.  In cases where this was not true, the hardiness level 

is expressed as a 0.5oC step between the test temperatures. 
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RESULTS 

Suspensions 

Data from suspension droplet tests are plotted as percent 

droplets frozen (log scale) versus temperature (Figure 4.1). 

Background freezing data are also plotted for comparison. 

Equations for fitted regression lines and R^ values are presented 

in the figure legend.  Plots are log linear in all cases. 

There were no major differences in nucleation activity of 

suspension cells between species (Figure 4.1, data on S. acaule not 

shown-see appendix Figure A.l).  In both species and at both 

temperature regimes, initial nucleation events occurred below -90C. 

Suspensions from cold treated plants showed small but consistently 

greater nucleation activity for both S. acaule and S. tuberosum. 

Generally, there was very low nucleation activity in all cell 

suspensions (Table 4.1).  At the lowest test temperature, -150C, 

nucleation activity varied from a minimum of 5% frozen 

(S. tuberosum warm) to a maximum of 13.2% frozen (S. tuberosum 

cold). At the warmer end of the temperature scale, -10oC, freezing 

activity was so low that less than 1% of the samples froze. 

Background nucleation activity was consistently less than the 

cells, although at -150C the background nucleation activity was 

nearly as great as the warm treatments, 4.7% frozen, compared to 

5.0 and 5.9% for S. tuberosum and S. acaule warm respectively. 
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Leaf Disks 

Plots of % leaf disks frozen (log scale) are shown in Figures 

4.2 and 4.3.  Background levels are included in all cases. 

Equations for fitted regression lines and corresponding R^ values 

are given in the figure legends.  Plots were log linear in the 

region where data could be obtained and this is consistent with the 

results of others (Marcellos and Single, 1979, Vali, 1966).  The 

first freezing event of S. tuberosum cold, abaxial, represents 1 of 

120 samples freezing.  Since this is likely an artifact, it was 

excluded from the regression analysis shown, increasing R^ from 

0.85 to 0.98. 

The freezing characteristics of leaf disks placed abaxial 

side up showed similar tendencies in regards to temperature 

treatments for both species, ie. the warm grown plant samples were 

slightly more active, but there were only small differences (Figure 

4.2 for S. tuberosum, S. acaule data not shown-see Appendix Figure 

A.2).  However, S. acaule nucleation activity is greater under both 

temperature regimes.  When the adaxial leaf surface was placed 

upward, freezing characteristics for both species and temperature 

regimes were similar (Figure 4.3 for S. tuberosum, S. acaule data 

not shown-see Appendix Figure A.3). 

It is interesting that the nucleation activity of 

S. tuberosum leaf disks depended on leaf orientation.  Leaf disks 

placed abaxially had higher activity especially at low temperatures 

with the initial freezing event at -120C for abaxial disks, and 

—80C for adaxial disks.  This did not occur with S. acaule.  These 
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results suggest that the orientation of leaf disks in droplet 

freezing tests needs to be considered.  Differences in nucleation 

activity between species and leaf orientations may be related to 

morphology.  Trichome and stomatal density vary between species and 

abaxial vs. adaxial leaf surface.  The upper surface of 

S. tuberosum had few stomata (2.1 X 10^ stomata/cm^), while the 

lower surface had a higher density (1.7 X 10" stomata/cm^), but 

still much less than S. acaule (2.2 X 106 upper surface, 3.3 X 106 

lower surface).  It is the freezing profiles for S. tuberosum which 

are dependent on leaf orientation and for which stomatal density 

varies greatly.  A highly significant relationship between stomatal 

index of the upper leaf and frost hardiness has been reported, with 

hardy species having on the average three times more stomata than 

non-hardy (Palta and Li, 1979). 

Plots of leaf disks suspended abaxial side up in sterile 

distilled water are similar to data presented for disks placed 

abaxial side up in media (graphs not presented-see Appendix Figure 

A.4a and b).  The suspending media has little effect on the 

observed nucleation characteristics. 

Maximum freezing at -150C was less than 45%, or 1 nucleator 

for every 2 leaf disks (Table 4.1).  No substantial nucleation 

activity occurred above -80C for any treatment.  Maximum activity 

at -10oC was 5.4% (S. acaule warm, abaxial up) with an average over 

all treatments of just over 2%.  On the average, S. acaule had 

approximately 50% more (30.8%) freezing events at -15,,C than 

S. tuberosum (19.2%). 
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The size required for 50% probability of survival is in Table 

4.1.  It is obvious that whole leaflets are required if half of the 

samples are to be frozen at -10oC (radius of 1.3 cm for S. acaule, 

and 2.1 cm for S. tuberosum), while at -15"C a disk with a radius 

as small as 0.35 cm (S. acaule) or 0.46 cm (S. tuberosum) has a 50% 

probability of freezing. 

Leaflet DTA 

A sample DTA curve of a potato leaflet is presented in Figure 

4.4.  Data are plotted as the difference in temperature 

(differential temperature) between the sample and reference, vs. 

reference temperature.  The exotherm represents the heat of fusion 

given off when water in the sample freezes.  The data point 

immediately prior to the exotherm is reported as the temperature at 

which nucleation occurred.  The mean nucleation temperatures are 

-11.1 and -12.10C for S. acaule warm and cold, respectively, and 

-11.4 and -9.9CC for S. tuberosum warm and cold respectively. 

Differences between treatments or species were not significant at 

the 5% probability level as determined by an analysis of variance. 

The exotherms for leaflets sprayed with Pseudomonas syringae 

occurred at much higher temperatures (Figure 4.5).  Compared to 

sterile leaflets, the presence of INA bacteria raised the 

nucleation temperature an average of 80C. 

Whole Plant Hardiness 

In whole plant freezing tests, the hardiness levels for the 

four treatments were: cold grown S. acaule (-60C), warm grown 

S. acaule (-40C), cold grown S. tuberosum (-2.50C), warm grown 
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S. tuberosum (-20C).  As reported previously, S. acaule is hardier 

than S. tuberosum, -4.5 to -6.5 as compared to -2 to -3 (Richardson 

and Weiser, 1972, Li, 1977).  Low temperature has been shown to 

induce acclimation in S. acaule, while S. tuberosum lacks this 

ability (Li, 1977). 
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DISCUSSION 

Although plant cell suspensions (Pomeroy et al., 1983, Singh 

1981, Steponkus and Evans, 1982) and protoplasts (Singh, 1979) have 

been used to study freezing stress, they have not previously been 

used to study ice nucleation.  Leaf homogenates (Rajashekar et al., 

1983) and powders of dried stem tissue (Ashworth et al., 1985) have 

been used, but these crude mixtures of cell types and fragments 

makes it difficult to identify agents of nucleation.  Critical 

nucleation sites may also depend on the interaction of cells within 

a structural whole.  It has been shown that homogenates (Rajashekar 

et al., 1983) and powders of nucleation active tissues (Ashworth et 

al., 1985) have lower nucleation activity.  Dried powders of peach 

twigs initiated freezing 3.70C lower than intact stem tissue 

(Ashworth et al., 1985).  Structure may be even more important to 

nucleation activity than viability since dead intact tissues have 

been shown to freeze at the same temperature as living tissue in 

some cases (George et al., 1974). 

It is possible that leaf tissue is not the primary location 

of the ice nucleators in potato.  The location of intrinsic 

nucleators within plants varies with species.  Kaku found that leaf 

tissues, mainly mesophyll cells, contained the nucleation sites in 

Veronica persica, while the vascular tissue played this role in 

Buxus microphylla (Kaku 1973). 

Droplets of potato mesophyll cell suspensions showed low 

nucleation activity (Figure 4.1).  There was essentially no 
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significant nucleation activity for S. tuberosum and only a slight 

amount for S. acaule with no freezing occurring above -90C.  The 

cell isolation procedure used in this study may have destroyed 

nucleation sites by pulling cells apart, or otherwise damaging 

cells.  Results clearly demonstrate that significant nucleation 

sites do not exist on or in potato mespphyll cells. 

The low nucleation activity observed in intact leaf disks and 

leaflets supports the cell suspension results.  In all treatments, 

there was no activity above -80C and only slight activity below 

that.  This supporting evidence indicates that the low nucleation 

activity observed in suspensions was real, and not due to lack of 

tissue structure. 

S. acaule leaf disks had approximately 50% more freezing 

events at -150C than S. tuberosum on the average.  This confirms a 

previous report in which non-hardened S. acaule had twice as many 

nuclei as S. tuberosum (Rajashekar et al., 1983).  However, 

Rajashekar et al. (1983) reported higher absolute nucleation levels 

than we observed, with S. acaule having nearly 1 nuclei/1.5 mm leaf 

disk, and S. tuberosum 0.5 nuclei/1.5 mm leaf disk at -10oC. 

The occurrence of exotherms at low temperatures (below 

-9.90C) in leaflet DTA studies confirms the results of the leaf 

disk freezing studies by indicating the absence of high temperature 

ice nucleators in leaf tissues.  The predicted radius of a leaflet 

with a 50% probability of survival at -10oC averages 1.3 and 2.1 cm 

for S. acaule and S. tuberosum respectively, or greater than an 

average leaflet.  It is predicted then that freezing would occur in 
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whole leaflets at temperatures near -10oC.  All potato leaf 

freezing studies with cell suspensions, leaf disks and whole 

leaflets indicated that leaf tissue nucleation occurred only at low 

temperatures.  In contrast, whole plants freeze and are damaged 

between -2 and -60C, S. tuberosum and S. acaule, respectively. 

This indicates that the critical ice nucleator for potato must not 

be intrinsic to the leaf tissue, but are likely external 

nucleators. 

Others have concluded from similar studies that plant tissues 

are capable of supercooling below the temperatures that are 

observed to be lethal to the plant, and concluded that external 

sources of ice nucleators must be.responsible for freezing damage 

(Marcellos and Single, 1976, Lindow, 1983b).  A likely source would 

be INA bacteria.  The presence of applied INA P. syringae on 

lealets had a dramatic effect on the temperature of the exotherm 

(Figure 4.5).  INA bacteria clearly induced freezing of leaflets at 

much higher temperatures than that of sterile leaflets.  The plants 

used in the hardiness determination were not sterile.  Attempts to 

establish a relationship between INA populations and freezing 

damage on plants were not successful.  Bacterial populations were 

found to be highly variable from plant to plant and even within 

plants.  Fluorescent colonies which may represent P. syringae were 

found in some cases, but no INA activity was detected via the 

replica plating techniques of Lindow (Lindow et al., 1978). 

Lack of nucleation at warm temperatures may be accounted for 

by the short time period or small size if a stochastic 
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(probabilistic) model of nucleation is accepted for plant material 

(Ashworth et al., 1985).  This probability model defines nucleation 

as a function dependent on time, sample size, and temperature 

(Ashworth et al., 1985, Salt, 1970).  This may be correct for 

relatively inefficient nucleators such as those found in plant 

material.  For good nucleators, ie. those active at high 

temperatures (INA bacteria), a singular approximation may be more 

correct.  This model states that nucleation is dependent only on 

temperature.  According to the singular approximation, each 

nucleator has a characteristic temperature of nucleation at which 

ice will be initiated regardless of sample size or volume, and time 

(Vali, 1971).  This has been shown for INA bacteria (Hirano et al., 

1985).  Less active nucleators may be somewhat pliable or flexible 

and bend or change slightly over time.  For this type of nucleator 

a longer time period at any given temperature would increase the 

probability of a structural change sufficient to induce nucleation. 

Larger samples would increase rigidity lending greater support to a 

site and stabilizing its apparent activity. 

The results presented here indicate that the critical ice 

nucleator for potatoes is not located within the leaf tissue.  In 

tests with cell suspensions, leaf disks, and whole leaflets, no 

substantial freezing occurred above -90C.  Other parts of the plant 

or external sources of ice nucleation must be responsible for the 

initiation of freezing in potato. 
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S. tuberosum 

o.i 

warm 
background 

-15 -13 -II -9 -7 

TEMPERATURE (0C) 
Figure 4.1.  Freezing characteristics of mesophyll cell suspensions 

of S. tuberosum.  Three week old plants were subjected to three 

weeks at 4 C (cold +) or greenhouse (warm □) temperatures prior to 

cell isolation.  Extraneous nucleation factors are expressed by 

background ($) data on the freezing of the suspension media. 

The linear equations expressing the freezing response vs. temp- 

erature are log (% frozen) =  : 

-2.86-0.22T 

-2.77-0.26T 

-5.15-0.38T 

where T=temperature in  C 

R =0.94 

R2=0.96 

R2=0.92 

S. tuberosum warm 

S. tuberosum cold 

background 
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TEMPERATURE (0C) 

Figure 4.2.  Freezing characteristics of S. tuberosum leaf disks 

placed abaxial side up on 20 ul droplets.  Plants were subjected to 

treatments as in Figure 4.1.  Cold ( + ), warm (Q).  Background (O) 

was 20 ul droplets of filter sterilized medium.  The linear 

equations expressing the freezing response vs. temperature are 

log (% frozen)=  : 

-3.19-0.30T ^=0.96   S. tuberosum warm 

-3.66-0.32T R~=0.98   S. tuberosum cold 

-3.46-0.28T 

R =0.96 

R2=0.98 
,2 
R =0.71   background 

where T=temperature in  C 
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10- 

0.1 
-15 

S. tuberosum 

warm 

background 

-13 -II -9 

TEMPERATURE (0C) 

-7 

Figure 4.3.  Freezing characteristics of S. tuberosum leaf disks 

placed adaxial side up on 20 ul droplets.  Plants were subjected to 

treatments as in Figure 4.1.  Cold (+), warm (D), background (O). 

The linear equations describing the freezing response vs. temper- 

ature are log (% frozen)=  : 

-1.44-0.18T R =0.96 S. tuberosum warm 

-1.39-0.19T R2=0.98 S. tuberosum cold 

-4.17-0.32T R2=0.96 background 

where T=temperature in C 
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Figure 4.5.  Representative DTA plot showing the effect of Pseudomonas syringae on the nucleation 

temperature of a jS. tuberosum leaflet.  Freezing has been shifted up to -3.40C. 
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Table 4.1.  Comparison of 

Species       treatment 

% samples frozen at -150C and -10oC. 

test       %frozenx   radius raqV 
-15   -10   -15   -10 

S. acaule warm suspension 5.9 0.7 na na 

S. acaule cold suspension 11.6 0.9 na na 

S. tuberosum warm suspension 5.0 0.3 na na 

S. tuberosum cold suspension 13,2 0.7 na na 

background 4.7 0.05 na na 

S. acaule warm Dz-abaxial 29.3 5.4 0.35 0.88 

S. acaule cold D-abaxial 21.2 1.7 0.43 1.59 

S. tuberosum warm D-abaxial 20.9 0.7 0.43 2.48 

S. tuberosum cold D-abaxial 15.1 0.4 0.51 3.29 

background 4.7 0.2 na na 

S. acaule warm D-water 39.8 3.2 0.29 1.15 

S. acaule cold D-water 41.9 3.8 0.28 1.06 

S. tuberosum cold D-water 20.0 0.7 0.44 2.48 

S. tuberosum warm D-water 12.6 1.0 0.57 2.08 

background 5.4 0.1 na na 

S. acaule warm D-adaxial 22.8 2.9 0.41 1.21 

S. acaule cold D-adaxial 30.0 1.5 0.35 1.69 

S. tuberosum warm D-adaxial 19.0 2.3 0.45 1.36 

S. tuberosum cold D-adaxial 27.7 3.2 0.37 1.15 

background 4.1 0.1 na na 

na=not applicable 
calculated from the fitted regression lines 

y leaf disks 
radius (cm) required for 50% probability of freezing as 

calculated from Poisson statistics 



59 

LITERATURE CITED 

Anderson, J.A., and E.N. Ashworth.  1985.  Ice nucleation in tomato 
plants.  JASHS 110:291-196. 

Andrews, P.K., E.L. Proebsting, and D.C. Gross.  1983. 
Differential thermal analysis and freezing injury of 
deacclimation peach and sweet cherry reproductive organs. 
JASHS 108:755-759. 

Ashworth, E.N., J.A. Anderson, and G.A. Davis.  1985.  Properties 
of ice nuclei associated with peach trees.  JASHS 110:287- 
291. 

Ashworth, E.N., and G.A. Davis.  1984.  Ice nucleation within peach 
trees.  JASHS 109:198-201. 

Burke, M.J., and C. Stushnoff.  1979.  Frost hardiness:  A 
discussion of possible molecular causes of injury with 
particular reference to deep supercooling of water.  In: 
Stress Physiology in Crop Plants.  Eds. H. Mussell and R.C. 
Staples,  pp. 197-226.  John Wiley and Sons.  New York. 

George, M.F., M.J. Burke, and C.J. Weiser.  1974.  Supercooling in 
overwintering azalea flower buds.  PI. Phys. 54:29-35. 

Hirano, S., L.S. Baker, and CD. Upper.  1985.  Ice nucleation 
temperature of individual leaves in relation to population 
sizes of ice nucleation active bacteria and frost injury. 
PI. Phys. 77:259-265. 

Hobbs, P.V.  1974.  Ice Physics.  Oxford University Press.  London. 

Kaku, S.  1973.  High ice nucleating ability in plant leaves. 
Plant and Cell Phys.  14:1035-1038. 

Li, P.H.  1977.  Frost killing temperatures of 60 tuber-bearing 
Solanum species.  Am. Potato J. 54:452-457. 

Lindow, S.E.  1983b.  The role of bacterial ice nucleation in frost 
injury to plants.  Ann. Rev. Phytopathol. 21:363-384. 

Lindow, S.E., D.C. Arny and CD. Upper.  1978.  Distribution of ice 
nucleation-active bacteria on plants in nature.  Appl. 
Environ. Microbiol. 36:831-835. 

Lindow, S.E., D.C. Arny, and CD. Upper.  1982.  Bacterial ice 
nucleation:  a factor in frost injury to plants.  PI. Phys. 
70:1084-1089. 



60 

MacKenzie, A.P.  1977.  Non-equilibrium freezing behavior of 
aqueous systems.  Phil. Trans. R. Soc. Lond. B. 278:167-189. 

Marcellos, H. , and M.J. Burke.  1979a.  Frost injury in wheat:  Ice 
formation and injury in leaves.  Aust. J. Plant Phys. 6:513- 
521. 

Marcellos, H., and W.V. Single.  1976.  Ice nucleation on wheat. 
Agri. Meteor. 16:125-129. 

Marcellos, H., and W.V. Single.  1979b.  Supercooling and 
heterogeneous nucleation of freezing in tissues of tender 
plants.  Cryobio. 16:74-77. 

Palta, J.P., and P.H. Li.  1979.  Frost-hardiness in relation to 
leaf anatomy and natural distribution of several Solanum 
species.  Crop Sci. 19:665-671. 

Proebsting, E.L. Jr., P.K. Andrews, and D. Gross.  1982. 
Supercooling young developing fruit and floral buds in 
deciduous orchards.  HortSci. 17:67-68. 

Rajashekar, C, P.H. Li, and J.V. Carter.  1983.  Frost injury and 
heterogeneous ice nucleation in leaves of tuber-bearing 
Solanum species.  PI. Phys. 71:749-755. 

Richardson, D.G., and C.J. Weiser. 1972. Foliage frost resistance 
in tuber-bearing Solanums.  HortSci. 7:19-22. 

Salt, R.W.  1970.  Analysis of insect freezing temperature distri- 
butions.  Can. J. Zool. 48:205-208. 

Siminovitch, D., and G.W. Scarth. 1938.  A study of the mechanism 
of frost injury to plants.  Can. J. Res. C. 16:467-481. 

Singh, J.  1979.  Freezing of protoplasts isolated from cold- 
hardened and non-hardened winter rye.  PI. Sci. Lett. 16:195- 
201. 

Singh, J.  1981.  Isolation and freezing tolerances of mesophyll 
cells from cold hardened and nonhardened winter rye.  PI. 
Phys.  67:906-909. 

Vali, G. 1971. Quantitative evaluation of experimental results on 
the heterogeneous freezing nucleation of supercooled liquids. 
J. Atmos. Sci. 28:402-409. 

Vali, G. and E.J. Stansbury.  1966.  Time-dependent characteristics 
of the heterogeneous nucleation of ice.  Can. J. Physics 
44:477-502. 



61 

BIBLIOGRAPHY 

Anderson, J.A., and E.N. Ashworth.  1985.  Ice nucleation in tomato 
plants.  JASHS 110:291-196. 

Andrews, C.J., and M.K. Pomeroy.  1983.  Ice encasement tolerance 
of isolated cells from cold hardened winter wheat.  Cryo-Lett 
4:33-42. 

Andrews, P.K., E.L. Proebsting, and D.C. Gross.  1983. 
Differential thermal analysis and freezing injury of 
deacclimation peach and sweet cherry reproductive organs. 
JASHS 108:755-759. 

Ashworth, E.N., J.A. Anderson, and G.A. Davis.  1985.  Properties 
of ice nuclei associated with peach trees.  JASHS 110:287- 
291. 

Ashworth, E.N., and G.A. Davis.  1984.  Ice nucleation within peach 
trees.  JASHS 109:198-201. 

Burke, M.J., L.V. Gusta, H.A. Quamme, C.J. Weiser, and P.H. Li. 
1976.  Freezing and injury in plants.  Ann. Rev. PI. Phys. 
27:507-528. 

Burke, M.J., and C. Stushnoff.  1979.  Frost hardiness:  A 
discussion of possible molecular causes of injury with 
particular reference to deep supercooling of water.  In: 
Stress Physiology in Crop Plants.  Eds. H. Mussell and R.C. 
Staples,  pp. 197-226.  John Wiley and Sons.  New York. 

Cataldo, D.A., and G.P. Berlyn.  1974.  An evaluation of selected 
physical characteristics and metabolism of enzymatically 
separated mesophyll cells and minor veins of tobacco.  Amer. 
J. Bot. 61:957-963. 

Evans, D.A., and J.E. Bravo.  1983.  Protoplast isolation and 
culture. In: Handbook of plant cell culture. Vol. 1. pp. 
124-176. Eds. D.A. Evans, W.R. Sharp, P.V. Ammirato, and Y. 
Yamada.  Macmillan Publishing, New York. 

Fitter, M.S., and A.D. Krikorian.  1983.  Plant Protoplasts.  Doc. 
No. 8134-1083.  Calbiochem-Behring.  LaJolla, CA. 

Fujimura, T., and A. Komamine.  1984.  Fractionation of cultured 
cells.  In: Cell culture and somatic cell genetics of 
plants.  Vol. 1.  pp. 159-166.  Ed. I.K. Vasil.  Academic 
Press.  Orlando, Florida. 



62 

Fukuda, H., and A. Komamine.  1982.  Lignin synthesis and its 
related enzymes as markers of tracheary-element 
differentiation in single cells from the mesophyll of Zinnia 
elegans.  Planta 155:423-430. 

Gnanan, A., and G. Kulandaivelu.  1969.  Photosynthetic studies 
with leaf cell suspensions from higher plants.  Plant 
Physiol. 44:1451-1456. 

George, M.F., M.J. Burke, and C.J. Weiser.  1974.  Supercooling in 
overwintering azalea flower buds.  PI. Phys. 54:29-35. 

Hirano, S., L.S. Baker, and CD. Upper.  1985.  Ice nucleation 
temperature of individual leaves in relation to population 
sizes of ice nucleation active bacteria and frost injury. 
PI. Phys. 77:259-265. 

Hobbs, P.V.  1974.  Ice Physics.  Oxford University Press.  London. 

Jarvis, M.C.  1982.  The proportion of calcium-bound pectin in 
plant cell walls.  Planta 154:344-346. 

Jensen, R.G., R.I.B. Francki, and M. Zaitlin.  1971.  Metabolism of 
separated leaf cells.  I.  Preparation of photosynthetically 
active cells from tobacco.  PI. Phys. 48:9-13. 

Kaku, S.  1966.  Changes in supercooling in growing leaves of some 
evergreen plants and their relation to intercellular space, 
osmotic value and water content.  Bot. Mag. Tokyo 79:98-104. 

Kaku, S.  1971.  A possible role of the endodermis as a barrier for 
ice propagation in the freezing of pine needles.  Plant and 
Cell Phys. 12:941-948. 

Kaku, S.  1973.  High ice nucleating ability in plant leaves. 
Plant and Cell Phys.  14:1035-1038. 

Kaku, S.  1975.  Analysis of freezing temperature distribution in 
plants.  Cryobiol. 12:154-159. 

Kohlenbach, H.W.  1984.  Culture of isolated mesophyll cells.  In: 
Cell culture and somatic cell genetics of plants.  Ed. I.K. 
Vasil.  Vol. 1.  pp. 204-212.  Academic Press.  Orlando, 
Florida. 

Li, P.H.  1977.  Frost killing temperatures of 60 tuber-bearing 
Solanum species.  Am. Potato J. 54:452-457. 

Lindow, S.E.  1983a.  Methods of preventing frost injury caused by 
epiphytic ice-nucleation-active bacteria.  PI. Disease 
67:327-333. 



63 

Lindow, S.E.  1983b.  The role of bacterial ice nucleation in frost 
injury to plants.  Ann. Rev. Phytopathol. 21:363-384. 

Lindow, S.E., D.C. Amy and CD. Upper.  1978.  Distribution of ice 
nucleation-active bacteria on plants in nature.  Appl. 
Environ. Microbiol. 36:831-835. 

Lindow, S.E., D.C. Arny and CD. Upper.  1982.  Bacterial ice 
nucleation:  a factor in frost injury to plants.  PI. Phys. 
70:1084-1089. 

MacKenzie, A.P.  1977.  Non-equilibrium freezing behavior of 
aqueous systems.  Phil. Trans. R. Soc. Lond. B. 278:167-189. 

Maki, L.R., E.L. Galyan, M. Chang-Chien, and D.R. Caldwell.  1974. 
Ice nucleation induced by Pseudomonas syringae.  Appl. 
Microbiol. 28:456-459. 

Marcellos, H., and M.J. Burke.  1979a.  Frost injury in wheat:  Ice 
formation and injury in leaves.  Aust. J. Plant Phys. 6:513- 
521. 

Marcellos, H., and W.V. Single.  1976.  Ice nucleation on wheat. 
Agri. Meteor. 16:125-129. 

Marcellos, H., and W.V. Single.  1979b.  Supercooling and 
heterogeneous nucleation of freezing in tissues of tender 
plants.  Cryobio. 16:74-77. 

Palta, J.P., and P.H. Li.  1979.  Frost-hardiness in relation to 
leaf anatomy and natural distribution of several Solanum 
species.  Crop Sci. 19:665-671. 

Pomeroy, M.K., S.J. Pihakaski, and CJ. Andrews.  1983.  Membrane 
properties of isolated winter wheat cells in relation to 
icing stress.  PI. Phys. 72:535-539. 

Proebsting, E.L. Jr., P.K. Andrews, and D. Gross.  1982. 
Supercooling young developing fruit and floral buds in 
deciduous orchards.  HortSci. 17:67-68. 

Rajashekar, C, P.H. Li, and J.V. Carter.  1983.  Frost injury and 
heterogeneous ice nucleation in leaves of tuber-bearing 
Solanum species.  PI. Phys. 71:749-755. 

Rehfeld, D.W., and R.G. Jensen.  1973.  Metabolism of separated 
leaf cells.  III.  Effects of calcium and ammonium on product 
distribution during photosynthesis with cotton cells. PI. 
Phys. 52:17-22. 



64 

Richardson, D.G., and C.J. Weiser. 1972. Foliage frost resistance 
in tuber-bearing Solanums.  HortSci. 7:19-22. 

Salt, R.W.  1970.  Analysis of insect freezing temperature distri- 
butions.  Can. J. Zool. 48:205-208. 

Servaites, J.C., and W.L. Ogren.  1977.  Rapid isolation of 
mesophyll cells from leaves of soybean for photosynthetic 
studies.  PI. Phys. 59:587-590. 

Shepard, J.F., and R.E. Totten.  1977.  Mesophyll cell protoplasts 
of potato.  PI. Phys. 60:313-316. 

Siminovitch, D., and G.W. Scarth.  1938.  A study of the mechanism 
of frost injury to plants.  Can. J. Res. C. 16:467-481. 

Singh, J.  1979.  Freezing of protoplasts isolated from cold- 
hardened and non-hardened winter rye.  PI. Sci. Lett. 16:195- 
201. 

Singh, J.  1981.  Isolation and freezing tolerances of mesophyll 
cells from cold hardened and nonhardened winter rye.. PI. 
Phys. 67:906-909. 

Steponkus, P.L., and R.Y. Evans. 1982. Cryomicroscopy of isolated 
rye mesophyll cells.  Cryo-Lett. 3:101-114. 

Takebe, I., Y. Otsuki, and S. Aoki.  1968.  Isolation of tobacco 
mesophyll cells in intact and active state.  PI. and Cell 
Phys. 9:115-124. 

Tao, D., P.H. Li, and J.V. Carter.  1983.  Role of the cell wall in 
freezing tolerance of cultured potato cells and their 
protoplasts.  Physiol. Plant 58:527-532. 

Tetley, Richard.  1985.  Personal communication. 

Vali, G. 1971. Quantitative evaluation of experimental results on 
the heterogeneous freezing nucleation of supercooled liquids. 
J. Atmos. Sci. 28:402-409. 

Vali, G. and E.J. Stansbury.  1966.  Time-dependent characteristics 
of the heterogeneous nucleation of ice.  Can. J. Physics 
44:477-502. 



APPENDIX 



65 

0.1 
-15 

background 

S. acaule 

+    D 

-13 -II -9 -7 

TEMPERATURE (0C) 
Figure A.l.  Freezing characteristics of mesophyll cell suspensions 

of £. acaule.  Plants were subjected to treatments as in Figure 4.1. 

Cold ( + ), warm (O), background (Q).  The linear equations 

describing the freezing response vs. temperature are log (% frozen) 

(% frozen) =  : 

-2.09-0.19T R =0.98 

-2.22-0.22T R2=0.97 

-5.15-0.38T R2=0.92 

where T=temperature in C 
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Figure A.2.  Freezing characteristics of S^. acaule leaf disks 

placed abaxial side up on 20 ul droplets.  Plants were subjected to 

treatments as in Figure 4.1.  Cold ( + ), warm (Q), background (0). 

The linear equations describing the freezing response vs. temperature 

are log (% frozen)=  : 

-0.74-0.15T R =0.96 

-1.94-0.22T R2=0.96 

-3.46-0.28T R2=0.71 

where T=temperature in C 

_S. acaule warm 

j^. acaule cold 

background 
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Figure A.3.  Freezing characteristics of j[. acaule leaf disks 

placed adaxial side up on 20 ul droplets.  Plants were subjected to 

treatments as in Figure 4.1.  Cold ( + ), warm (D), background <<>). 

The linear equations describing the freezing response vs. temperature 

are log (% frozen)=  : 

-1.31-0.18T 

-2.44-0.26T 

-4.17-0.32T 
o 

where T=temperature in C 

R =0.97 

R2=0.94 

R2=0.96 

S^ acaule warm 

S^. acaule cold 

background 



68 

Figure A.4. Freezing characteristics of j[. acaule (a) and 

S^.   tuberosum (b) leaf disks in distilled water droplets.  Plants 

were subjected to treatments as in Figure 4.1.  Cold (-h), 

warm (D), background (O).  The linear equations describing the 

freezing response vs. temperature are log (% frozen)=  : 

2 
-1.66-0.22T       R =0.99      S^ acaule warm 

-1.49-0.21T       R2=0.97      _S. acaule cold 
2 

-3.02-0.29T       R =0.99      S. tuberosum warm 

-4.95-0.38T       R2=0.84      background 

where T=temperature in C 
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Figure A.4(a).  Freezing characteristics of S^. acaule leaf disks 

in distilled water.  Cold ( + ), warm (O), background (0). 
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Figure A.4(b).  Freezing characteristics of jS. tuberosum leaf disks 

in distilled water.  Cold ( + ), warm (0), background (.<>). 
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TABLE A.l  COMPARISON OF CELL ISOLATION MEDIA 

material 

Component 
Cataldo Jensen Rehfeld 

Sour ce 
Servaites Singh Takebe 

ISO wash" iso wash iso wash iso 

Sorbitol 0.6M 0.8M 0.8M 0. 7M 0.3M 0.2M 
Mannito1 0.1M 0.8M 
KoS0 20IIIM 12.5mM 
KftO 4 ImM ImM ImM 5mM SmM ImM 
KH^O O.ZmM 0.2mM 0.2mM 0.2inM 
MgSO * 0.2mM O.lmM O.lmM O.lmM 
KC1 " 5mM 
KI luM luM luM luM 
CaCl„ ImM O.lmM ImM 1.5mM O.lmM 
Ca(N0 )„ 2mM 
CuSO   - O.OluM O.OluM O.OluM O.OluM 
MgClJ ImM SmM 
PVP *" 2%w/v 
MES 20mM 
Dextran- 
sulfate 0.3% 0. 3% 1% 

pH 5.8 5.8 5.8 5 .8 5.8 5.8 7.8 6.0 5.4 
Rimocidin lOug/ml lOug/ml lOug/ml 
Cepha- 
loridine 300ug/ml 300ug/ml 300ug/ml 

BA lug/ml lug/ml 
2,4D lug/ml 

tobacco  tobacco cotton soybean rye tobacco 

y 
isolation media 
wash media 

^1 



73 

NOTES ON THE USE OF TEMPSENSE 

This is a basic introduction to the use of the Tempsense 

system for differential thermal analysis (DTA).  The general steps 

involved in doing a freezing test and plotting the data will be 

covered.  As you use the system, you will develop your own 

modifications of this procedure. 

This write up is not meant to replace the TS manual.  See it 

and other references for more detailed information.  I will also 

refer to several short notes written by Jim Wong.  See also Jim 

(Botany) for information. 

DTA SETUP 

Prepare samples for DTA.  These may be any usual DTA samples 

from leaves to insects or an emulsion (see section under 

preparation and loading of emulsion samples for DTA).  Most often 

you will want to equilibrate samples to 0 C, or some other standard 

temperature.  For emulsion samples the aluminum block is used with 

the special sample cells.  There is no special container for other 

samples at this time (12/85), but some standard should be set. 

Wrapping leaf samples in aluminum foil and placing them all in a 

thermos or other container will serve initially. 

A total of 6 samples can be run at one time plus the 

reference. After setting up the Apple as described under TS 

Program operation, attach prepared, equilibrated samples to the 
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thermocouples (see later sections on calibration of the 

thermocouples).  Place samples into the freezer, and begin data 

acquisition by hitting return.  The Apple will now continue to take 

data according to the criteria you have set.  When it is finished, 

the data will automatically be stored on the diskette in drive 1. 

If runs contain more data than can be stored in one file, it will 

be stored in batches.  Batches are stored as the same name with 

consecutive numbers.  That is, data file TEST will be stored as 

TESTO, TEST1, and so on.  Each batch holds just over a thousand 

values.  These values include the time of each set of readings as 

well as the sum of the readings for each sample and reference.  For 

a one hour run with 6 samples, and readings taken every 30 seconds, 

two to three batches will be required. 

TS PROGRAM OPERATION 

Boot the TSMOD diskette.  Be sure you have space on the disk 

for your data files before you begin.  Each batch requires 20 to .21 

k.  Run Tempsense (TS).  Set time if you desire, or just hit 

return.  The most used menu options are #3 Calibrate Sensors 

(thermocouples), #4 Configure Channels, and #5 Collect Data.  For 

information on the other options see the TS manual.  #1 and 2 are 

only required for the initial set up of the system or if you make a 

major change.  See also the instructions from J. Wong on these 

points (7). 
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CALIBRATION.  (Note: it is not a good idea to leave this 

until the last minute.  Have the calibration complete long before 

you plan to do a run). 

The thermocouples must be calibrated to give accurate 

temperature readings.  This is essential when new thermocouples 

have been installed, after thermocouples have been repaired or you 

have reason to suspect they are inaccurate.  Once an accurate 

calibration has been completed and stored, a recalibration is not 

required for each run. 

An ice water bath and high temperature bath with thermometer 

is required.  It is best to use lab-'-made distilled water ice cubes 

that have been crushed and distilled water for the ice water bath. 

(A new trial version of this step is available.  It is called 

Caltest.  It allows you to input the temperatures for both the high 

and low temperature baths rather than assuming the ice water bath 

to be 0CC, which it rarely is.  See Jim Wong for information on 

this, or if it dosen't seem to work).  Type #3 to choose the 

calibration option.  If you do not specify a calibration table to 

load, the default file CalO is automatically used.  Normally this 

will be your working calibration.  The sensor numbering system is 

rather mixed.  The program considers the first usable Ada Mux 

connection to be sensor #1, channel #2.  This is the thermocouple 

(tc) used as the reference, so I have labelled it #0.  It is a 

crazy system.  I use 0 so my file numbers refer to the tc and 

sample so labelled.  Our tcs are type T, copper constantan. 

Currently I am using 36 gauge wire, but other types could be used. 
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A recalibration is required when new or different tcs are 

installed.  To calibrate the sensor follow the directions on the 

screen.  When you have finished with the first tc continue the 

procedure with the remaining sensors.  When you have completed the 

calibration, type 0 to end.  Print the calibration table to look 

for any major variations in numbers.  The values won't all be the 

same due to variations in wire length and thermocouple junction 

size.  They should be close.  If any are off, you may want to 

recalibrate that sensor.  If you are confident with your 

calibration, save the file as your default values.  Otherwise you 

can save it under any other name to test the readings. 

When you get back to the TS menu choose #5 Collect data to 

check the tcs.  Follow the procedures for data collection with the 

sensors all in one water bath, then the other.  Compare 

temperatures.  Hopefully they will be similar-within a degree if 

possible.  If you are not satisfied repeat the calibration 

procedure in whole or part until the temperatures are consistent. 

CONFIGURE CHANNELS.  This allows you to tell the Apple how 

many tcs you will be using in a freezing run.  If you don't load a 

specific file the default values are used.  I have set the 

configuration I normally use as the default file.  The Apple asks a 

couple of questions, then prints out the configuration table it is 

currently using.  The columns in the table are CHAN, ID#, COLD, 

LOW, and HIGH.  Channel and ID are just number designations.  The 

two values are redundant here but apply if we had two Ada Mux. 

COLD means the cold compensation reference.  Zero is the default 
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value and allows you to set the room temperature for comparison. 

Actually this is the block temperature of the Ada Mux tc 

connections.  For a more complete explanation see the TS manual. 

You can also cold reference junction the thermocouples by using the 

first tc in an ice bath and referencing to it.  COLD would then be 

channel #2.  The data then print out with the first tc reading 

being the block temperature, or room temperature.  This supposedly 

compensates for changing temperatures in the lab, but I was never 

satisfied with the plots it gave.  LOW and HIGH refer to the alarm 

limits.  A buzzer sounds if the temperature goes off range.  I set 

them very high, +100 C and very low -100 C because I don't use 

them.  Set this way, they will go off only if a tc breaks. 

The program then asks if you want to edit or change the 

table.  If you're using less than 7 tcs you must edit the file.  If 

you want to delete a sensor, tell the Apple you want to configure 

that channel.  Note: channel, not ID or tc numbering system.  For 

example if you plan to run 4 samples plus a reference, only 5 tcs 

are needed (or 6 if you use a cold reference junction).  To delete 

1 tc, type channel 8.  List its ID as 0.  This will be obvious when 

you are watching the screen.  The channel is deleted and the new 

table is printed on the screen.  To delete the next tc, Y to edit, 

channel 7 and ID 0, etc. 

Store the configuration table as the default if it is the one 

you will be using most often, or under another name if it will be 

one of several used at different times. 
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COLLECT DATA.  Finally the heart of the matter.  Choose your 

scan interval.  The range you are allowed is within the 

parenthethesis.  This value is the frequency with which the Apple 

takes data.  The more often data is taken, ie. shorter scan 

interval, the more points on the graph and the smoother the curve. 

However, this also means the larger your data files and the more 

batches/run and more merging to be done.  Experience will tell you 

what values work for your system.  For fast rates of freezing (1-3 

C/min) as I use for emulsions, 25 to 30 sec is acceptable.  For 

slower freezing use a larger scan interval. 

The next question has to do with the number of 

samples/reading.  For each data point the Apple can take several 

samples and average them as the reading it stores.  The limits are 

again given in parenthesis.  I use 3 or 4.  Then set the time of 

the run in minutes.  Over estimate rather than underestimate time. 

Consider what temperature the freezer is, how fast your samples 

will drop in temperature, and what temperature you want your 

samples to get to when deciding on time parameters. 

Next enter a file name for your data file.  Be sure it is 

different from any files you have on your disk already.  Set the 

default block temperature.  This is the temperature of the strip on 

the Ada Mux where the tcs are connected.  Ideally this temperature 

won t change over the course of the run.  I keep a thermometer 

beside the box and check it after the run and/or during a long run. 

Attach your samples.  Put them in the freezer.  Follow the 

instructions on the screen.  Rarely will you want a hard copy of 
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this data.  If you are checking your sensor calibrations you may 

want a hard copy, then hit Cntr P, return.  Otherwise hit return to 

start the data acquisition.  The Apple will now take data and store 

it until time runs out or you stop it.  You can stop it at any time 

by hitting ESC.  It will finish the point, then ask if the data 

should be stored.  Now you need to convert and organize your data. 

Go to the exit menu, #9 from the TS menu.  Procede as instructions 

under Data Manipulation (see also ref. 6). 

DATA MANIPULATION 

(Note:  these programs were all written or adapted by Jim 

Wong). 

Initial data is stored as binary files designated on the 

diskette directory as "B".  To be used, files must be converted to 

text files.  Run 'B^1 for this.  The program is user friendly-as 

are most of the TS programs.  It will ask you which disk drive the 

source file is on, ie. binary data file, the file name and batch 

number.  Then it asks which drive you want the text file on.  I put 

text files on separate disks and keep the TS disk for programs and 

binary files only.  I also make a backup copy of every binary file 

on a separate disk used only for that purpose and stored in a place 

separate from my other diskettes in case of damage.  These files 

are designated as TEST.TO, TEST.T1 etc.  Each step along the data 

manipulation pathway stores files with a different designation (see 

file designation list). 
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Once you have text files you can look at the raw data if you 

want, or do the conversions necessary before the data can be 

plotted.  If you want to see the data, run 'SCALER'.  At this 

point, data is stored as 10 X the actual value so you need to add a 

decimal point.  It asks what file you want to look at, and edit, 

merge, or several other things.  I suggest you try this program and 

familiarize yourself with it.  It is self explanatory once you get 

into it. 

Data is stored as a series of numbers.  The first one of a 

set is always the time in hours, minutes and tenth of minutes. 

Next are the temperatures the Apple calculated and recorded during 

the run.  The first one should be the reference temperature (be 

sure you have set the thermocouples up this way-otherwise delta 

temp cannot be determined).  The next 6 values (or the number of 

samples you are running) will be your sample temperatures.  Then 

the next time measurement, reference temperature, sample 

temperatures and so on. 

Since we want a plot of the data as delta temperature (sample 

temperature - reference temperature) vs. reference temperature, 

several steps must be taken.  First delta temp must be determined. 

Then these values must be paired with the corresponding reference 

temperature.  The program 'DIFFILER' does this.  It asks which disk 

drive the file is on etc., then asks which is the first X (FX), ie. 

reference temperature.  Normally this will be #2.  Remember that 

the first value is the time.  Actually one anomaly of the system is 

that tempsense takes a set of numbers prior to your first true 
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data.  This can either be erased in 'SCALER' or ignored as it will 

not affect your plot.  The program will also ask you how many 

values per set (VS) you have.  This is the sum of values in one 

line.  In this case it would be 8-1 for time, 1 for reference, and 

6 for samples.  The Apple will then go through the data and arrange 

it.  It asks you which drive it should write to so you can put it 

wherever you like.  The data file titles are now appended to 

TEST.T01, TEST.T02, etc., up to TEST.T06.  One additional file, RT, 

is set up by 'DIFFILER'.  This is a file of time vs. reference 

temperature to give freezing rate.  This doesn't work if you use 

cold reference junctioning.  This can be plotted through Sciplot 

(4). If you have another batch, you will have to run the program 

again.  Data files for this set will.be TEST.Til, TEST.T12, etc. to 

TEST.T16.  The first number following the T-text file designation 

is the batch number.  The second number relates to the sample 

number. 

Now the data can be plotted.  Run 'TSPLOT'.  Follow the menu. 

Choose the option to load data.  Follow the instructions.  After 

loading the data, it will ask if you want to merge another file. 

This is a wonderful step.  If you have batches you will want to 

merge them at this point.  For example, TEST.Til should be merged 

with TEST.T01. When all the batches are merged, type N (no) to 

this question.  Then it will ask if you want this merged file 

written to the diskette. Generally you will reply , Y1. This 

simply saves your large merged file so you won t have to merge it 

again.  It is written to the disk as TEST.T11M.  Since you have 
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this file, you won't need your single batch files.  The program 

asks if you want them deleted.  Answer 'Y'. 

Next 'TSPLOT' will ask several questions about the plot.  You 

can choose the appropriate x and y scales.  Options 8 for both 

scales is most commonly used.  It also asks at which point it 

should start.  Since only points with a reference temperature less 

than 0oC are plotted, you may want to start at a point other than 

1.  Just try some.  If you started taking data at +20C for 

instance, you will have several points that are not plotted.  These 

show up as a line of points at 0oC.  It0s not important except that 

it looks better without those points. 

Now the data is plotted.  Hit return.  You have several 

options here.  You can mark the peaks.  Options and short 

explanations appear at the bottom of the screen.  'G' puts you back 

on the plot with a blinking cursor.  Use the arrow keys to move the 

cursor.  Initially it moves by sets of nine.  You can change this 

at any time by hitting a number between 1 and 9.  Move the cursor 

to your first peak.  Hit 'T' to mark it.  This puts an arrow on the 

peak and records the x and y values.  Hit G again to get back to 

the graph, mark your next peak and so on.  When all peaks are 

marked hit M to continue.  If you make an error, the last peak can 

be cancelled by 'X', while the whole set of marked peaks can be 

cancelled with control (Cntr) X.  Now you can label the plot.  Type 

Cntr E to get back to the graph with a blinking cursor. Move 

cursor to desired location with I, J, K, and L keys.  Type Cntr T 
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to type the lable.  Select direction of type and character set from 

table I. 

Type in desired label.  Character sets can be changed within 

a label to give both upper case and special characters like a 

degree sign.  Any number of labels can be used.  Hit Cntr X to end 

this labelling step. 

Now you are asked if you want to print the data. If so, hit 

Y. Then you can type in any notes you want printed with the graph 

and the date. Be sure the printer is on-line and the paper is 

lined up. There are several print options. Choose the appropriate 

one. Large pictures take a long time to print, so I usually print 

small ones except for final plots. Exit this menu and continue to 

plot other files. 

Choose option 'B' load data.  Answer yes to dump current data 

and continue.  You can plot this new file over the old if you want 

by answering no to redraw the frame.  If you answer yes, the old 

plot is erased and you can start over.  Sometimes it is good to 

plot over the old one for comparison.  If you then decide to change 

and plot only the new one simply continue answering all questions 

until you get back to the menu.  Then type 'E' redraw frame.  The 

two plots will be erased.  Your data is still in memory, and you 

can plot it by itself.  Continue as before until you get back to 

the menu. 

Other menu options include saving the picture to the disk. 

This requires much memory space and is rarely necessary.  The plot 

can be regenerated quickly.  Also you probably already have a hard 
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copy.  When finished plotting, exit the menu and exit to basic if 

you are finished with tempsense. 

PREPARATION AND LOADING OF EMULSION SAMPLES 

The first step is to prepare the sample you wish to place 

into an emulsion.  This can be any solution or other preparation. 

Then the emulsifying oil is prepared.  The most common form is 

heptane with 5% (w/v) SPAN 65.  This must be heated under hot 

running water to get the SPAN into solution. Caution: heptane is a 

hydrocarbon and as such is flammable.  Do not overwarm it. 

A crude emulsion procedure improves the final emulsion.  It 

may be essential for some preparations, but is not required for all 

emulsions.  The procedure involves connecting two syringes with a 

double female lure lok.  Appropriate quantities of the two 

components are taken up into each syringe.  Join the syringes with 

the lure lok.  Force the plungers back and forth to emulsify the 

sample.  The ratio of the quantities of components varies depending 

on your application. Generally equal volumes of the sample solution 

and the heptane/SPAN are used.  Sometimes this crude emulsion may 

be sufficient.  Usually a fine emulsion should be prepared. 

A high speed homogenizer is needed to make a fine emulsion. 

Homogenize the sample until the droplets are of acceptable 

uniformity and size.  Check this under a microscope.  If you are 

using the Polytron, 15-20 seconds at setting 4 or 5 should be 

sufficient. 
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Heptane evaporates quickly so it is important to keep your 

samples covered.  Load them into the sample containers.  Place the 

containers in the aluminum block.  Equilibrate in the cold room. 

Place the thermocouples in the samples, and lower the block into 

the freezer.  Start taking data. 

For more information on emulsions see references by Rasmusen, 

MacKenzie, and Franks. 

1-2-3 Tempsense-or a summary of the steps 

1. Prepare samples.  Equilibrate. 

2. Apple set up. 

a. Run 'Tempsense' 

b. Calibrate sensors 

c. Configure channels 

d. Collect data 

Scan interval 30 sec. 

#samples/reading=3 

3. Data manipulation 

a. 'BtT1 

b. 'DIFFILER' 

c. 'TSPLOT' 

designation 

.Tx 

.Txz 

.TxzM 

Character sets   #0 Special characters 

#1  Upper case 

#2  Lower case 
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Orientation      .&0 Horizontal 

&1  Vertical 
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