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CONTENTS

Page No,

Acknowledgements 1

Abbreviations 2

Summary 3

A. General Introduction 5

Al Biological Aspects of the Water-Ice Phase Change 5

Al.l Initiation of freezing 6

Al.2 Factors Affecting the Freezing Process 9

A1.3 Nucléation Barriers 11

A2 Low Temperature Stress and Resistance in Plants and 

Seeds 13

A2.1 Plant Life at Extremes of Temperature 13

A2.2 Chilling Injury 14

A2.3 Freezing Injury 17

A2.4 Responses of Plants to Sub-Zero Environmental 

Temperatures 19

A2.5 Seeds at Sub-Zero Temperatures 32

A2.6 Mechanisms of Sub-Zero Temperature Tolerance 

in Seeds and Differential Thermal Analysis 45

B. Materials, Methods and Standard Procedures 51

B1 Introduction 51

B2 Materials, Methods and Procedures 51

B2.1 Seed and Seed Storage, Regeneration and 

Confirmation of Species 51

B2.2 Imbibition and Surface Drying 53

B2.3 Moisture Contents and Seed Dry Weights 54

B2.4 Dissection and Piercing 54



Page No

B2.5 Low Temperature Exposure 55

B2.6 Alcohol Treated Seeds 57

B2.7 Warm Water Treatment 57

B2.8 Seed Sample Size Fractionation 57

B2.9 External Water Removal Technique 58

B2.10 Viability Tests 58

C. Characterisation of Freezing Phenomena in Imbibed Seeds of 

Lettuce cv. Great Lakes 61

Cl Introduction 61

C2 Results and Discussion 63

C2.1 The Freezing Behaviour of Fully Imbibed Seed of

Lettuce cv. Great Lakes during cooling at 20°Ch  ̂ 63

C2.2 Simulation of Natural Freezing Conditions and

Long Term Exposure to S.Z. Temperature 73

C2.3 The Effect of Cooling Rate on the Freezing

Behaviour of Fully Imbibed Seed of Lettuce cv.

Great Lakes 80

C3 Discussion 92

C3.1 Nucléation Temperatures 92

C3.2 Moisture Content and Supercooling 93

C3.3 Storage of Imbibed Seed 95

C3.4 Freeze Desiccation 96

C3.5 Summary 97

D. Low Temperature Tolerance Characteristics of Seven Cultivars 

of Lactuca sativa 100

D1 Introduction 100

D2 Results and Discussion 101

D2.1 Variation in Freezing Tolerance 101



Page No,

D2.2 The Causes of Variation 104

D2.3 Anomalous Behaviour 112

D3 General Discussion 114

D3.1 Nucléation Barriers 115

D3.2 Embryo Nucléation 117

D3.3 The Critical Moisture Content 118

D3.4 Moisture Content 119

D3.5 Summary 119

E. The Endosperm Nucléation Barrier in the Seed of L. sativa 122

El Introduction 122

E2 Results and Discussion 123

E2.1 Alcohol Treated Seed 123

E2.2 Heat Treated Seed 130

E3 Discussion 131

F, Freezing Behaviour in Wild Species of the Genus Lactuca 137

FI Introduction 137

F2 Results and Discussion 140

F2.1 Seed Structures 140

F2.2 Freezing Tolerance Characteristics of L. 

serriola and L. virosa 140

F2.3 Investigation of the Causes of Variation in 

Cooling Rate Tolerance Between Two Seed Lots of 

Lactuca serriola 145

F3 Discussion 160

F3.1 Correlation Between Freezing Tolerance and 

Climate of Origin 161

F3.2 Spontaneous Nucléation of the Embryo 162

F3.3 Response to Cooling Rate 163



Page No,

F3.4 Alcohol Treatment 164

G. General Discussion 167

G1 Survival Value of the Supercooling/Freeze Desiccation 

System 167

G2 Nucléation Barriers in Plants 172

G3 Low Temperature Resistance in Seeds 176

G4 Possibilities for Further Work 182

G4.1 Ecological Aspects 182

G4.2 Stress Physiology 184

Literature References 187

Appendix I Equivalent Percentage Moisture Content Values 

Expressed on a Fresh Weight Basis or Dry Weight Basis 206

Appendix II Equivalent Temperatures Expressed in Degrees 

Centigrade, Degrees Fahrenheit and Degrees Kelvin 207

Appendix III Calculation of Corrected Moisture Contents 208

Published Papers



ACKNOWLEGEMENTS

First and foremost my greatest thanks must go to Dr Keith 

Moore,both for giving me the opportunity to conduct the research 

reported herein and also for unflaggingly providing much needed 

advice, instruction, discussion and encouragement during both 

periods of practical research and writing up.

I should also like to thank Dr S.D. Prince of Queen Mary College, 

London, Dr D. Astley of the National Vegetable Research Station,

Dr D. Globerson of the Volcani Centre, Israel and Mr R.D, Smith of 

the Kew Seed Bank for providing seeds of the wild Lactuca species.

Miss J. Bennett of Long Ashton Research Station and Mr S. Brown of 

Reading University for soil surface temperature data and Mr C. Davey 

for practical technical assistance.

Finally (in order of appearance only) I must thank Sarah Clark 

for both her support and encouragement during the preparation of 

this thesis and for giving up many hours of her leisure time in order 

to type it.



ABBREVIATIONS

S.Z. Sub-zero; refers to temperature in °C. Tables for con

version of °C to and K are given in Appendix II.

M.C. Moisture content

fw Refers to moisture content. Denotes M.C. value is

expressed as a percentage of the sample fresh weight, 

dw As above. Denotes M.C. value is expressed as a per

centage of the sample dry weight. Tables for the 

conversion of fw to dw are given in Appendix I. 

f.p. Freezing point

cv. Cultivar

DTA Differential thermal analysis

SET Sample environment temperature

CMC Critical moisture content

Fig. Figure

p Probability

P.E.G. Polyethylene glycol

L Large

M Medium

S Small

Refer to size classes of sieved seed 
samples

Seed In this thesis the word seed is used to denote not only

true seeds but also any more complex structures such as 

achenes, caryopses, nuts, drupes etc. which may act as 

individual propagules.



SUMMARY

Low temperature tolerance was investigated in the imbibed seed 

of 15 seed lots of Lactuca sativa, 6 seed lots of Lactuca virosa and 

8 seed lots of Lactuca serriola.

During rapid cooling (20°Ch ^), some seed of all seed lots 

survived to -16°C but none to -20°C. The majority of seed lots 

retained over 50% viability above -14°C and investigations with 

L. sativa employing differential thermal analysis indicated that this 

was due to isolation of the embryo from external ice by the endo

sperm, and subsequent embryo supercooling. Certain seed lots showed 

high mortality at temperatures above -10°C and correlation of mort

ality with the formation of extracellular ice suggested that the 

endosperm in these seed lots was not an effective nucléation 

barrier.

At slower cooling rates survival to -20°C was increased due 

to freeze desiccation of the embryo, and variation between species 

and seed lots was revealed. The maximum cooling rate for 50% 

survival to -20°C varied from 1.5 to 3°Ch  ̂ (L. sativa seed lots), 

from 4 to 6°Ch"^ (L. virosa seed lots) and from 3 to 10°Ch~^

(L. serriola seed lots).

A model to explain variation in cooling rate tolerance was 

developed incorporating (l) the initial equilibrium moisture content 

of the fully imbibed seed, (2) the rate at which freeze desiccation 

of the supercooled embryo took place and (3) the seed moisture content 

at which nucléation (at -20°C) was no longer certain. In L. sativa, 

variation between seed lots appeared to be governed by factor (1); 

low seed moisture content was closely correlated with high survival 

at slow cooling rates. In L. serriola, variation between the two



seed lots examined appeared to be due to differences in factor (2).

Organic solvent and warm water treatment of L. sativa seed 

suggested that saccharides rather than lipids were responsible for 

the barrier action of the endosperm.

Attempts to store fully imbibed seed at -8j^2°C for prolonged 

periods were unsuccessful.

The ecological and cryobiological significance of the results 

was discussed.



A. GENERAL INTRODUCTION

The work reported in this thesis is concerned with the formation 

of ice in plant tissues. An understanding of the water/ice phase 

change in biological materials requires the introduction of various 

concepts and associated terminology more familiar to physical 

scientists than to most biologists. This is done in the first section 

of the introduction. The second section reviews relevant biological 

literature and introduces the subject under investigation and the 

techniques involved.

A1 BIOLOGICAL ASPECTS OF THE WATER-ICE PHASE CHANGE

The thermodynamic and chemical properties of the compound H^O 

(water or ice) are unusual in that they cannot be predicted on the 

basis of the pattern of behaviour exhibited by compounds of a related 

composition (H^S, H^Se, HgTe) and are profoundly influenced by the 

highly polar nature of the water molecule and its tendency to form 

hydrogen bonds. Furthermore despite many years of intensive 

research we do not yet possess sufficient knowledge to permit an 

accurate description, in statistical thermodynamic terms, of the 

behaviour of the molecules comprising even a simple aqueous system 

such as normal liquid water (Franks, 1980; Cooke & Kuntz, 1974). 

Consequently the descriptions of phase change processes given below 

are qualitative and demonstrate only a limited understanding of 

the mechanisms underlying them even though they may be well character

ised by observation and experiment.



The discussion below, which, to a large extent is based on 

papers by Salt (1961), Chalmers (1959), Smith (l96l) and Franks 

(1980, 1981) is limited to freezing processes which are likely to 

occur at climatic temperatures and pressures. High and low pressure 

and ultra low temperature transformation and condensation processes 

which influence the morphology of the ice phase are not therefore 

considered. The ice formed from liquid water during the biological 

freezing processes which occur in nature is unlikely to be of any 

form but Ice 1 (Franks, 1980).

Al.l INITIATION OF FREEZING

At present liquid water is believed to consist of small transient 

clusters of water molecules arranged in an ice-like conformation 

surrounded by a matrix of highly mobile, disorganised, single water 

molecules which are continually joining or breaking away from the 

clusters. Occasional molecules also attain enough energy to break 

free of the liquid surface to form a vapour phase in the atmosphere 

above it. The vapour pressure is a measure of the internal energy 

content of the water.

As the temperature is lowered, the mean velocity of the water 

molecules, and therefore the vapour pressure, falls and the number and 

size of the ice-like clusters increases. Eventually one of the 

clusters will exceed a certain critical size whereupon it will 

become an ice crystal nucleus and will grow by accretion. The process 

of nucleus formation, which initiates ice crystal growth is termed 

nucléation, and when it occurs in pure water it is termed homogeneous 

nucléation.

The nucleus thus formed will grow or shrink in response to



temperature. At temperatures below the freezing point (f.p.) the 

number of molecules joining the crystal will exceed the number 

leaving it (though some do still leave even at very low temperatures) 

and freezing will occur. At temperatures above the f.p. the number 

of molecules which gain sufficient energy to leave the crystal 

exceeds the number which join it and so it melts. At the freezing 

(or melting) point the numbers of molecules joining and leaving an 

ice crystal are similar and ice and water may coexist in equilibrium.

Thermodynamically ice is the most stable configuration for water 

at temperatures below 0°C. Formation of the crystal lattice there

fore results in a release of energy - the latent heat of fusion - 

and the curve of vapour pressure against temperature changes slope 

at this point.

Although the freezing point of pure water is defined as 0°C, 

nucléation does not always occur at this temperature. This is
t

because the formation of an ice nucleus is dependant on the random 

movement of the liquid water molecules, which means that the process 

of nucléation is subject to the laws of probability. At temperatures 

near 0°C the probability of a nucleus of critical size being formed 

per unit volume of water in unit time is low (Goetz & Goetz, 1938). 

Increasing the volume of water or the time at a given temperature 

therefore increases the likelihood of nucléation but does not 

guarantee it (Salt, 1961). Small volumesof water can readily be 

cooled below 0°C without freezing. In this state the water is 

described as supercooled (subcooled, undercooled). Because super

cooled water has not lost its heat of fusion it has a higher 

internal energy and higher vapour pressure than ice at the same 

temperature. It is described as being in a metastable or non

equilibrium state and will solidify as soon as the stable solid
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state is introduced.

As the temperature is lowered the critical size of the ice 

crystal nucleus decreases. The probability that a nucleus will be 

formed and therefore that freezing will occur thus increases. For 

this reason water cannot be cooled below -38.5°C without freezing.

This temperature, below which a liquid (or solution) cannot be 

supercooled without freezing, is termed the supercooling limit or 

homogeneous nucléation temperature.

The above description of nucléation refers only to pure water, 

however the initiation of ice crystal growth can, and under natural 

conditions usually does, occur as a result of the presence of 

impurities. Impurities which promote nucléation are termed nucleators 

and when freezing is initiated as a result of the presence of such 

nucleators it is termed heterogeneous nucléation. Nucleators may 

take the form of complex substances such as bacterial cell wall 

material (Franks, 1980) or may be simpler substances such as dust 

or organic and inorganic compounds (eg. Agi crystals). Substances 

which act as nucleators are usually larger than 20 nm in diameter 

and are believed to have crystal lattice dimensions which resemble 

that of ice. This property, it was, until recently believed, enabled 

them to act as ice crystal nuclei. The most recent evidence however, 

suggests that lattice dislocations in the nucleator may provide the 

sites of crystal initiation (Franks, 1980). Each nucleating substance 

has a characteristic limiting temperature (Vali, 1971) which may be 

as high as -2°C or below -30°C (Franks & Bray, 1980). As the sample 

temperature approaches this characteristic temperature limit the 

probability of freezing increases rapidly becoming almost certain 

within _+0.25°C of the limit. The presence of a given nucleator also 

increases the probability of nucléation at temperatures above its



characteristic temperature and larger numbers of a given nucleator 

increase the probability further (Vali & Stansbury, 1960).

A1.2 FACTORS AFFECTING THE FREEZING PROCESS

Because the process of nucléation is dependant on the random 

movement of the liquid molecules it is influenced by any factor 

which interferes with this random motion. In biological specimens 

water almost invariably contains solutes and such biological solu

tions may also be associated with insoluble macromolecules, membranes 

and other structural biopolymers such as cell walls. These substances 

may considerably affect both nucléation and other aspects of the 

freezing process.

Al.2.1 Solutes and the freezing process

When a solute is added to water the volume of the solution is 

greater than that of the original water; the solute molecules 

effectively 'dilute' the water molecules. At any given temperature, 

since a given volume of the solution contains a smaller number of 

water molecules than the same volume of water, the energy content of 

the water in the solution is lower than that of pure water and hence 

the vapour pressure is lower. The solute molecules also interfere 

with the random movement to and from any ice crystals which may be 

present and consequently the f.p. of the solution is also lowered.

The lowering of both the f.p. and the vapour pressure of a solution 

(together with an increase in its osmotic pressure) are quantita

tively related to the concentration of the added solutes at least in 

dilute solutions. At higher concentrations and particularly with
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certain polymeric (or ionic) solutes however these 'colligative’ 

properties way not be linked to the absolute concentration of the 

solute but still remain linked to one another.

As well as lowering the f.p., solutes also reduce the homo

geneous nucléation temperature of a solution. Simple solutes 

reduce the homogeneous nucléation temperature by about twice as 

much as they reduce the f.p. (Franks 1980, 1981). Polymeric mole

cules such as PEG (Polyethylene glycol) may reduce it by four times

as much as they reduce the f.p. because they also reduce the diffusional

freedom of the water molecules due to viscosity effects (Franks, 1980; 

Michelmore & Franks, 1982).

Since the homogeneous nucléation temperature is thus quantita

tively related to the f.p. of a solution any factor which reduces 

the f.p. will also reduce the homogeneous nucléation temperature.

Al.2.2 Effects of surfaces, capillaries and pores

Surfaces and macromolecules with which a water mass may be in

contact exert their effect on freezing processes at the molecular 

level by virtue of the areas of charge which occur on their surfaces.

The orientation of the highly polar water molecules may be pro

foundly influenced by these surface charges for many molecular dia

meters away from the surface. Water molecules may also be hydrogen 

bonded to the surface. Those surface effects, by reducing molecular 

mobility, cause a depression of the f.p. and inhibit nucléation.

The water layers closest to the surface may be so influenced that 

they never freeze at temperatures above -80°C to -90°C (Anderson, 1968; 

Susman & Chin, 1966) and even then may not possess normal ice con

formation, The water layers which do not freeze are often termed
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'bound water’ (Kuntz et al., 1969).

Surfaces have a secondary effect in that, by being of an 

irregular profile, they may cause the external boundary of an over- 

lying water layer to be a mosaic of curved surfaces (rather than 

being planar). The intermolecular forces in a curved meniscus 

are such that they tend to reduce the number of molecules escaping 

into the vapour phase thus reducing the vapour pressure and there

fore the f.p.

This effect also reduces the f.p. of water contained in macro

scopic capillaries (Haynes, 1968). The f.p. of the water can be 

calculated from the radius of curvature of the water surface. This 

is dependant on the diameter of the capillary but is independant of 

the nature of the solid composing the capillary walls. As capillary 

size is reduced from macroscopic to microscopic the f.p. decreases 

predictably (Haynes, 1968; Mazur, 1970), however when capillaries of 

molecular (Angstrom) dimensions are considered the relationship 

appears to fail (Mazur 1961, 1966). Although considerably lowered, 

the f.p. is not depressed to the predicted extent (Mazur, 1966).

The reasons for this discrepancy, as with the details of many freezing 

processes which involve thin films of water, remain nuclear (Banin & 

Anderson, 1975; Viaud, 1972).

A1.3 NUCLEATION BARRIERS

In biological systems water masses are usually divided into 

compartments. The boundaries of these compartments may be permeable 

or impermeable and can include external cuticles, cell walls and a 

variety of membraneous structures.

When the temperature is lowered ice may nucleate initially only
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in one compartment. If the ice front propagates through the com

partment boundary to initiate freezing in an adjacent compartment 

the growing ice is considered to inoculate the adjacent water mass 

and the nucléation process, in contrast to the spontaneous homo- 

or hetero-geneous processes described above^is termed inoculative.

If a compartment boundary does not allow an ice front to 

grow through it, it is termed a nucléation barrier. Impermeable 

boundaries are invariably nucléation barriers since an ice front can 

only propagate through a water continuum.

Porous substances may also act as nucléation barriers since the 

f.p. of water in a pore is depressed. An ice front approaching the 

pore can only penetrate it if the temperature of the system is below 

the f.p. of the liquid in the pore. If the temperature is above 

this limit the ice front does not penetrate the pore (Salt, 1963). 

This is believed to be the mechanism which permits cell membranes 

and tonoplasts to act as nucléation barriers (Mazur, 1966). In 

this state the system is not in equilibrium. The bulk liquid on 

the far side of the pore is supercooled and has a higher vapour 

pressure than the ice. Equilibrium can be restored either by 

spontaneous nucléation and freezing of this supercooled water in 

situ or by migration of the water through the pore to freeze with 

the existing ice crystal (Galos, 1941; Toscano et al., 1975), in a 

process similar to that which occurs in frost heave (Jackson & 

Chalmers, 1958).
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A2 LOW TEMPERATURE STRESS AND RESISTANCE IN PLANTS AND SEEDS 

A2.1 PLANT LIFE AT EXTREMES OF TEMPERATURE

Although some living plant materials such as seeds, spores and 

pollen are capable of surviving exposure to temperatures above 120°C 

and below -270°C such extreme tolerance is almost entirely limited* 

to dormant structures in which the moisture content (M.C.) is low 

and metabolism has temporarily ceased.

The range of temperatures within which metabolic activity has 

been observed to occur, although considerably narrower than that 

described above is still surprisingly wide. Algae have been observed 

to grow in both hot springs at 98^C (Levitt, 1980) and in saturated 

calcium choride brine at -19°C (Seigel & Stoecker, 1971).

Although of considerable interest such extreme tolerance is 

unusual and the majority of higher plants are adapted to live in 

terrestrial environments where such temperature extremes do not 

occur often. They are injured or killed if their tissue temperatures 

exceed certain maxima or minima and may cease growth and development 

at temperatures within these limits.

In both nature and agriculture high temperature stress is rarely 

a problem unless it is accompanied by a desiccation stress, since 

evapotranspirational cooling can effectively reduce plant temperature 

(Sutcliffe, 1977). In contrast, low temperature stress has been 

considered to be "the most widespread physiological stress condition 

on this planet", (Franks, 1980), and this is particularly true in 

agriculture where crop species arc often grown outside their original

* Artificial cryopreservation is outside the scope of this thesis.
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area of distribution. Sudden unseasonal drops in temperature have 

been responsible for crop losses of sufficient magnitude to affect 

national economies (Li & Sakai, 1978) and with the total world 

population doubling time estimated at less than 40 years (Dorlang, 

1983) the need to maximise world food production is pressing. In 

order to carry out effective breeding programmes to generate cold 

resistant cultivars (and thus extend the geographical limits of food 

production) it is first necessary to know what forms low temperature 

injury may take and why they occur and then to discover what mech

anisms plants employ to resist these low temperature stresses. In 

recent years both theoretical and applied research has been intense 

and many reviews have been published on different aspects of low 

temperature stress and resistance (see references below). Neverthe

less many questions remain unanswered (Levitt, 1978). It is there

fore pertinent, before considering low temperature tolerance in 

seeds, to review our state of knowledge concerning low temperature 

injury and resistance in vegetative plants.

A2.2 CHILLING INJURY

Many tropical and subtropical plants are injured when exposed 

to temperatures below those which they would encounter in their 

natural environment even though they are above O^C (chilling 

temperatures). In certain species chilling injury may occur at 

temperatures as high as 2o”c (Graham & Patterson, 1982) but 10-12°C 

is the more usual limit below which injury occurs (Sutcliffe, 1977).

Chilling injury has several characteristic symptoms not all of 

which have necessarily been observed in a given specimen. These 

symptoms may be divided into two distinct types namely 'direct injury'
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sometimes referred to as ’cold shock’ and indirect injury, the two 

being distinguished by the time required at low temperature before 

they are observed (Levitt, 1980),

Direct injury occurs within 24 h of exposure to the chilling 

temperature and sometimes within a few minutes, and may involve the 

cessation of cytoplasmic streaming, a rapid efflux of potassium 

ions from the cells and shedding of leaves (Levitt, 1980).

Indirect injury is both progressive and reversible and is only 

fatal if the plant material is maintained at chilling temperatures 

for prolonged periods in excess of a certain time limit. The limit 

may be dependant on the species, the tissue in question, the physio

logical state of the tissue at the onset of chilling (eg. hardened) 

and the chilling temperature.

Several types of progressive injury have been observed, most of 

which involve some type of physiological and metabolic upset (Lyons, 

Raison & Steponkus, 1979).

As in direct injury solute leakage, particularly of potassium, 

may occur and this may be due to a large decrease in potassium uptake, 

combined with either a small increase or decrease in potassium 

efflux, leading to a gradual depletion of intracellular solute levels.

Translocation of chloroplast photosynthetic products may be in

hibited leading to damaging accumulation in the chloroplasts and root 

starvation.

The aerobic, mitochondrial phase of respiration is inhibited 

which may cause a build up of metabolic intermediates such as pyruvate 

which may be metabolised anaerobically leading to an accumulation of 

toxic products such as acetaldehyde and ethanol. The reduced energy 

supply might also result in a reduction of protein synthesis and, 

due to the resulting overall breakdown of protein, an accumulation
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of toxic ammonium.

A secondary symptom of chilling injury is wilting. This is 

believed to be due to a reduction in the water permeability of the 

roots and hence an inability to replenish transpirational water 

loss (Levitt, 1980).

The mechanisms underlying chilling injury have not as yet been 

fully resolved. At present two distinct theories obtain although 

neither seems to explain all the observed symptoms.

The theory of Lyons (1973),which is most widely accepted 

(Graham & Patterson, 1982),holds that the primary event in injury 

to chilling susceptible plants subjected to chilling temperatures 

is a phase change in the lipids constituting the cellular membrane 

systems from a liquid crystalline 'sol' state to a more solid 'gel' 

state. This is considered to account for the increased cellular 

permeability to solutes and an increase in the activation energy of 

membrane associated (but not cytoplasmic) enzyme systems which would 

be responsible for the observed metabolic imbalances. This theory is 

well supported by two types of evidence. First there are many data 

which demonstrate that sudden changes occur in both membrane fluidity 

and the activation energies of membrane associated reactions at the 

same temperature as chilling injury is observed. Secondly many reports 

suggest that the membrane lipids of chilling sensitive or hardened 

plants tend to contain a relatively greater level of unsaturation 

in certain component fatty acids; a difference which would be ex

pected to favour membrane fluidity at low temperature (Lyons, Graham 

& Raison, 1979).

The alternative view holds that the primary effect of chilling 

may be to cause changes in the conformation of membrane associated 

proteins and "these changes might lead to discontinuities both in
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enzymatic activity and in the physical properties of surrounding 

lipids" (Quinn & Williams, 1978).

In a recent synthesis Graham & Patterson (1982) suggest that 

the two theories may not be either mutually exclusive or sufficiently 

comprehensive to account for all the observed phenomena. They con

clude that as well as the effects of low temperature on membrane 

lipids and their associated enzymes "there appear to be other 

primary effects of low temperature on membrane proteins themselves, 

cyto skeletal proteins and enzymes which are not associated with 

membranes."

A2.3 FREEZING INJURY

Although many plants are not susceptible to chilling injury, 

all vegetative plants may be killed under certain conditions by 

the formation of ice within their tissues.

Under natural and agricultural conditions plants exhibit widely 

differing degrees of sub-zero (S.Z, ) temperature tolerance. The degree of 

tolerance may also vary from one tissue to another within the plant 

and may change cyclically to correspond with seasonal temperature 

fluctuations. As a result of this variation freezing injury may 

be exhibited in a variety of ways.

Many tender annual species and many blossoms and fruits may be 

killed outright during late spring or early autumn frosts as soon as 

the temperature falls low enough to cause ice formation in their 

tissues. Similarly the normally hardy bark and buds of trees and 

the vegetative shoots of other perennial species which have matured 

late or lost hardiness early due to unseasonable weather, may also 

be killed by slight frosts (Burke et al., 1976; Weiser, 1970).
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Other types of injury are characteristic of differential hardi

ness within the plant. Die back in Citrus may be caused by the 

lower hardiness of shoot tips and hlack-heart of trees and shrubs 

is caused by the death of the xylem ray parenchyma (Weiser, 1970), 

Although xylem death does not kill the tree outright the dead 

tissue is prone to fungal infection which reduces the longevity and 

productivity of the tree. In apples the roots may be less hardy than 

the upper regions of the tree and if snow cover of the soil is absent 

the roots alone may be killed (Quamme, 1978). In other species 

dormant flower buds may have limited hardiness and in cereals and 

other herbaceous perennials the meristematic tissues in the crown 

may be killed while more mature tissues are unharmed (Olien, 1967).

Certain types of injury may be caused by factors additional 

to that of sub-zero temperature (Levitt, 1980). Winter burn of 

conifer foliage and sunscald of tree bark are believed to be caused 

by localised heating and thawing of frozen tissues by the sun, 

followed by evaporative dehydration (Asahina, 1978; Levitt, 1980). 

Because the majority of the plants' water remains frozen and there

fore immobile, evaporative losses cannot be replaced and desiccation 

injury occurs. An alternative theory to explain sunscald suggests 

that following the temporary, radiation-induced thawing, cooling 

occurs too rapidly and induces lethal intracellular freezing (See 

below, A2.4.3) (Levitt, 1980).

As well as cell and tissue death ice formation in plant tissues 

may cause purely mechanical damage. In the frost splitting of tree 

trunks spatial distribution of water during freezing is believed to 

cause asymetrical expansion or contraction within the xylem result

ing in mechanical separation of blocks of tissue (Levitt, 1980) and
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in cercn] crowns during slow freezing in intercellular spaces large 

ice crystals may grow causing damage to the adjacent tissues (01 ion, 

1907).

A2.4 RESPONSES OF PLAINTS TO SUB-ZERO ENVIRONMENTAL TEMPERATURES

Plants which are subjected to S.Z. environmental temperatures 

either survive or suffer injury as a result of the stresses imposed 

upon them. The mechanisms whereby plants sustain or resist freezing 

injury have therefore been the subject of much study. Several 

reviews and treatises, which consider various aspects of this ex

tensive topic have been published in recent years (Levitt, 1969, 1980; 

Burke, George & Bryant, 1975; George, Becwar & Burke, 1982; Burke 

£t ^ . ,  1976; Li & Sakai, 1978; Olien, 1964, 1967; Sakai, 1973;

Weiser, 1970).

Levitt in his introductory paper to the book edited by Li &

Sakai (1978) proposed a scheme which attempted to summarise our 

knowledge of plant responses to freezing stress in terms of stress 

avoidance and tolerance mechanisms. Using this scheme as a starting 

point the scheme in Fig, A2.1 has been developed as a basis for the 

account below. (Letters in parentheses after headings in the text 

refer to the classification in the figure.) The new scheme which 

includes modifications and additions which take account of more 

recent information and conflicting viewpoints treats our knowledge 

of plant cryobiology in terms of the plant response to environmental 

sub-zero temperatures. This permits a consideration of the causes 

of injury as well as the mechanisms of resistance and avoidance.
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Figure A2.1

A schematic classification,based on our current knowledge,of the 

range of responses exhibited by plants to sub-zero environmental 

temperatures.

Abbreviations: S.Z. - sub-zero

Temp. - temperature
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A2.4.1 Avoidance of Sub-Zero Temperature (a)

Certain species which grow in environments where S.Z. temperatures 

occur regularly have responded to the freezing stress on an evolu

tionary scale and have features of their physiology, habit or life 

cycle which enable them to either avoid the S.Z. temperature stress 

completely or at least ameliorate it.

A physiological mechanism has been observed in the large leaf 

rosette of Espeletia schultzii. Nyctinastic closing of the rosette 

insulates the young leaves from the S.Z. temperatures which occur at 

night and prevents rapid warming just after sunrise. If nyctinastic 

movement is prevented leaf death occurs (Smith, 1974 quoted by Levitt, 

1978).

Insulation of one part of a plant by another, as above, is how

ever unusual, the temperature of even very large plant organs usually 

follows environmental temperature quite closely even if lagging 

behind it temporally (Sutcliffe, 1977). More common are adaptations 

of life cycle or habit which take advantage of natural insulation, 

for example due to cover of snow, soil or water. The temperature 

below one metre of snow may not fall below 0°C even though the air 

temperature may be as low as -25°C and the bottoms of many ponds 

in temperate regions do not freeze (Geiger, 1965). Many plants of 

arctic, alpine and cool temperate regions have life cycles which 

involve a sub— terranean or sub-aquatic winter stage or have low 

cushion-like growth forms which are easily covered by snow (Bliss,

1956). Annual species may be considered to avoid S.Z. temperatures 

by passing the winter as seeds which may be more physiologically 

resistant or more likely to become located in a less severe enviro- 

ment.
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A2.4.2 Avoidance of icc formation in the tissues (h)

Although unable to avoid S.Z. tissue temperatures some plants 

and plant organs which are freezing susceptible survive S.Z. tempera

ture exposure by avoiding ice formation in their tissues. This can 

be achieved in one of three ways. First, normally hydrated tissues 

can accumulate solutes which lower the freezing point of the cell 

sap below the environmental extremes. In normally hydrated plant 

tissue freezing point depressions to below -4^C are rare and this 

method is probably of little importance in plants (despite being of 

considerable importance in arctic fish and overwintering insects 

(Salt, 1961). Secondly, the tissues may become desiccated such that 

little or no freezable water is present. This method is limited to 

dormant structures such as seeds and overwintering buds but the 

physiology of such desiccation tolerance appears to have received 

little attention (Heggarty, 1978). Thirdly, the plant, organ or 

tissue may supercool.

Supercooling has been observed to occur in both freezing sus

ceptible plants and in parts of plants which tolerate ice formation 

in other tissues. The latter case is considered below (A2.4.8).

As a method of avoiding ice formation in the tissues, it is likely 

that supercooling is only of importance during light frosts of short 

duration. This is probably due to the relatively high inherent in

stability of the supercooled state and the large number of conditions 

which must be fulfilled in order for supercooling to be sustained. 

According to Shearman et al.(1973) these conditions include small 

cell size, little or no intercellular space for nucléation, a rela

tively low M.C., the absence of internal nucleators, the presence of 

anti-nucleators - substances which suppress the activity of nucleators



and the presence of barriers against external nucleators ( See A2.4.3), 

Internal nucléation is also known to he stimulated by movement and 

therefore a still environment might also be added to the list.

Nevertheless despite all these limitations supercooling would 

appear to be the only freezing resistance mechanism in leaves of the 

Olive, giving tolerance of -10°C, and in many other plant parts 

including potato tubers, orange fruits, grain roots, and leaves of 

several species, supercooling gives protection to a lower temperature 

than that conferred by extracellular ice formation.

A2.4.3 The formation of ice in plant tissues Cc)

In the majority of plants supercooling is limited to a few degrees 

Centigrade and at a temperature only slightly below the f.p. of the 

cell sap ice crystal growth begins in the intercellular solution.

Either an ice nucleus forms spontaneously in the water associated with 

the cell walls, intercellular spaces and vascular system or this water 

may be inoculated by ice crystals which form first on the outer 

surface of the plant. Internal nucléation may be caused by the 

presence of nucleating substances, possibly associated with the 

vascular elements or mesophyll tissue (Kaku, 1973). External ice 

sources may include frozen soil, snow, hoar frost or plant surface 

water (eg. dew) which has been induced to freeze at a relatively high 

temperature by nucleating bacteria (Maki, Galyan & Chang-Chein, 1974). 

The ice front then penetrates the plant via lenticels, stomates and 

wound lesions (Burke et al., 1976).

Ice may form in a given plant at several sites simultaneously 

(Burke et al., 1976) subsequently much of the remaining plant water 

may freeze. However various patterns of freezing have been observed
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and a number of factors which may affect the freezing pattern 

have been observed (Olien, 1967 ).

In tender tissues (or in hardy tissues cooled rapidly) ice 

formation usually results in intracellular freezing (See A2.1.4).

The ice front grows from cell to cell presumably through the plasmo- 

desmata halting temporarily at each cell boundary before suddenly 

advancing throughout the adjacent cell contents. Microscopically, 

this causes the cell to become opaque, and has led to the term 

’’flashing*’ to describe the stepwise advance of the ice front (Asahina, 

1978).

In hardy plant tissues at natural cooling rates the plasmalemma 

acts as a barrier to the advancing ice front and ice formation is 

confined to the extracellular regions. The higher vapour pressure of 

the supercooled cell contents also causes the migration of water 

out of the protoplast to freeze as extracellular ice. This results 

in shrinkage of the protoplast and causes it to separate from the 

coll wall.

The exact locus of extracellular ice formation is governed by 

several interacting factors. Slow cooling rates (Olien, 1974), low 

degrees of supercooling (Olien, 1974) and low M.C. (Olien, 1964;

Cary & Mayland, 1970) favour the growth of large ice masses particu

larly in regions where resistance to crystal growth is low, such as 

in intercellular air spaces. In dense tissues with little air space 

such large accumulations of ice may result in purely mechanical 

damage. Rapid cooling rates, large degrees of supercooling and high 

tissue M.C. favour the growth of smaller less perfect ice crystals 

which may penetrate the capillary structure of the cell wall (Olien, 

1967) and form ice masses between the cell wall and plasmalemma 

(Asahina, 1978). Growth of the ice front into and within the cell



24

wall may also bo influenced by the presence of polysaccharide freezr- 

iiig inhibitors which compete with water molecules for positions in 

the ice lattice (Olien, 10G5).

In some species, presumably where conditions for ice crystal 

growth are particularly unfavourable, advance of the ice front may 

be slowed (Kaku, 1971) or it may cease altogether. In cereals this 

may occur at stem nodes (Olien, 19G7) and in both conifers and angio- 

sperms ice growth has been observed to halt at the base of vegetative 

and floral organs (George, Becwar & Burke, 1982). In the case of 

conifer shoot promordia the supercooled water in the bud migrates 

out of the bud and forms needle like ice masses in the subtending 

regions (Sakai, 1979). Floral primordia, however, retain their tissue 

water and remain in a supercooled state (George, Becwar & Burke,

1982).

In normal tissues as cooling progresses the fraction of plant 

water which must join the ice phase in order to maintain equilibrium 

increases and progressively more water must be drawn from the proto

plasts. At slow cooling rates this may result in excessive freeze 

desication leading to extracellular freezing injury (See A2.4.5).

At more rapid cooling rates where the plasmalemma is sufficiently 

permeable to permit a rapid efflux of cellular water, the cell 

contents may become progressively more supercooled eventually 

freezing intracellularly (See A2.4.4).

A2.4.4 Intracellular freezing injury (d)

Intracellular freezing injury occurs in many tender tissues 

almost immediately the temperature falls below the f.p. of the sap 

and in hardy tissues if tliey are cooled too fast. In both cases



just prior to intracellular freezing the cell interior is super

cooled and is also in the presence of external ice. The mechanism 

whereby this intracellular solution is nucleated however is not as 

yet resolved.

Olien (1971,1974) proposes that nucléation is inoculative. In 

this hypothesis the plasmalemma initially provides a barrier to ice 

crystal growth, however, as cooling proceeds the displacement from 

equilibrium (ie. the degree of supercooling) increases and the 

amount of energy (freezing energy) available for deformation of the 

membrane also increases (Olien, 1974). When the freezing energy is 

high enough Olien believes that ice penetrates the membrane to 

nucleate the supercooled cell contents within.

Levitt (1980) however has proposed spontaneous intracellular 

nucléation. Cells which freeze intracellularly are believed to have 

a membrane 'sol-gel' transition point which is at or slightly above 

the f.p. of the cell sap. At the temperature where extracellular ice 

formation occurs the membrane is proposed to be in the ’gel’ state 

which significantly slows cell dehydration causing supercooling 

followed by spontaneous intracellular nucléation. Inoculative 

nucléation according to Levitt is only envisaged to occur at very 

slow cooling rates. Under such conditions sufficient time is avail

able for freeze dehydration and contraction to occur, however, 

because the cell membrane is in a solid state the contraction causes 

it to fracture permitting inoculative ice crystal growth.

Intracellular freezing presumably also occurs when supercooled 

organs or tissues (eg. buds or xylem parenchyma) are cooled below 

their supercooling limits (approximately -40°C for many tree xylem 

parenchyma; Weiser, 1970). Nucléation in this case is probably not 

inoculative but whether it is homogeneous or heterogeneous has yet
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to be resolved (Franks & Bray, 1980; Meryman & Williams, 1980),

In ail cases, (except those of cryopreservation) intracellular 

freezing in higher plants is "essentially always instantly fatal" 

(Levitt, 1980), however despite the regularity of its occurence, 

the mechanism of intracellular freezing injury has received little 

attention. It is generally assumed that the growth of macroscopic 

ice crystals through the cell's internal membrane system physically 

disrupts the protoplasmic structure to an irreversible and fatal 

extent (Asahina, 1978; Levitt, 1980).

A2.4.5 Extracellular freezing, cell dehydration and shrinkage

The majority of temperate species tolerate at least some ice 

formation within their tissues together with the concomitant cyto

plasmic dehydration and protoplast shrinkage (See A2.4.3). However 

it is generally accepted that excessive freeze dehydration results 

in the most common form of natural S.Z. temperature injury namely 

extracellular freezing injury (Olien, 1971; Levitt, 1980). Consid

erable variation may occur in the degree of resistance to this form 

of freezing stress not only between species but also between hardened 

and unhardened plants of the same species and even between different 

tissues in the same plant. The plasma membrane appears to be the 

main site of injury, however the manner in which extracellular ice 

formation causes cellular injury is as yet unresolved. Investigations 

of the bases of the observed differences in freezing tolerance have 

led to the proposal of many theories of freezing injury and resistance 

(See Levitt, 1980). Two main theories, which can explain the majority 

of experimental observations have been proposed in recent years and 

these are described in outline below.
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A2.4.0 The membrane deletion theory of extracellular freezing injury (e)

This mechanism of freezing injury has been proposed both by 

Meryman & Williams (1980) based on observations of both plant and 

animal tissues and cells and by Steponkus & Wiest (1979) based on 

investigations using isolated plant protoplasts. The proposals put 

forward by each set of workers differ, if at all, only in minor 

details and the underlying principles are identical being equally 

applicable to both plant and animal cells.

Their theories propose that as the protoplasmic volume decreases 

during freezing due to extracellular ice formation, a compressive 

force is generated within the plasma membrane due to the concurrent 

reduction in surface area of the protoplast. (They assume a regular 

or spherical rather than bilateral collapse.) This compressive force 

causes extrusion of membrane components, chiefly lipid, from the 

plasma membrane which accumulate in the cytoplasm. In a given cell 

the degree of contraction and therefore the amount of material deleted 

is dependant upon the freezing temperature. Deletion is essentially 

irreversible. On thawing, the protoplast reabsorbs the water lost 

during freezing, increasing in volume to its original size and surface 

area. Since a proportion of the membrane has been lost the remain

ing membrane components must expand to cover a greater area. However 

there is a limit to the extra area a given amount of membrane can 

cover (ie. there is a Tolerable Surface Area Increment (T.S.A.I.)).

If the amount of material deleted during freezing exceeds a given 

limit and the remaining membrane is insufficient in area to re-line 

the cell wall (or in animal cells return to isotonic cell volume) 

the plasmalemma bursts during thawing resulting in cell death.

The T.S.A.I. appears to vary between species and also appears to
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be influenced by factors such as temperature, pH and the ionic com

position of the surrounding medium which may account for many of the 

so called "solution effects" reported in the literature.

Although the authors of this theory do not rule out the possi

bility that biochemical injury may be involved in extracellular 

freezing injury they propose that there is little evidence to support 

this contention and suggest that cell lysis following membrane 

deletion is the first of a series of potentially-lethal injuries 

that may occur during a freeze thaw cycle.

A2.4.7 Levitt's hypothesis of extracellular freezing injury (f)

This theory differs from the membrane deletion theory in two 

fundamental aspects. First it is biochemically rather than physico- 

chemically based and second, it assumes that cell collapse, rather 

than causing a compressive force within the membrane, generates a 

tensile stress on the cell membranes ie. plasmalemma and tonoplast 

(Levitt, 1980). According to Levitt this tension pulls the membrane 

molecules apart at the point of weakest intermolecular bonding ie. the 

hydrophobic bonds between the two lipid layers of the membrane, 

which are further weakened by low temperature. This results in 

slippage of the layers over one another and displacement of trans

membrane protein molecules, such as ion pumps, either into the inner 

lipid layers or, under conditions of greater stress, into the cyto

plasm. Here, Levitt believes that the displaced proteins may react 

with cytoplasmic proteins which have become rcversibly denatured by 

the low temperature. Dénaturation is believed to 'unmask' reactive 

SH or SS groups which, under the conditions of linear stress and 

increased cytoplasmic concentration caused by freeze desiccation.
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react by SH oxidation or SH-SS or SS-SS interchange to form inter- 

molecular bonds (Levitt, 19G2). The denatured cytoplasmic proteins 

and the displaced membrane components thus become irreversibly 

aggregated killing the cell.

Under extreme conditions, where tension on the membranes is 

severe, Levitt (1980) envisages a separation of the molecules of 

the inner membrane layer which permits access of cytoplasmic enzyme 

systems to the unsaturated bonds within the layer. This results in 

lipid peroxidation and the loss of membrane semi-permeability.

By proposing damage to membrane ion pumps, this theory (Levitt, 

1980) accommodates the main biochemical lesion following non-lethal 

freezing ie. solute leakage in the absence of loss of semipermeability. 

Its opponents (Steponkus & Wiest, 1979) however point out that it is 

based mainly on work which involves model systems and on circumstantial 

evidence and that it fails to account for the close correlations 

observed between freeze dehydration injury induced at S.Z. tempera

tures and osmotically induced injury which occurs at higher tempera

tures, which in an earlier publication Levitt (1978) himself 

acknowledged.

The mechanisms by which tissues may tolerate extracellular 

freezing can be considered in terms of these major theories. Two 

main mechanisms are thought to be involved - (l) the avoidance of 

freezing induced cell shrinkage (A2.4.8) and (2) the tolerance of 

this shrinkage (A2.4.9).

A2.4.8 Avoidance of excessive freeze dehydration and protoplast 

shrinkage (g)

The range of resistance to freeze dehydration injury in plants
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is very wide, some cells eg. Potato being killed at temperatures 

above -5°C (Li, Palta & Chen, 1979) whereas others eg. Detula 

pubescens tolerate cooling to -196°C without harm (Sakai, 1973). 

Part of this variation is due to the inherent or genetic variation 

which exists in the degree of cell contract ion/desiccation that a 

particular cell type can tolerate. Despite this limitation one 

method of resisting the injury which results from extracellular 

freezing is to avoid or reduce the amount of desiccation and cell 

shrinkage which occurs at any given temperature. Several methods 

have been observed. The most widespread is the accumulation of 

solutes, usually sugars or sugar alcohols, within the cell.

When ice forms extracellularly protoplast water migrates out 

of the cell until the freezing point of the remaining intracellular 

solution is equal to the ambient temperature. If the amount of 

intracellular solute is increased it follows that less water needs 

to be removed to achieve a given intracellular concentration and 

f.p. depression, and therefore that the degree of protoplast con

traction will be correspondingly less (Levitt, 1980).

A second method is to increase the volume of osmotically inert 

material - including 'bound' water - within the cell. Bound or 

unfreezable water is that fraction of cellular water which is 

associated with other cellular components in such a way that its 

molecules are not free to move as are those in the bulk solvent. 

Bound water is usually considered to constitute a monomolecular 

layer over the surface of lipids and proteins, hydration shells 

round ionic species, clathrate and hydrotactoid structures round 

other solutes and structural water involved in the internal hydro

gen bonding of proteins (Kuntz et al., 19G9).

Increases in most classes of these cellular components have
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been observed during hardening and would therefore increase the 

amount of bound water and osmotically inert material (Levitt, 1980).

An increase in the amount of osmotically inert material reduces 

extracellular freezing injury by decreasing the fraction of the cell 

water which must be removed to cause a given increase in intra

cellular concentration (Meryman & Williams, 1980).

A third mechanism which occurs in the xylem parenchyma of many 

woody species appears to involve a physical resistance to freeze 

dehydration and volume reduction within the plasmalemma. As the 

temperature falls freeze desiccation and cell shrinkage occur but 

only to a certain extent. At a certain point the cell volume ceases 

to fall and the intracellular solution, instead of moving out of 

the cell, remains _in situ and supercools. Supercooling continues 

until homogeneous nucléation and intracellular freezing (See 

A2.4.4) of the cell contents occurs, usually at around -40°C, causing 

death. The physico-chemical basis for this resistance to proto

plast contraction however is not understood (Meryman & Williams, 

1980).

The three mechanisms above are equally applicable to both the 

membrane deletion theory and Levitt's hypothesis since they combat 

both freeze desiccation and cell volume reductions. Meryman & 

Williams (1980) however have observed another mechanism which combats 

only cell surface area reduction. In the freezing resistant moss, 

Tortula ruralis, the plasmalemma is anchored to the cell wall at 

the plasmadesmata. As freeze dehydration occurs the protoplast 

collapses bilaterally, thus even when the cell is severely dehydrated 

much of the protoplast surface area is conserved minimising possible 

membrane deletion.
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A2.4.9 Extracellular freezing tolerance (i)

Some plants which do not appear to avoid cell dehydration and 

shrinkage and yet tolerate considerable extracellular freezing 

presumably have mechanisms which allow them to tolerate freeze 

dehydration. Because of the unresolved nature of the freezing injury 

many of the proposed mechanisms by which this may be achieved are 

somewhat speculative.

One mechanism for tolerating cell dehydration and shrinkage which 

has considerable supporting evidence has been reported by Meryman 

& Williams (1980). During extracellular freezing of hardened 

Kharkov wheat cells deleted membrane lipids appear to accumulate as 

vesicles in the cytoplasm. During thawing the deleted lipids, and 

possibly new lipids, are reinserted into the plasmalemma, the process 

possibly being mediated by a cytoplasmic transport mechanism which 

facilitates the movement of lipid from membrane to vesicles and back,

Levitt (1980) has proposed that the increased reducing capacity 

observed in some cells and decreased hydrophobicity of cytoplasmic 

proteins observed in other cells during hardening opposes the 

molecular SS bonding and lipid peroxidation and reduces the protein 

dénaturation and aggregation which he believes to be the causes of 

extracellular freezing injury. Causal relationships for these observa

tions have not as yet been established however.

A2.5 SEEDS AT SUB-ZERO TEMPERATURES

In comparison with the vast number of publications which are 

concerned with the physiology of hardiness and S.Z. temperature resis

tance mechanisms of vegetative plants the literature concerning the
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same aspects of the biology of seeds is extremely limited. Prior to 

19G7 there do not appear to have been any investigations in this area 

(Barton, 19G7),

Nevertheless a number of types of investigations have been con

ducted which have involved S.Z. temperatures and seeds and it is of 

value to examine this material and to assess our state of knowledge. 

Below, the types of instance and examples of each type of investiga

tion in which seeds have been subjected to S.Z. temperatures are 

considered. In terms of individual references however this review is 

far from exhaustive, since many of these references are of only limited 

relevance to the subject matter of the thesis. Where possible review 

articles, other collections of references and the most recent references 

are cited.

The ’earliest' investigations, summarised by Brown & Escombe 

(1898), were concerned largely with the nature of the dormant state 

and the question of whether active metabolism occurred in dormant, 

dry seed. They reported that several authors including themselves 

subjected dry seeds of several species to temperatures as low as 

-200°C for periods as long as 110 h and found them to be unchanged 

when compared to unfrozen controls in terms of germinative capacity 

and seedling morphology. They concluded that no metabolic activity 

occurred in dry, dormant seeds. In later experiments Lipman & Lewis 

(1934, 193G) extended these observations by reporting that dry seeds 

kept at the temperature of liquid air for 60 days or at 1.35°K for 

up to 1 h germinated and grew as well as did the unfrozen controls.

Adams (1905) on the other hand reported that seeds which had been 

kept in damp soil for 3 days, and were therefore moist, were killed 

and unable to germinate after exposure to liquid air for 24 h. The 

cause of death was not determined.
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The ability of dry seeds to tolerate S.Z. temperatures has been 

a major factor in the develo])ment of seed storage techniques and many 

of the investigations involving seeds at S.Z, temperatures have con

cerned aspects of this technology. Weihull (1952) cites a number of 

investigations, some as early as 1939 in which storage at S.Z. tempera

tures greatly enhanced the viability of vegetable seed compared to 

the then conventional ambient temperature storage. Following such 

early investigations (also see Barton, 1967) the topic of seed storage 

has become a science in its own right (Roberts, 1972) and is contin

ually advancing (Ellis & Roberts, 1980a,b).

The majority of species produce desiccated seeds which on leaving 

the parent plant have a M.C. of approximately 15-20%. These seeds 

can be dried further by artificial means and their behaviour in 

storage has been very well characterised. Under typical ambient 

conditions they conform to a general relationship whereby longevity 

approximately doubles with each 5.6°C fall in temperature or each 1% 

reduction in M.C. (Roberts & King, 1980 ). Recently the equations 

first proposed to express this relationship have been refined to take 

into account differences in initial seed quality and slight devia

tions from the relationship which occur when considering very wide 

ranges of temperature and M.C. (Ellis & Roberts, 1980a).

Seeds which conform to the above relationship are termed 

'orthodox' however certain species - particularly aquatic, large 

seeded or tropical, fruit bearing plants - produce seeds which are 

termed 'recalcitrant'. These seeds never dry out on the mother plant 

and are killed if the M.C. falls below some relatively high critical 

point (Roberts & King, 1980 ). Both early and more recent attempts 

to store this type of seed (Honjo & Nakagawa, 1978) involved freezing 

seeds of relatively high M.C.
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In their review of recalcitrant seed storage King and Roberts 

(1979) list ten recalcitrant species the seeds of which were killed 

by exposure to S.Z. temperatures above -20^C, and some recalcitrant 

seeds which even succumbed to chilling injury. Sub-zero temperature 

storage is not therefore recommended for recalcitrant seeds (King & 

Roberts, 1979). More detailed examination of these investigations 

however indicates that considerable variation Occurs in the resistance 

of recalcitrant seeds to S.Z. temperature stress. Chin et al. (1981) 

report that freshly harvested seeds of rubber (Hevea brasiliensis) 

were killed completely by 24 h exposure to -5°C whereas Honjo & 

Nakagawa (1978) observed that freshly harvested seeds of Citrus 

natsudaidae were unaffected by 72 h at -4.2°C or 6 h at -10.8°C.

The mechanisms of this resistance were however not considered.

The observations that dry seeds tolerated, but moist seeds were 

killed by, S.Z. temperatures led to a number of investigations, of 

both theoretical and applied natures, which considered the relation

ships between seed M.C. and S.Z. temperature (usually -19G°C) tol

erance, (Lockett & Luyet, 1951; Sakai & Noshiro, 1975; Juntilla & 

Stushnoff, 1977), the influence of cooling rates on this tolerance 

(Ishikawa & Sakai, 1978; Roos & Stanwood, 1981) and also the behaviour 

of water in relatively dry biological systems (Simon & Wiebe, 1975). 

The results obtained were qualitatively similar to one another and 

have been largely interpreted by Ishikawa and Sakai (1978).

Air dry seeds (less than 10% M.C.) survived exposure to liquid 

nitrogen irrespective of cooling or rewarming rate and it was proposed 

that all the water in such seeds is in a 'bound' condition (See Al) 

and therefore unable to freeze (Ishikawa & Sakai, 1978).

Above a certain critical M.C. (l6-35?u fw, 19-53% dw) survival 

after exposure to liquid nitrogen was influenced by both cooling and
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rewarming rate and also by periods spent at constant temperatures 

between 0°C and -196°C (Roos & Stanwood, 1981).

Rapid cooling and rapid rewarming favoured survival whereas 

slow cooling, slow rewarming and periods spent at intermediate temp

eratures decreased survival.

It was proposed that high survival with rapid rates was due to 

the formation of many small intracellular ice crystals which did not 

have sufficient time to grow to damaging size during cooling and 

which melted before harmful recrystallisation could occur during 

rapid warming. Slower cooling and rewarming rates and periods spent 

at intermediate temperatures were considered to allow sufficient time 

for the ice crystals to attain damaging size either in their initial 

growth phase during cooling or as a result of recrystallisation and 

aggregation during periods of elevated, but still S.Z., temperature.

The M.C. at which this injury was first observed varied between 

species (Sakai & Noshiro, 1975) and even between cultivars of the 

same species (Roos & Stanwood, 1981). From the results of an invest

igation which examined both the ability to survive exposure to 

liquid nitrogen and the amount of solute leakage during imbibition 

in relation to the M.C. of pea seeds, Simon and Wiebe (1975) suggested 

that this critical M.C. represented a hydration level which was just 

sufficient to stabilise the lipid bilayer structure, since solute 

leakage ceased and freezing damage began at the same M.C. (approximately 

35?i fw).

At still higher M.C.'s (more than 15-35yo depending on species) 

all seeds were killed by liquid nitrogen exposure irrespective of 

cooling rate, the higher hydration levels permitting greater molecular 

mobility leading to the growth of damaging ice crystals even at rapid 

cooling rates.
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Locket and Luyet (1951) noted that different regions of partially 

hydrated wheat seeds had different M.C.'s, even after equilibration, 

which resulted in partial survival of the embryo and the production of 

deformed seedlings.

Storage oriented experiments of this type involving very low 

temperatures and partially hydrated seed of crop species throw little 

light on the possible mechanisms of S.Z. temperature tolerance and 

resistance mechanisms which might operate in seeds in their natural 

microclimate.

As a result of the beneficial effects of low M.C. on seed 

storage, one type of investigation involving the freezing of seeds 

concerns attempts to reduce seed M.C. by freeze drying and lyophilisa

tion. Both beneficial and injurious effects have been reported with 

damage resulting from other factors as well as the low temperature.

Svihla and Osterraan (1943) for example lyophilised desiccator 

dried seeds of orchids, tuberous begonia and snapdragon suspended in 

blood serum or coconut milk following procedures initially estab

lished for bacteria. The begonia and snapdragon seeds were killed by 

both procedures and orchid seed was killed when suspended in blood 

serum. Coconut milk suspended orchid seeds, however, lost no viability 

and germinated more rapidly than untreated control material. Initial 

and final M.C.'s and causes of injury were not determined.

More recently, Woodstock, Simkin and Schroeder (1976) thoroughly 

investigated the responses of onion, pepper and parsley seed to freeze 

drying. They found that freeze drying of seeds with M.C.s below 

approximately 8-10% fw for 24 h, could significantly reduce the M.C. 

to 3-4% without reducing viability. With higher initial M.C. (20% fw) 

seeds were damaged particularly if cooled rapidly to -196°C at the 

beginning of the freeze drying process and it was suggested that this
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was due to freezing damage rather than excessive desiccation.

Freeze drying in excess of 24 h continued to reduce the M.C. but 

caused a reduction in vigour probably due to excessive dehydration.

Ouiura, Sato and Seike (1978) similarly found that high M.C. 

seeds (55% fw) of Japanese pear were killed by freeze drying.

Another instance of seed freezing employed for a practical 

objective involves attempts to disrupt the ’hard' seed coats of 

legume and other seeds before sowing. 'Hard' seeds have an imper

meable seed coat which inhibits water uptake and therefore delays 

or prevents germination leading to poor crop establishment. Varying 

degrees of success were obtained particularly if freeze-thaw cycles 

were employed.

Midgley (1929) exposed 'hard' seed of Alfalfa to alternate 

freezing (-5 to -20°C) and thawing cycles. Hard seeds were not 

damaged by freezing and approximately 25% germination occurred after 

a single freezing cycle. Each further freezing cycle only improved 

germination by approximately 2.5/o. The effectiveness of the freezing 

treatment was not influenced by the freezing temperature, the duration 

of freezing or whether the seeds were frozen on a dry or wet substrate, 

If seeds which had been frozen once were thawed for several hours, 

permitting water uptake, they were killed by refreezing. The low 

temperature necessary to cause death and the mechanism of injury were 

not investigated.

Young, Evans and Kay (1970) subjected seed of a wide range of 

forage legumes, on a moist substrate, either to constant -20°C or to 

14 daily temperature cycles alternating several thawing temperatures 

with -20°C. In contrast to the work of Midgely (1929) pretreatment 

with constant -20”c did not significantly increase germination com

pared to control samples. Pretreatment with alternating temperatures
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gave lower germination than constant -20°C and high alternate temp

eratures gave lower germination than low alternate temperatures. Again 

the nature and mechanism of the germination inhibition were not in

vestigated.

Jacobs (1925) exposed surface wetted but otherwise dry seed of 

Pinus lambertiana, entbedded in moist sand, to -12^C for either 48 h or 

for 3 periods of 48 h alternating with three 24 h thawing periods. 

Germination was considerably hastened by the single -12°C exposure and 

observation indicated that the embryo and endosperm remained unfrozen 

but the "testa was considerably altered in structure and character". 

Repeated freezing and thawing however, which presumably permitted 

imbibition to occur, was observed to kill a large number of seeds.

In all these examples when newly permeable seed were allowed to 

imbibe during subsequent thawing periods, re-freezing resulted in 

seed death.

Also as a means to stimulate germination seeds have occasionally 

been frozen as part of a stratification treatment, designed to break 

a physiological dormancy mechanism. Again the results were varied.

Larsen (1925) observed that germination of Pinus monticola was 

doubled by exposing soaked seed to natural environmental temperatures 

which fell as low as (-14.5^C) during the winter.

Joseph (1929) reported that dry seed of several Detula species 

were uninjured by freeze/thaw treatments with freezing at -8 to -15°C, 

but imbibed seed were completely killed. She noted that the delet

erious effects of freezing were in contrast to the investigations of 

other workers.

Aikman (1933) observed a differential response to freezing between 

species of Quercus. Q. alba acorns were killed by exposure to 20°F 

(-G.5°C) in damp sphagnum for one week whereas the germination of
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Q. macrocarpa, Q. veliitina and Q. borealis maxima was enhanced.

Since these early investigations it has been shown that low but 

not S.Z. temperatures are adequate to satisfy the dormancy breaking 

requirements of seeds having a physiological block to germination 

(Sutcliffe, 1977; Mayer & Poljakoff-Mayber, 1975) and in recent 

investigations involving stratification S.Z. temperatures are not 

used since they are clearly deleterious to the seed of some species.

Since the distribution of many crop species is limited by the 

length of the growing season, (Li & Sakai, 1978) and late spring and 

early autumn frosts regularly cause serious crop losses, seeds have 

occasionally been frozen by agronomists in experiments designed to 

determine the hardiness characteristics of a variety of crops both 

at the beginning and end of the life cycle. These applied investiga

tions also demonstrated that other factors beside M.C. and tempera

ture can affect crop establishment and seed injury and prompted the 

first considerations of the possible mechanisms of freezing injury in 

hydrated seeds.

Laude (195G) exposed imbibed and germinating seed of several 

range grass species to 20°F (-6.5°C) for periods of up to 25 h in an 

investigation of the effect of autumn frosts on seedling establish

ment. Although differing slightly in degree all species showed 

similar trends in behaviour. Freezing damage increased the more 

advanced the stage of the pre-emergence period up to 4 days from 

planting and also with longer freezing periods from 6 h to 25 h.

Soil borne pathogens were considered to significantly reduce field 

establishment of only slightly injured seed/seedlings.

Bleak (1959) similarly investigated the effect of burial 

under snow during the winter on the viability of grass seed. Although 

soil sub-surface temperatures below -32.5°F (0.5^C) were not recorded
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and the soil did not appear to be frozen to depths greater than 

ij inches (3 cm) viability of all species was severely reduced by the 

spring and this was attributed to desiccation, freezing and fungal 

pathogens.

The Soviet worker Ventskevich (1998) reported the degrees of 

frost which were harmful to a list of over 30 crops during germina

tion. These ranged from 2^C to 3°C in the case of corn and tobacco 

to 8°C to 10°C in the case of spring wheat, coriander and poppy.

At the other end of the life cycle Rossman (1948) thoroughly 

investigated the effects of freezing temperature and duration on 

maturing corn (maize) and compared the survival of progressively 

more mature and therefore drier seed with that of re-moistened, mature 

seed in order to characterise the damage which can occur to seed 

corn during early autumn frosts.

The viability after freezing of re-moistened mature seed de

creased with increasing M.C., with decreasing temperature and with 

increasing duration of freezing. Viability was reduced to zero 

with exposures of 36 h at 10°F (-12°C) and 35% M.C. fw (54% dw).

It was noted that freezing injury of these re-moistened seed was an 

all or nothing effect. Seeds were either dead or perfectly 

healthy with no intermediate effects. Viability after freezing of 

freshly harvested seed was also affected by the duration of freezing, 

the M.C., and the temperature and was also found to vary with the 

cultivar, the physiological naturity of the seed (less mature seed 

was more severely injured) and the rate of drying after freezing.

In general freshly harvested seed was more resistant to freezing 

injury than re-moistened seed of the same M.C.. The pattern of 

injury in fresh seed was also different in that partial injury and 

reductions in vigour were observed.
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In the same type of investigation using re-moistened and 

maturing seed of grain sorghum, Carlson and Atkins (1960) obtained 

largely similar results. Viability after freezing was again re

duced by high M.C., increased duration of freezing and lower temp

eratures, and was also variety dependant. Differences between 

re-moistened mature and maturing seed were not however noted either 

in the degree of viability reduction or in the type of freezing 

injury.

These investigations (Carlson & Atkins, 1960; Rossman, 1948;

Laude, 1956) also illustrated another feature of the pattern of 

injury which occurs in partially hydrated seed. At any given S.Z, 

temperature the number of seeds injured increased with time. Carlson 

and Atkins (I960) speculated that this was due to the time that was 

required for extracellular freezing to cause injury but did not prove 

that freezing was extracellular. Rossman (1948) although not comment

ing on a similar effect of time in his results observed ice within 

the testa of subsequently uninjured seed, which he suggested indicated 

that injury was due to intracellular freezing. These conflicting 

speculations on the mechanism of freezing injury leave the question 

of why this injury was progressive unresolved and suggest that either 

different mechanisms operating in different seed types may produce 

the same result or that one of the proposals was incorrect.

Rossman (1948) pointed out that direct investigation of the 

freezing processes could not be made since this would require section

ing of the grain which would be "an unnatural condition" thus illustrât* 

ing the need for non-destructive methods of investigation.

Based on the assumption that seed cold tolerance might reflect 

plant cold hardiness the varietal differences observed in the above 

type of investigation led to the suggestion that evaluation of inter

varietal differences in freezing tolerance of moist seeds might provide
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a rapid method of screening for or selecting out strains of crops 

which had enhanced winter hardiness.

Ivanoff (1951) for instance "activated" seeds of several oat 

cultivars differing in winter hardiness by soaking them in running 

water at various temperatures and for various times then subjected 

them to standard freezing treatments. He found that soaking treat

ments which favoured imbibition (high temperatures, increased duration) 

resulted in greater seed mortality after freezing. He also found 

that high seed survival following freezing was correlated with 

greater winter hardiness of the cultivar and that seeds which survived 

extreme freezing stresses often produced plants which were morpho

logically distinct from the normal cultivar phenotype possessing 

features commonly associated with winter hardiness, such as increased 

tillering and bud development, prostrate growth and twisting or 

narrow leaves.

Despite these encouraging results this method has not been 

generally adopted. This is probably due to the lack of knowledge con

cerning seed physiology at S.Z. temperatures. Rossman (1948) for 

instance noted, when comparing the freezing tolerance of seeds of 

various sorghum cultivars, that assessment of winter hardiness by 

this method could give contradictory results depending on whether 

re-moistened or maturing seed was used and that seed hardiness was 

significantly affected by environmental conditions during the ripen

ing period.

In all the types of investigation involving seeds at S.Z, temp

eratures described above it has generally been the case that imbibed 

or partially imbibed seed have been susceptible to S.Z. temperatures. 

Nevertheless a number of cases were noted in which, although for 

practical purposes imbibed seeds were susceptible, such imbibed seeds



44

showed a certain degree of resistance to freezing injury. A number 
of other instances in which imbibed seed have been noted to survive 
S.Z. temperature exposure have been reported.

Aamodt (1935) noted that seeds of Axyris amaranthoides had 
germinated in ice and on frozen soil despite temperatures in the 
preceding two weeks often falling below 32*F (O^C) and once as low as 
-5°F (-20.5°C) and Irmak (1961) reported that fir seeds were capable 
of germinating on the surface of snow. Both authors suggested that 
heat from the sun may have permitted the seed to attain a sufficiently 
high temperature to germinate, but also noted that the seeds and 
seedlings were capable of tolerating S.Z. night temperatures.

Bliss (1958) stated that 62 out of 99 arctic and alpine species 
germinated even though the seeds remained frozen for almost half of 
each 24 h period and Sakai and Noshiro (1975) reported that fully 
imbibed seed of some weed species native to cold climates survived 
freezing to -20 or -25^C. Yeo and Thurston (1979) investigated the 
freezing tolerance of seed of dwarf spikerush. They observed that both 
submerged and damp dried seed were tolerant of -lO^C but were largely 
killed by -20°C and suggested that survival was due to supercooling 
of the entire seed. At lower temperatures submerged seeds were 
killed but survival of damp dried seed increased, returning to the 
control level at -25^C and -76®C, and exceeding it at -196^C. The 
mechanisms underlying these low temperature responses were not invest
igated but the authors speculated that the submerged seeds were 
injured by the "force of crystallisation of water" whereas in the 
damp dried seed the water was altered to a "harmless vitreous 
condition".
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A2.6 MECHANISMS OF SUB-ZERO TEMPERATURE TOLERANCE IN SEEDS AND
DIFFERENTIAL THERMAL ANALYSIS

From the literature reviewed above it can be seen that even very 
recently the possible mechanisms of freezing injury or resistance in 
hydrated seeds were poorly understood. Rossman (1948) and Carlson 
and Atkins (1960) drew completely opposite conclusions concerning the 
mechanism (intracellular or extracellular) of freezing injury in 
hydrated seed from almost identical results and Yeo and Thurston 
(1979) proposed vitrification of water as a cause of reduced injury 
at temperatures (-25°C to -76®C) at which vitreous ice is unstable 
and rapidly crystallises (Smith, 1961; Franks, 1980).

The possible benefits that might be obtained using selective 
procedures on imbibed seed, as proposed by Ivanoff (1951) and the 
theoretical and ecological implications encompassed by the observa
tions of seed survival in the wild indicated a need for further 
research in the field of seed cryobiology particularly concerning 
injury and resistance mechanisms in hydrated seed.

The first investigation to address this topic was reported by 
Juntilla and Stushnoff (1977) who employed the technique of Differential 
Thermal Analysis (DTA) to study the freezing processes which occurred 
in partially and fully hydrated seed of Lactuca sativa L. (lettuce). 
Subsequent investigations have also employed the technique of DTA and 
since it is one of the main tools used in the investigations report
ed in this thesis it is pertinent to consider its nature, strengths, 
and limitations at this point.

DTA is a form of calorimetry which has been used to study freezing 
processes in plant tissues for several years (Burke et 1976;
Weiser, 1970). Freezing and thawing events in tissues are exo- or
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endo-thermic processes respectively and can easily be detected using 
thermocouples attached to the sample. In DTA two thermocouples are 
connected in series. One is attached to the sample, the other measures 
the temperature of the sample environment. When the difference in 
temperature between the two is plotted against the environment temp
erature a characteristic 'curve* is produced from which it is possible 
to determine several characteristics of the freezing processes 
(Sutcliffe, 1977).

In the investigations reported below only freezing events were 
monitored. When freezing occurs in the tissue a peak is recorded on 
the differential temperature curve. The position of the peak indicates 
the temperature at which freezing began. The shape of the peak, 
pointed or rounded, shows whether the freezing process was instant
aneous or progressive. In the latter case it also gives some indica
tion of the temperature interval over which freezing occurred, although 
part of the 'tail' on such a peak is also due to the time taken for 
the specimen to cool to the environmental temperature. The size of 
the peak (height and area underneath it), also give a semi-quantit
ative indication of the amount of water which has frozen. A large 
volume of water will produce more heat and therefore raise the temp
erature of the thermocouple to a greater extent than a small volume.
The information is only semi-quantitative since much of the heat 
passes to the surrounding environment and the temperature attained by 
the recording thermocouple may also vary with its distance from the 
heat source, the presence of insulating layers between thermocouple 
and site of freezing, the rate of conduction of heat away from the 
sample and the thermal capacity of the thermocouple itself. These 
factors also make it likely that very small exothermic events would 
not be recorded.
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Although unsuitable for obtaining quantitative thermodynamic data 
concerning the freezing process this technique has the great advant
age that it is non-destructive and, %dien samples as small as seeds 
are used, can be employed on undamaged specimens thus avoiding the 
possible artefacts which might arise when using tissue sections.

Juntilla and Stushnoff (1977) investigated the freezing processes 
which occurred in dry, partially hydrated, and fully hydrated seed 
of L. sativa cv. Grand Rapids using DTA and related these results to 
the viability of samples removed at various temperatures during 
cooling.

Seeds of 5-1396 M.C. fw (5-1596 dw) were not injured by exposure 
to -196°C but with 13-1696 M.C. fw (15-1996 dw) the threshold of freez
ing tolerance declined to -40°C. No exotherms were detected by DTA 
in either case and the mechanism of injury in these seeds was not 
investigated further.

In intact seeds containing more than 20-2596 %mter (25-3396 dw), 
however, two types of exotherms were recorded. The first (primary 
or 1°) appeared as a single peak regardless of the number of seeds in 
the sample when the temperature was -10+2^C. Since this exotherm was 
not correlated with injury of the intact seed, the authors suggested 
that it represented the freezing of extracellular water or bulk water 
in the outer layers of the seed.

Each seed frozen also produced a second (secondary or 2°) lower 
temperature exotherm which coincided with the 'killing point' of 
the individual seed. The temperature at which this occurred was 
correlated with M.C. changing from approximately -25°C at approximately 
2096 M.C. fw (2596 dw) to -16ĵ 2®C at all M.C. in the range 40-5596 fw 
(67-12296 dw).

Following germination - the penetration of the endosperm
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envelope by the radicle « the pattern of exotherm production changed.
No low temperature (2°) exotherms were produced and seed death occurred 
at the temperature of the single 1° freezing event. A similar result 
was obtained if the endosperm of imbibed intact seeds %ms artificially 
disrupted with a needle or if it was removed but if only the fibrous 
outer pericarp %ras removed the seeds behaved as though they were intact.

The authors concluded that the intact seed was capable of super
cooling and thus survived exposure to temperatures of -16+2^C and 
that the integrity of the endosperm envelope iras a pre-requisite of 
this supercooling. The mechanism whereby the intact endosperm 
imparted freezing avoidance to the embryo however remained unclear.

All the above experiments were carried out at a cooling rate of 
20^Ch"^. In a subsequent publication (Stushnoff & Juntilla, 1978) 
the authors reported that the pattern of freezing events in fully 
imbibed intact seed remained the same irrespective of cooling rate 
in the range 20°Ch"^ to 240°Ch"^.

They also reported that seeds of 21.8# M.C. fw (28# dw) tolerated 
cooling at both 40*̂ Ch"̂  and 4?Ch~^ to -20°C followed by 28 days 
storage at this temperature, seeds of 28.3# M.C. fw (40# dw) tolerated 
cooling at 4̂ Ch"*̂  but not 40^Ch~^ to -20°C and subsequent storage 
and fully hydrated seeds, M.C. 47.3# fw (90# dw), did not tolerate 
cooling to -20^C at either rate. They proposed that lettuce seeds 
offered interesting possibilities for further study.

Following an electron microscopic examination of the conforma
tion of lipid structures within dry and partially hydrated L. sativa 
seed Toivio-Kinnucan and Stushnoff (1981) speculated that the observed 
increase in temperature of the 2^ exotherm which occurs with increasing 
M.C. in the range 20-40# M.C. fw (25-67# dw) was associated with an 
observed change in the phase of the lipids close to the cell walls
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from crystalline to lamellar at a similar M.C. however they con
cluded that their results might be "better understood once similar 
changes are observed in other tissues". They also suggested that 
the exotherm which occurred at -10+2°C was caused by the freezing 
of water which %ms not necessary for maintaining the conformation 
of lipid bilayers, however the proposed location of this water, 
intracellular or extracellular, was not made clear.

The only other investigation, which considered the mechanism 
of freezing tolerance in hydrated seeds, reported prior to the 
beginning of the period of research on which this thesis is based, 
is that of Ishikawa and Sakai (1978) using rice and wheat. In what 
was essentially a storage oriented investigation they observed that 
partially hydrated seeds (up to 27% M.C. fw,37# dw) of rice produced 
a single exotherm during DTA at a temperature (between —35 and —15**C) 
which increased with increasing M.C. and that the temperature of 
this exotherm was not changed Wien the surface of the seed was inoc
ulated with ice at approximately -5°C. From this they concluded that 
the rice seed possessed a barrier to inoculation from outside and 
that freezing resistance in hydrated seeds could be attributed to an 
ability of the seed to deep supercool. They did not however report 
the freezing point of the tissue of such seeds, an omission which 
leaves the validity of this conclusion in doubt. With wheat seeds 
they considered that their investigations were of too preliminary a 
nature to draw any firm conclusions.

Since these initial investigations a limited number of additional 
reports concerning seed of both Lactuca and other species have been 
published and these are considered below in the Results and Discussion 
sections (C-G).

The work reported in this thesis is based on that of Juntilla and
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Stushnoff (1977) and Stushnoff and Juntilla (1978) and is limited 
to seeds of the genus Lactuca L. Its aims were:-

1. To clarify the mechanisms of S.Z. temperature tolerance 
which operated in imbibed seed of a single cv. of L. sativa.

2. To determine whether the same mechanisms operated in a 
range of L. sativa cultivars and if so, vrhether the freezing toler
ance characteristics varied.

3. To investigate and determine the possible causes of any 
variation found.

4. To investigate whether the same mechanisms and possible 
differences occurred in seed of wild Lactuca species.

5. To characterise the freezing tolerance parameters of the 
seeds used in sufficient detail to permit an assessment of the possible 
survival value to the observed tolerance.

The results obtained have increased our knowledge concerning S.Z. 
temperature tolerance in imbibed seeds and have also contributed to 
our understanding of the nature of nucléation barriers in plant tissues 
and the process of freeze desiccation in macroscopic plant organs.
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B MATERIALS, METHODS AND STANDARD PROCEDURES 
B1 INTRODUCTION

This section details the materials and equipment used during the 
course of the research reported in Sections C to F, and also describes 
a number of standard procedures which evolved during the work. 
Protocols for individual experiments are not given in this section 
but may be found in detail in the text or in the legends to figures.

B2 MATERIALS METHODS AND PROCEDURES 
B2.1 SEED AND SEED STORAGE, REGENERATION AND CONFIRMATION OF SPECIES 
B2.1.1 Lactuca sativa

Seed of 14 of the L. sativa cultivars detailed in Table B2.1 
was obtained from local retail outlets immediately prior to use. Seed 
of any given cultivar was obtained from at least two different pro
ducers, each seed lot being given a code letter for brevity of 
identification in the text. The seed of Great Lakes (o), which was 
used throughout the course of the research, was obtained from Charles 
Sharpe and Co. (Sheffield) Ltd in 1977 and kept in an hermetically 
sealed packet at room temperature ( 20°C) until October 1979. After 
opening, the lot was split into four approximately equal fractions.
One fraction was kept in an open packet at room temperature throughout
the period of research to allow normal ageing. Two fractions were

*placed in sealed containers with silica gel desiccant and kept at 
-10+2^C to maintain vigour. The remaining fraction was used for

* V R Grace Ltd. Silica Gel. London N.W.IO



Table B2.1 Seed coat colour and cultivar description of 15 seed
lots of L. sativa

Cultivar Producer
Code

Seed Coat 
Colour

Cultivar
Description

Great Lakes o White Crisphead
Great Lakes c White Crisphead
Webb's Wonderful s White Cabbage
Webb's Wonderful c White Cabbage
Winter Density j White Semi-Cos
Winter Density c White Semi-Cos
Lobjoits Green Cos h White Cos
Lobjoits Green Cos s White Cos
Salad Bowl j Black Loosehead
Salad Bowl t Black Loosehead
All the Year Round c Black Cabbage
All the Year Round 8 Black Cabbage
Tom Thumb c Black Cabbage
Tom Thumb t Black Cabbage
Tom Thumb h Black Cabbage
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research. After a period of one year it was discarded and replaced 
by one of the fractions from cold storage which in turn was discarded 
and replaced after one year.

B2.1.2 Lactuca virosa and Lactuca serriola

Six of the seven seed samples of L. virosa and 8 of the 10 samples 
of L. serriola used in this work were obtained from the sources 
detailed in Table 2.2 during 1980 and 1981 and were stored, without 
further cleaning or treatment, in sealed containers with silica gel 
desiccant, at -10+2°C until used. Each seed lot was given a code 
number in Roman numerals (lower case - L. virosa, upper case - L. 
serriola) for brevity of identification. Details of seed lot pro
venance as given by the suppliers are also given in Table 2.2. Seed 
lots ib, Ib and Ilb were regenerated at Bath University (see below) 
from the seed lots labelled ia, la and Ila respectively and were then 
stored as above until used.

B2.1.3 Seed regeneration

Seeds of seed lots ia, la and Ila were sown in pans of Levington 
Potting Compost* in an unheated greenhouse in November 1980. Germ
ination and emergence occurred within one week. After a further 8 
weeks seedlings were prickled out, 2 per 7" pot, into Levington 
Potting Compost and grown on under natural daylength in separate, 
unheated frost free greenhouses. Flowering began in March and con
tinued through to September. Seed heads opened from April onwards

* Fisons Ltd. Horticulture Division, Bramford, Ipswich.



and 10 seed 

L. virosa

lots of L, serriola

Seed lot Supplier/source Origin as given by supplier

ia Dr S D Prince* Collected from the wild at 
Mountnessing, Essex, England

ib - Regenerated from seed of seed lot 
ia at Bath University

ii NVRS** Laboratoire de culture du Museum 
National d'Histoire Naturelle,
43 Rue Buffon, Paris, France

iii NVRS Collected at Shippey, UK by Dr S 
D Prince, Queen Mary College, 
London

iv NVRS Collected at Corby, UK by Dr S D 
Prince

V NVRS Collected at Woodham, UK by Dr 
S D Prince

vi Kew*** Essone, France

♦ Dr s D Prince, Queen Mary College, London
** National Vegetable Research Station, Wellesbourne, Warwickshire 
*** Kew Gardens Seed Bank, Wakehurst Place, Ardingly, West Sussex

Cont'd ...



Table B2.2 Cont'd

L. serriola

Seed lot Supplier/source Origin as given by supplier

la Dr S D Prince Collected at Waltham Abbey, 
Essex and regenerated by Dr 
S D Prince

Ib - Regenerated from seed lot la 
at Bath University

lia Dr D Globerson****
lib - Regenerated from seed lot 

Ha at Bath University
III NVRS Botanical Garden of the Uni

versity, Lund, Sweden
IV NVRS From Vrso Vasari, Department 

of Botany, University of 
Oulu, Finland

V Kew Constanta, Rumania
VI Kew Portugal
VII NVRS Originally from Portugal
VIII NVRS Originally from University 

of Uppsala Botanical Garden, 
Sweden. Regenerated at NVRS 
in 1977

**** Dr D Globerson, Agricultural Research Organisation, The Volcani 
Center, P.O. Box 6, Bet Dagan, 50-200, Israel
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and seeds were either picked by hand or the whole plant was shaken 
over a large collecting tray into which the seeds fell. Vigorous 
shaking of the collected seed in a sealed container removed the pappi 
which then formed lint-like aggregates which could easily be re
moved from the seed sample. In order to preserve the full seed size 
spectrum samples were not cleaned further.

B2.1.4 Confirmation of species

According to Prince, (Pers Comm) the specific identity of some 
of the seed lots of wild species obtained from NVRS was open to 
question. Lactuca virosa could be distinguished by the colour of the 
achene - black/maroon (Prince & Carter, 1977) however L. serriola is 
often confused with L. saligna by collectors, and both have similar 
coloured achenes. Four plants of each of the seed lots of L. serriola 
listed in Table 2.2 were therefore grown as described in "Regenera
tion" above, being sown in November 1981. Plants were observed at 
various stages during growth, and notes made of diagnostic features. 
All four replicates of each seed lot had similar characteristics.
Seed lots la, Ib and IV conformed to type L. serriola forma integ- 
rifolia and the remaining seed lots to L. serriola forma serriola 
(Prince & Carter, 1977).

B2.2 IMBIBITION AND SURFACE DRYING

The aim of the standard imbibition procedure was to produce 
seeds which had attained equilibrium with an excess external water 
supply but in which emergence of the radicle had not occurred. Seeds 
were imbibed in 9 cm glass Petri dishes on a single sheet of Whatman
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Figure B2.1
The moisture content of seed samples of Lactuca ëativa L. cv. Great 
Lakes, # ; Lactuca virosa ib, ▲ ; Lactuca serriola Ib, ■ and
Lactuca serriola lib, □ 
indicated.

after imbibition at 5 C for the time periods

Each point for L. sativa determined from 3 replicates of 0.5g of 
seed and for L. virosa and L. serriola from 4 replicates of 50 seed.
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No. 1 filter paper soaked with approximately 4 ml of glass distilled 
water and kept at in a cold room constantly illuminated by a
tungsten filament lamp. Under these conditions seed moisture content 
in all species reached a constant value by 24 h and remained at 
that level until 72 h (Figure B2.1) after which germination usually 
began. Seeds described as "fully imbibed" were kept under these 
conditions for 48+2 h. Seeds of lower moisture contents were prepared 
similarly but using shorter imbibition periods (0.5-18 h) followed by 
surface drying and equilibration in sealed containers at 5+l°C for 
the remainder of 48 h.

Before use the imbibed seed were surface dried in a standard 
manner. The filter paper supporting them was placed onto a dry filter 
paper and left to air dry for 30 s. Partially hydrated seeds were 
not surface dried after equilibration.

B2.3 MOISTURE CONTENTS AND SEED DRY WEIGHTS

Seed M.C.s were determined by weighing before and after drying 
at 105^0 for 48 h and are expressed in the text either as a percentage 
of the seed oven-dry weight or (to avoid confusion with other para
meters expressed in percentage values) as moisture content units. One 
unit of M.C. = 1# dw = 1 g of water per 100 g of dry seed material.

A table giving equivalent moisture content values expressed on 
a dry weight or fresh weight basis is given in Appendix I.

B2.4 DISSECTION AND PIERCING

Dissection prior to DTA and for the purposes of seed morphology 
investigations was carried out under a xlO stereo microscope using
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two pairs of fine forceps.
Seeds described as 'pierced* were stabbed once in the area of 

the cotyledons with a fine hypodermic needle, such that the pericarp 
and endosperm were pierced on both sides of the seed.
i

B2.5 LOW TEMPERATURE EXPOSURE

Throughout this thesis temperatures are reported in °C. Tables 
for the conversion of to and K are given in Appendix 11.

B2.5.1 Prolonged sub-zero temperature exposure

Samples maintained at constant S.Z. temperatures for prolonged 
periods were kept in an Astell* Laboratory Cabinet Freezer which main
tained a temperature in the range -6 to -lO^C.

B2.5.2 Controlled-rate cooling and differential thermal analysis

Controlled rate cooling was carried out by immersing samples in 
a thermally insulated, temperature controlled, vigorously stirred,
4.5 1 methanol bath. The bath temperature was controlled using a 
Neslab** Cryocool CC60 cooler and Exatrol heater in conjunction with 
an ETP3 temperature programmer capable of achieving defined linear 
cooling rates in the range 50°Ch"^ to less than O.l̂ Ch*"̂ .

Samples for both DTA and viability studies were held in freezing 
vials consisting of a 15 ml specimen bottle plugged with a holed 
rubber bung through which entered a 16 cm length of glass tubing

*Astell Laboratory Service Co., London EC6.
**Labap, 177 Lockwood Road, Huddersfield.
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(Figure B2.2a). During cooling the top of the specimen bottle was 
maintained 10 cm below the surface of the methanol. Under these 
conditions and at temperatures above -25°C and cooling rates not 
faster than 20^Ch"^ the temperature inside the bottle did not 
differ from that of the methanol bath by more than l̂ C.

Differential analyses were carried out usually from O^C to 
-25°C using two 0.5 mm copper-constantan thermo-junctions connected 
in series. The reference and sample thermo-junctions were held in 
separate vials. The sample environment temperature (SET) was meas
ured differentially against a melting ice reference using 0.7 mm 
copper-constantan thermo—junctions. SET and DTA were recorded 
simultaneously on a potentiometric chart recorder at 2 mV and o.5 mV 
respectively. Seed samples were held against the thermo-junctions 
in crimped aluminium foil packets (Figure B2.2a). Viability samples 
removed during DTA were held in replicate freezing vials containing 
mock DTA and SET thermo-junctions.

In non-DTA viability studies samples were either held in alumin
ium foil packets supported on a rubber bung in the bottom of the 
freezing vial (Figure B2.2b) or in lidded polyethylene embedding 
capsules* held away from the freezing vial wall by a collar of plastic 
tubing (Figure B2.2c). Sample temperature was measured by inserting 
the SET thermocouple into a spare replicate sample.

B2.5.3 Prévention of supercooling

In certain experiments, as a method of introducing ice crystal 

nuclei to a sample at O^C a wick of damp cotton thread (nucléation

*TAAB Capsules, Taab Laboratories, 52 Kidmore End Rd, Emmer Green, Reading
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Figure B2.2 a) Diagram of freezing vial showing the arrangement 
used during DTA with a nucléation wick.

b) Freezing vial containing foil envelopes supported 
on a rubber bung.

c) Freezing vial containing embedding capsules held 
in plastic tubing collars.

d) Diagram showing the design of the centrifugation 
container and centrifuge assembly for the external water removal 
technique.
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wick), leading from the seed sample, throu^ the wall of the sample 
container, to an external ice source was used. The ice source 
consisted of an ice crystal in the bottom of the freezing vial (Figure 
B 2.2a).

B2.6 ALCOHOL TREATED SEEDS

Samples of air dry seed (50-500) were imbibed in 9 cm glass 
petri dishes on a single sheet of Whatman No. 1 filter paper soaked 
with 4-5 ml of a solution of 50)6 v/v AnalaR ethanol/glass distilled 
water and kept for 24 h at S^l^C in a cold room constantly illuminated 
by a tungstem filament lamp. After blotting in the standard fashion 
(see above) seeds were spread on dry filter papers and allowed to 
air dry for at least a further 48 h before use.

B2.7 WARM WATER TREATMENT

Samples of 100 seed were placed in 10 ml of glass distilled water 
in glass test tubes and the tubes were maintained at defined tempera
tures (^O.l^C) for 24 h in a Dri-Block*constant temperature block 
heater.

B2.8 SEED SAMPLE SIZE FRACTIONATION

Seed size fractions were obtained by shaking a sample vigorously 
in a series of two brass sieves** with square mesh of apertures 1270 urn

*Baird & Tatlock (London) Ltd, P.O. Box 1, Freshwater Road, Chadwell
Heath, Romford RMl IHA. **Endecotts Ltd, Lombards Road, London SW19 3UP
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and 850 um side respectively for 10 min.

B2.9 EXTERNAL WATER REMOVAL TECHNIQUE

A standard technique was developed for removing or removing and 
measuring the majority of water contained within the pericarps, but 
external to the endosperms of seed samples.

Samples of 50 seeds were frozen in specially constructed centri
fugation containers (Figure B2.2d) held in freezing vials. Immediately 
following freezing the nucléation wicks, if present, were removed and 
the containers were placed tip downward into preweighed, narrow, plastic 
collection tubes, and the whole assembly was spun at 2000 r min 
for 20 min in a bench centrifuge (Figure 2.2d). Water, formed from 
the melting ice in the pericarps, was expelled into the collection 
tubes. Immediately following centrifugation the moisture contents 
of the seed samples were determined and the collection tubes were 
reweighed.

B2.10 VIABILITY TESTS 
B2.10.1 Lactuca sativa

In the majority of seed lots of L. sativa viability was deter
mined by recording the number of seeds producing a radicle and root 
hairs within 48 h after sowing the samples on Whatman No. 1 filter 
paper moistened with 4 ml of distilled water, in 9 cm petri dishes 
at 20°C under constant illumination from warm white fluorescent 
lamps.

Both seed lots of cv. Winter Density were dormant under conditions 
of the standard viability test. These seed lots were therefore held at
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5+l^C for 7 days (Int. Seed Test Assn. Rules 1976. Appendices) followed 
by a further 48 h at 20°C. Assesment of these samples which had been 
given an extended incubation period revealed that in slowly-cooled 
(less than G°Ch )̂ samples a significant number of damaged seedlings 
occurred, which, although they satisfied the criterion for germination, 
were incapable of producing a competent seedling. The radicle was 
brown and stunted, the hypocotyl did not extend, the cotyledons were 
completely brown and the apical meristem did not develop. Inclusion 
of these incompetent seedlings in the germination assessment accord
ing to definition gave an inaccurately high value of the viability of 
the sample.

An experiment was therefore conducted using non-dormant seed 
lots to investigate if assessment of the number of competent seedlings 
produced after low temperature incubation gave a comparable viability 
value to the value obtained after 48 h incubation at 20^C using the 
radicle and root hair definition.

Following cooling at 3°Ch"^to -20^C samples were incubated for 
48 h then assessed. The numbers of seeds falling into each of the 
three categories (l) competent seedling, (2) radicle and root hairs 
only, (3) ungerminated seed, were recorded and samples were then 
given 7 days low temperature incubation followed by 48 h at 20^C and 
were re-assessed (Table B2.3).

Samples of Great Lakes (o), All the Year Round (s) and Lobjoits 
Green Cos (s) all produced a considerable number of incompetent 
seedlings when incubated for an extended period but the number of 
competent seedlings produced did not differ signifcantly from the 
number producing a radicle with root hairs after 48 h (Table B2.3).

Assessment of the number of competent seedlings produced after 
prolonged incubation (7 days at 5°C and 2 days at 20^0) was therefore
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used to estimate the sample viabilities for cv. Winter Density 
presented in Section D.

B2.10.2 Lactuca serriola and Lactuca virosa

Unless otherwise stated, viability was determined by recording
the number of seeds producing a competent seedling within 7 days after
sowing the samples on Whatman No. 1 filter paper moistened with 2.5

*ml glass distilled water, in lidded 5.5 cm diameter, plastic pots 
at 20°C under constant illumination from %mrm white fluorescent 
lamps.

B2.10.3 Expression of results

In both wild and cultivated species, values termed viability (%) 
represent the actual results of viability tests. Values termed 
"percentage survival" indicate that the viability of a treated seed 
sample is expressed as a percentage of the germination of untreated 
seeds of the same lot.

Confidence limits for viability determinations were obtained 
according to the methods described by the International Seed Testing 
Association.(Anonymous, 1963).

*
A. W. Gregory & Co. Ltd., Glynde House, Glynde Street, London SE4 IRY.



Cultivar Competent
Seedlings

%

Radicle and 
Root Hairs 

Only 
%

Ungerminated
Seeds
%

Survival by 
Definition 
ie Root Hair 
Production 

%

a) 48 h incubation at 20°C
Great Lakes (o) 10 7 83 17
All the Year 
Round (s) 12 10.5 77.5 22.5
Lobjoits Green 
Cos (s) 13 10.5 76.5 23.5

b) 48 h at 20*C 7 d at 5*C, 48 h at 20*C
Great Lakes (o) 17 16.5 66.5 33.5
All the Year 
Round (s) 25.5 30 44.5 55.5
Lobjoits Green 
Cos (s) 26.5 12 61.5 38.5

Table B2.3
The stage of development of seed/seedlings of 3 cv.s of L. sativa 
during viability tests (following cooling with nucléation wicks at 
3°Ch"^ to -20°C) and the viability estimate according to definition.
a) Percentage of sample of 4 x 50 seeds exhibiting specified 
response after incubation for 48 h at 20^C.
b) Percentage of the same sample exhibiting specified response 
after further incubation for 7 d at 5^C then 48 h at 20°C.
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C CHARACTERISATION OF FREEZING PHENOMENA IN IMBIBED SEED OF LETTUCE
CV. GREAT LAKES

Cl INTRODUCTION

The initial work on S.Z. temperature tolerance in imbibed seed 
of L. sativa (Juntilla & Stushnoff, 1977) investigated the rela
tionship between seed moisture content and seed survival over the 
complete range of M.C.s from 5% to fully imbibed and over the temp
erature range 0°C to -196°C, and investigated the pattern of freezing 
events and their relationship to survival of fully imbibed seed during 
DTA at 20°Ch**̂ . Preliminary investigation of the relationship between 
seed morphology and freezing phenomena were also made. Later work 
(Stushnoff & Juntilla, 1978) investigated the effect of more rapid 
cooling rates (up to 240°Ch” )̂ on the pattern of freezing during DTA 
and the effect of M.C. on seeds exposed to -20°C for extended periods 
(up to 28 days). All this work was carried out using seed of cv.
Grand Rapids. The work reported in this section on cv. Great Lakes (o) 
aimed to achieve a complete picture of the behaviour of the seed of 
a single lettuce cultivar at S.Z. temperatures in the range likely 
to be encountered in a natural environment, in order to provide a 
base of reference for comparison of other seed lots and species.

More specifically the objectives of the work described in this 
section were:-

l) To investigate the effects of rapid cooling (in comparison 
with natural cooling rates) to S.Z. temperatures on the viability of 
lettuce seed and to determine the relationship between seed morphology 
and the formation of ice within the tissues at these rates (20°Ch )̂.
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2) To investigate the effects of different environmental 
conditions during cooling and the effects of prolonged exposure to 
a single 8.Z. temperature.

3) To investigate the effects of various slow (l^Ch  ̂to 
G°Ch cooling rates on seed viability and freezing behaviour.

It was considered that these experiments would enable the pre
vious work of Stushnoff and Juntilla (1978) using a different lettuce 
cultivar to be evaluated more fully and by the use of more natural, 
slow cooling rates, the ability of seeds to survive under conditions 
which could occur in soil might also be assessed.

The work is reported in three parts reflecting the three aims 
above; the work in the later parts being based on the understanding 
of the system gained in the earlier studies.

Discursive material in the results sections is limited to com
parison with the work of other authors, comparison with work in 
earlier sections and interpretation of the results obtained. More 
theoretical considerations are limited to the 'Discussion' sections.
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C2 RESULTS AND DISCUSSION

C2.1 THE FREEZING BEHAVIOUR OF FULLY IMBIBED SEED OF LETTUCE CV.
GREAT LAKES DURING COOLING AT 20°Ch"^

C2.1.1 INTRODUCTION

Starting with the results of Stushnoff and Juntilla (1978) using 
cv. Grand Rapids, as a basis for investigation, the work reported in 
this Part aimed to repeat, clarify and extend their observations, 
on the freezing behaviour of fully imbibed lettuce seed (during 
cooling at 20^Ch“ )̂ and its relationship to seed structure in order 
to provide a sound mechanistic understanding of the seed/ice/water 
system under study before commencing further investigations. A 
different cultivar cv. Great Lakes was used in this work primarily 
to see whether major differences existed between cultivars in their 
freezing behaviour, but also to avoid having to take into account the 
effects of the dark dormancy mechanism which operates in cv. Grand 
Rapids during sample manipulation.

C2.1.2 RESULTS AND DISCUSSION
02.1.2.1 The pattern of exotherm production and viability loss during 
DTA at 20°Ch"^

The events which occurred during DTA at 20°Ch~* and the viability 
of samples removed during these analyses were investigated in samples 
of from 1 to 50 seeds. Analyses involving 1-25 seeds were replicated 
at least 5 times. Analyses using 50 seeds were replicated at least 
twice.



64

Seeds analysed singly produced two exotherms of more or less 
equal size at temperatures above -20^C (Figure C2.1a). Analyses 
continued to -40^C produced no further exotherms (not shown) con
sequently analyses were routinely terminated at -25^C. The first 
exotherm (primary or 1°, after Juntilla & Stushnoff, 1977) was observed 
to occur at temperatures in the range -6 to -14°C (Figure C2.1a).
The second, (secondary or 2°) lower temperature exotherm was observed 
to occur in the range -14 to -18°C (Figures C2.1; C2.2). In analyses 
of groups of more than one seed usually only a single large exotherm 
was observed at 1̂  exotherm temperatures (-6 to -14°C) together with 
a number of small exotherms, approximately corresponding to the 
number of seeds in the sample, at 2° exotherm temperatures (Figures 
C2.1f; C2.2). The size of the 1̂  exotherm increased with increasing 
sample size (Figures C2.1a,f; C2.2). In analyses of 50 seed small 
exotherms occurred at all temperatures between that of the very 
large 1° exotherm and -18^C and it was not possible to distinguish 
between small 1° and 2° exotherms (Figure C2.2).

The viability of samples removed at various temperatures during 
analysis is shown on the specimen traces (Figure C2.1). The viability 
of larger samples (4 x 25 seed) removed during cooling at 20°Ch~^ is 
shown in Figure C2.2 together with a specimen DTA trace of 50 seed to 
facilitate comparison of the loss of viability and the occurrence of 
exotherms. The viability of samples removed at temperatures above 
those at which 1° exotherms occurred (ie. above -6°C) was not signi
ficantly reduced and the majority of seed survived cooling to tempera
tures above the range for 2° exotherm occurrence (ie. above -14*C).
The viability of samples removed at temperatures in the range for 
2° exotherm occurrence (ie. below -14*C) fell rapidly with decreasing 
temperature and no seeds survived below -18°C (Figure C2.2).
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Figure C2.1 '
Specimen 20°Ch  ̂DTA traces of fully imbibed lettuce (cv. Great 
Lakes) seeds (a) a single intact seed, (b) a single seed with 
the pericarp and integumentary remains removed, (c) a single 
seed with only the pericarp removed, (d) a sample of ten intact 
seeds, air dried for 10 rain before analysis, (e) a single intact 
seed fitted with a nucléation wick, (f) a sample of ten intact 
seeds with a nucléation wick, (g) ten seeds with powdered silVer 
iodide added, (h) a sample of ten seeds split into two groups 
of five within the foil, (i) a single excised, undamaged, surface 
dried embryo, (j) a single seed with pericarp and integumentary 
remains removed, with a nucléation wick, (k) a single excised, 
undamaged embryo, with a nucléation wick, (l) a single excised, 
undamaged embryo contained in a drop of water within the foil,
(m) ten pierced seeds, (n) ten germinated seeds (germinated at 
5 C for 96 h). The figures above arrowheads (f, m, n) show 
the number of seeds germinating out of samples of ten removed at 
the temperatures arrowed.
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The survival of samples of fully imbibed lettuce (cv. 

Great Lakes) seed removed during cooling at 20°Ch ;

each point determined from 4 x 25 seed in foil packets 

without nucléation wicks; together with the 20°Ch ^

DTA trace produced by a sample of 50 similar seed 
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The survival of the majority of seeds after exposure to tempera
tures below those at which the exotherm occurred indicated that
for these seed the 1° freezing event was not fatal. The close 
correlation between the temperature range for 2° exotherm occurrence 
and the temperature range for seed death suggested that the two were 
concurrent and that the 2^ exotherm represented the fatal freezing 
event in each seed.

The patterns of freezing events described above for cv. Great 
Lakes were similar to those obtained by Juntilla and Stushnoff (1977, 
1978) in cv. Grand Rapids, however these workers failed to establish 
satisfactorily the locations of the water responsible for the two 
exotherms. This problem was approached by analysis of dissected 
seeds.

C2.1.2.2 The 1° Eixotherm

A diagrammatic representation of the structure of a lettuce seed 
as determined by dissection is provided in Figure C2.3. Removal of 
the various layers was followed by a careful examination of the under
lying layer for damage. Damaged material was discarded and only seed 
with entire tissue layers was used. All analyses were replicated 
several (3-10) times.

DTA of a single seed from which the pericarp and integumentary 
remains had been removed produced only a single exotherm at 2^ exo
therm temperatures (-14 to -18°C) (Figure C2.1b). DTA of a single 
seed from which only the pericarp had been removed produced a 1° exo
therm of very reduced size and a 2° exotherm (Figure C2.1c). These 
results suggested that the water responsible for production of the 
1° exotherm was contained in the tissues outside the endosperm. The
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reduced size of the 1° exotherm after removal of only the pericarp 
suggested that only part of this water was held in the integumentary 
remains, the rest being held in the pericarp and the spaces between 
these tissues.

It was observed that when several seeds were placed in contact 
with one another, even after blotting, they stuck together. This 
suggested that the water in the pericarp of a seed extended to its 
exterior such that when in contact with other seeds cohesion between 
the water films on their surfaces caused the observed "stickiness" 
and also provided a single water continuum between them. The existence 
of a water continuum between the seeds provided a possible explanation 
for the observed occurrence of only a single 1° exotherm irrespective 
of the number of seeds in the sample - all the water outside the 
endosperms freezing at once. When a sample of seeds was air dried 
for 10 minutes after blotting the "stickiness" observed in freshly 
blotted seed was not observed. DTA of these surface dried seeds 
produced exotherms only below -14°C (Figure C2.1d) (ie. secondary).
The lack of a 1° exotherm was probably due to removal by evaporation 
of the water responsible both for its production, and for the observed 
"stickiness".

When a nucléation wick was fitted to samples, of any size, in 
order to introduce an ice nucleus to the proposed water continuum, the 
1° exotherm occurred at temperatures just below O^C (Figure C2.1e,f). 
The addition of a few grains of the nucleating agent, silver iodide 
(Hobbs, 1974) to samples also caused 1° exotherm occurrence above 
-5°C (Figure C2.1g). These results in which treatments applied to 
the outside of a group of seeds caused a change in the freezing 
behaviour of the water responsible for the 1° exotherm throughout 
the sample supported the view that the production of only a single
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1° exotherm in groups of more than one seed was due to the existence 
of a water continuum comprising the water outside the endosperms of 
all the seeds in the sample, the freezing of which occurred as a 
single event.

The observation that the temperature of 1° freezing was elevated 
several degrees by supplying ice nuclei in the form of a wick or by 
adding a nucleator indicated that under the normal conditions for 
DTA, thë 1̂  freezing event occurred only after the water responsible 
for it had supercooled several degrees. This explained why all the 
water in the continuum outside the endosperms, in any given sample 
froze at the same temperature, yet variation between samples was 
considerable. All the water in the continuum remained unfrozen 
below its freezing point until the first ice nucleus was formed - a 
random event - at which point it all froze. This is supported by 
the observation that when a sample of ten seeds was split into two 
groups of five within the foil packet during DTA, two large exotherms 
at 1̂  exotherm temperatures occurred. Because the water continuum 
was split in two, nucléation in one group only caused freezing of 
half of the total external water in the sample, a second nucléation 
event, which by chance occurred at a different temperature was re
quired to cause freezing in the other group (Figure C2.1h).

This supercooling which occurred under normal DTA conditions 
provided an explanation for the observation that the mean 1° exotherm 
temperature in 10 samples of 10 seed, -8.7jfl.2°C, was significantly 
higher than that observed in 10 samples of 1 seed, -11.1^2.4°C. The 
higher probability of nucléation associated with the larger volume of 
water (Salt, 1961) in the continuum around ten seeds would cause 
nucléation sooner and therefore at a higher temperature than in the 
small volume around the single seed.
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The effect of sample size on 1̂  exotherm temperature observed 
in this work contrasts with that reported by Juntilla and Stushnoff 
(1977). These authors state "the first (exotherm) appeared as a 
single peak when the temperature of the sample was -10+2^C regardless 
of the number of seeds in the sample". However results for sample 
sizes other than 10 seeds are not reported and it is possible that 
the slight but significant differences observed here in cv. Great 
Lakes may have been overlooked by these authors.

Apart from the above discrepancy the total temperature range 
for occurrence of 1̂  exotherms, the occurrence of only a single 1° 
exotherm in samples of more than one seed and the absence of seed 
mortality at the temperature of this exotherm reported here for cv. 
Great Lakes correspond well with the results obtained for cv. Grand 
Rapids (Juntilla & Stushnoff, 1977). However in an Abstract only, 
Wallner and Bourque (1981) reported that DTA of single seeds of an 
unnamed cultivar produced only a single exotherm at about -18°C but 
DTA of 10 seed produced both 1° ( -8°C) and 2° ( -18°C) exotherms 
(Wallner & Bourque, 1981). This suggests that they were possibly 
using seeds which had been very thoroughly blotted before use or 
which dried out during analysis such that the amount of water left 
in the outer tissues of a single seed produced insufficient heat on 
freezing to be detected. When in a group, however, the total amount 
of water, and therefore the heat produced would be greater and more 
likely to be detected. Also the seed mass would be less likely to 
dry out, the inner seed being sheltered from drying air currents by 
those on the periphery.
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Figure C2.3

Diagrammatic representation of the structure of a fully imbibed 

lettuce seed (achene) as determined by dissection. Terminology 

after Borthwick and Robbins (1928).
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C2.1.2.3 Freezing of the endosperm-embryo complex

The work reported above illustrated that the 1° exotherm was 
caused by freezing of the water held in the tissues external to the 
endosperm. The remainder of the seed constitutes the endosperm- 
embryo complex (Figure C2.3).

As reported above (Figure C2.1b) removal of the pericarp and 
integumentary remains did not affect either the temperature of occurr
ence or the size of the 2® exotherm whidi indicated that the water 
responsible for this 2° exotherm was contained in the endosperm- 
embryo complex.

Analyses of single excised undamaged embryos from which the endo
sperm had been removed produced a single peak at 2° exotherm tempera
tures (-14°C to -18°C) (Figure C2.1i). This result together with 
the loss in viability of samples removed over this temperature range 
(Figure C2.2) suggested that the 2® exotherm was caused by the spontan
eous freezing of the water in the embryo and that this was responsible 
for seed death.

DTA of a single endosperm-embryo complex fitted with a nucléation 
wick produced two exotherms (Figure C2.1j). The first occurred just 
below 0°C and was presumably caused by the freezing of the small amount 
of water on the wick, the second occurred in the range for 2^ exo
therms (-14^C to -18°C). DTA with a nucléation wick of an undamaged 
embryo, from which the endosperm had been removed, produced only a 
single exotherm just below 0°C, the embryo presumably freezing at 
the same temperature as the wick (Figure C2.1k).

The inability of the excised embryo to remain unfrozen to -14^C 
to -18^C when inoculated with ice above -5°C, indicated that at 
temperatures below -5°C the embryo was in a supercooled state, that
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it was only capable of remaining supercooled if isolated from an 
external ice source and that the endosperm was capable of providing 
this isolation.

The ability of the excised embryo to remain supercooled to -14^C 
to -18°C as reported here does not agree with the result obtained by 
Juntilla and Stushnoff (1977). They reported that embryos excised 
from the seeds produced only one exotherm, at which point they died, 
and the DTA trace presented showed this to occur at -9°C to -10°C in 
a sample of 10 seeds. It is probable that slight differences in 
experimental technique were responsible for this discrepancy. In the 
present work the embryo was excised from the investing endosperm by 
ripping the latter open using two pairs of fine forceps. The aim of 
this procedure was to obtain an undamaged embryo. This proved to be 
such a difficult technique that it was not possible to obtain 
sufficient undamaged embryos in a day to repeat even the DTA experi
ment of Juntilla and Stushnoff (1977). That these workers used a 
scalpel to excise the embryo and that they were able to obtain consid
erable numbers of embryos suggests that their embryos almost certainly 
were not all undamaged. In this case it is likely that there was free 
water (expressed from damaged cells) on the surface of the embryos. 
Free water is less likely to supercool than water within the cells 
of the embryo (Salt, 1961) and could freeze at an elevated tempera
ture, inoculating the embryos with which it was in contact. In the 
present work analysis of an excised undamaged embryo to which a small 
drop of distilled water had been added, produced only a single exo
therm at 1° exotherm temperatures (Figure C2.ll) which confirmed that 
in the absence of the endosperm an embryo with free water on its 
surface does not supercool to the same degree as one that is surface 
dry.
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It is clear that a water continuum must exist between the outside 
of the intact seed and the embryo in order for imbibition to take place. 
However despite the readiness with which the naked embryo freezes when 
in contact with ice, the formation of ice in the seed coat of an intact 
seed at -10+4°C, did not result in freezing of the embryo, which 
remained supercooled and alive until its spontaneous nucléation temp
erature (-14°C to -18°C). Ice in the seed coat was presumably unable 
to penetrate via the water continuum.

Analyses of seed in which the endosperm envelope was pierced, 
either from outside with a needle (Figure C2.1m) or by the develop
ing radicle during germination (Figure C2.1n) produced only a single 
exotherm at 1° exotherm temperatures (-10+4°C). Viability samples of 
pierced and germinating seed removed during these analyses did not 
survive exposure to temperatures below -14°C. The correlation of 
embryo death at 1° exotherm temperatures and lack of 2® exotherm pro
duction with disruption of the endosperm suggests that the barrier 
which prevents ice growth into the embryo lies within the endosperm 
and requires the endosperm to be intact.

This conclusion and the results of the analyses of pierced and 
germinating seed correspond exactly with those of Juntilla and Stush
noff (1977) in cv. Grand Rapids. Wallner and Bourque (1981) reported 
that surgical disruption of the endosperm or germination did not prevent 
supercooling to about -18°C. However they point out that this may be 
due to the absence of the 1° freezing event in their system. This 
is consistent with the suggestion made earlier that there was no 
water present outside the endosperm and hence no ice to inoculate 
the embryo at temperatures above its supercooling limit (-18°C).
They go on to state that experiments in which seeds were frozen in 
water droplets confirmed a ’'barrier" role of the endosperm, essentially
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confirming this and previous work (Juntilla & Stushnoff, 1977).

C2.1.2.3 Summary

In terms of freezing events, seed water is divided into two 
fractions: (l) the water in the embryo-endosperm complex (embryo 
water) and (2) the water in the seed layers outside the endosperm, 
namely the integumentary remains and the pericarp (pericarp water). 
Under natural conditions, because it extends to the exterior of the 
pericarp, freezing of the pericarp water due to ice growth from 
the soil would be expected above -1°C (Brown, Pers. Comm.).

In the intact seed the embryo water is isolated from the ice 
which is present in the pericarp by the endosperm. The embryo water 
therefore supercools until it reaches its spontaneous nucléation 
temperature ( -18^0) at which point it freezes. Hence during cooling 
on the soil surface the seed/ice/water system would have the following 
important features:-
1) Ice in the tissues outside the endosperm,
2) Supercooled water in the embryo,
3) A water permeable barrier to ice growth between the external ice 
and the supercooled embryo water.
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C2.2 SIMULATION OF NATURAL FREEZING CONDITIONS AND LONG TERM 
EXPOSURE TO S.Z. TEMPERATURE

C2.2.1 INTRODUCTION

The experiments described in this part are largely concerned 
with the effects of long term exposure of imbibed lettuce seeds to 
constant S.Z. temperature.

Two experimental approaches were adopted
1) Investigation of the behaviour of the seed/water/ice system 
when subjected to various regimes designed to simulate conditions 
which might be encountered in a natural environment.
2) Investigation of the seed/water/ice system when subjected to
long term storage at S.Z. temperature.

Two aspects of the natural environment were investigated.
First the possible occurrence of constant, or near constant, low 
temperatures was considered.

At S.Z. temperatures between the freezing point and supercooling 
limit of the embryo, the embryo itself would be in a supercooled 
state. The supercooled state is not an equilibrium state and is 
therefore unstable (Goetz & Goetz, 1938). Salt (1961) has shown 
that in insects which supercooled and were held at a constant tempera
ture above their supercooling limit the number of individuals re
maining unfrozen decreased with time. This was due to spontaneous 
nucléation of the supercooled tissue water, which occurred at a
random time after the supercooled state had been generated (Salt, 1961).
The possibility that such time-dependant nucléation might occur in 
imbibed seed when subjected to constant low temperature above the 
supercooling limit of the embryo was therefore investigated.
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Secondly the effect of different amounts of free water in contact 
with or surrounding the seed at the moment of freezing was considered.

In studies of freezing processes in the crowns of winter
cereals, Olien (1967 , 1967b, 1964, 1965) has shown that high
moisture contents are associated with explosive non-equilibrium 
freezing and extensive injury. Similarly Keefe and Moore (1982) 
demonstrated the importance of the free water status of the environ
ment in the freezing tolerance of Pinus sylvestris seed. Over 7556 
of fully imbibed intact seed survived exposure to -5^C for 1 h when 
isolated from external ice however even if only part of the seed was 
immersed in water and became embedded in ice during cooling freezing
tolerance was almost completely lost, less than 2356 surviving 1 h at
-5°C.

Previous investigations in lettuce seed (Stushnoff and Juntilla, 
1978; and above) have used only surface dry seed. On the soil surface 
however the seed environment may vary from one of moisture stress 
to one of complete immersion in water. The effect of exposing seed 
to freezing on various substrates was therefore also investigated.

Seeds of the majority of species including lettuce can be stored 
in a viable condition for very long periods (100 years), quite easily, 
by reducing the moisture content (to 5-7%) and by keeping them at S.Z. 
temperatures, usually -18°C (Roberts, 1972). However both Toole & 
Toole (1953) and Villiers (1974) have reported that, at laboratory 
temperatures (20°C to 30°C), seeds of lettuce maintained fully 
imbibed but in a dormant state survived longer than seeds stored air 
dry. This may be due to the occurence of metabolic turnover (Cuming 
& Osborne, 1978) or the operation of repair mechanisms (Villiers,
1974; 1975) which prevent the accumulation of radiation and per* 

oxidation damage which would remain unrepaired in dry seed.
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Imbibed storage may therefore prove to be an even more effect
ive method of storing seed than low temperature storage. However 
at present it is dependant on the seed being in a dormant state 
during storage. Lettuce cv. Great Lakes has no dormancy mechanism 
blocking germination. It was therefore considered worthwhile to 
investigate whether it could be stored in an imbibed state for long 
periods at S.Z. temperatures and to see whether metabolic turnover 
and repair occurred. The latter was attempted by using seed which 
had already sustained considerable somatic damage (due to unfavour
able storage) and monitoring changes in the proportion of damaged 
seedlings.

C2.2.2 RESULTS AND DISCUSSION

C2.2.2.1 Freezing of seed on various substrates

The tolerance of fully imbibed seed to freezing under various 
conditions of free water availability was investigated by placing 
samples directly into a cabinet freezer at -8+2°C for periods of 
from 24 h to 4 weeks (Table C2.1).

Fully imbibed surface dry seed or seed which was partially 
immersed in a film of water on filter paper exhibited over 65% 
survival after 4 weeks exposure to -8+2°C (Table C2.1). Viability 
dropped initially, within 24 h, slightly more in the wet than in the 
surface dry seed, but showed no significant decrease in subsequent 
samples.

Samples exposed to -^2°C either in contact with an ice surface, 
embedded in wet sand or completely submerged in water also exhibited 
over 65% survival compared to controls after 24 h exposure (Table C2.1)



Substrate

Control

Days at -8+2®C

1 2 3 4 7 14 28

Dry Filter Paper 100*) 85.1 80.8 92.5 94.7 91.5 84.0 88.3
Wet Filter Paper 103.2^) 72.3 80.9 68.1 75.5 74.5 81.9 69.1

Wet Sand 102®) 73.4
In Ice 100^) 75.5
On Ice 0 ) 102.1 ' 84.0

Table C2.1
The survival of fully imbibed seeds of lettuce cv. Great Lakes after 
plunging to -8+2°C for various time periods and on various substrates. 
Control values were taken from a) air dry seed at -8+2°C, on Whatman 
No. 1 filter paper; b) imbibed seed on wet filter paper (Whatman No.
1 + 4 ml distilled water) at +5°C; c) wet sand (5 g acid washed 
40 to 100 mesh plus 1.3 ml distilled water) at +5°C; d) under water 
at +5^C; e) on glass at +5°C.
Each value determined from four replicates of 25 seed held in 9 cm 
petri dishes on the substrates indicated.
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The ability of fully imbibed lettuce seed to tolerate freezing in the 
presence of excess water demonstrated here, indicates that the nucléa
tion barrier in the endosperm has considerably different character
istics to that in Pinus seed which prevents freezing and death only 
in surface dry seed and that which prevents intracellular freezing in 
the tissues of winter cereals. The nature of this nucléation barrier 
is investigated more thoroughly in Section F.

The occurrence of a small percentage mortality following freezing 
at -8+2®C under all conditions (Table C2.1) suggests that a proportion 
of the seeds may have an ineffective nucléation barrier. This may 
take the form of a disrupted endosperm, possibly due to harvesting 
damage, or a morphologically different and incompletely sealed endo
sperm envelope. Alternatively a proportion of embryos may have spont
aneous nucléation temperatures above -8+2°C. The former suggestion is 
supported by the observation that samples of surface dry seed, on 
dry filter paper, survived exposure to -8+2®C slightly better than 
samples exposed in excess water (Table C2.1). Since the surface dry 
seeds were not in a group but were lying singly on the filter paper, 
in a proportion of seeds all the pericarp water may have been removed/ 
evaporated. In this case in a small number of the seeds with ineffect
ive nucléation barriers there would not have been any ice formed at 1® 
exotherm temperatures to inoculate the embryo through the damaged 
endosperm.

The reasons why significant mortality occurs at temperatures well 
above the supercooling limit is discussed further in Section D.

These results demonstrated the ability of a high proportion of 
the fully imbibed seed to tolerate long term exposure to S.Z. tempera
tures. The possibility of imbibed storage was therefore considered.
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C2.2.2.2 Long term storage of imbibed seed below 0®C

Two investigations into long terra storage were made. The first 
considered only the viability of samples of fully imbibed and, for 
comparison, air dry seed held at S.Z. (-8^2®C) and ambient labora
tory temperatures (5®C to 30®C) for long periods (Table C2.2).

No significant loss in viability of fully imbibed seed encased 
in ice at -8jf2®C was observed within 4 weeks. After 12 weeks however 
viability had declined to 60%, after 24 weeks it had declined to 
41.6% and after 17 months only one seed out of 250 produced a radicle 
and roothairs. However this failed to produce a competent seedling. 
Air dry seed stored at -8+2®C for 17 months showed no appreciable 
decline in viability whereas the viability of air dry seed stored 
under fluctuating (5®C to 30®C) laboratory temperatures for 17 months 
had declined to 68% (Table C2.2).

The second investigation considered the possible operation of 
metabolic turnover and repair mechanisms in imbibed seed at -8+2®C. 
Seed which had been stored in an open container at laboratory tempera
tures for one year and which had therefore accumulated a considerable 
degree of somatic damage was used. After germination for 7 days 
(I.S.T.A. Rules 1976) viability was assessed and seedlings were 
classified into one of 4 groups according to the area of damaged 
cotyledon tissue present. It was hoped that by this means the opera
tion of repair mechanisms would be detected by changes in the prop
ortions of damaged seedlings.

An initial loss of viability, from 92.5% to approximatley 70%, 
occurred on cooling to -8+2®C but no further significant (p=O.Ol) 
loss in viability was observed up to 35 weeks (Table C2.3). The 
proportions of the different categories of cotyledon damage did not
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8+2®C Imbibed 90.4 88.8 83.6 91.2 60.0 41.6 0.5

•8+2®C Air Dry 85.6 88

+5®C to 
+ 30®C 
(Ambient 
laboratory 
temperature)

Air Dry 94.8 68

Table C2.2
Changes in the survival of samples of air dry and fully imbibed 
seed of lettuce cv. Great Lakes during storage at -8+2®C. All 
samples were held in 10 ml lidded glass specimen bottles, 50 
seeds per bottle. Bottles were cooled in a methanol bath at
0.5®Oh  ̂to -10®C before being placed at -8ĵ 2®C. Imbibed seeds 
were immersed in 5 ml of water which was inoculated with ice 
before cooling began. 5 x 50 seed removed after each exposure 
time. Control treatments; a. initial viability values for the 
seed lot used, determined from unfrozen seed; b. fully imbibed 
seed held at 5®C under 5 ml of water for 24 h.
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Untreated 7.5 21.0 42.5 14.5 9.5 92.5
Control

24 hours 25.5 25.0 37.0 8.0 4.5 74.5

10 weeks 26.0 21.5 39.0 8.0 5.5 74.0

21 weeks 29.5 22.0 37.0 8.5 3.0 70.5

35 weeks 35.5 18.5 32.0 9.0 5.0 64.5

45 weeks 76.0 11.0 5.5 6.0 3.0 24.0

Table C2.3
Changes in the viability and numbers of seedlings 
exhibiting the specified degrees of cotyledon damage 
in samples of fully imbibed lettuce cv. Great Lakes 
seed during storage at -8+̂ 2®C. Samples of 100 seed 
were held in polyethylene embedding capsules placed 
directly at -8+2®C, 2 x 100 seed removed after each 
exposure time.
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change appreciably, either after the initial freezing or during the 
subsequent 35 weeks. After 45 weeks however, when the experiment 
was terminated, viability had fallen to 24% and seedlings exhibiting 
less than 30% cotyledon damage made up a much larger proportion of 
the viable seeds than in earlier samples (Table C2.3).

Comparison of the viability data alone for these two storage 
experiments showed that after cooling to -8+2®C a substantial loss 
of viability occurred in the latter experiment whereas in the former 
experiment almost complete viability was retained. As will be explain
ed in the subsequent part of this Section this apparently anomalous 
result is a function of the different cooling regimes used in the two 
experiments (See legends to Figures).

In all the results reported in this section, apart from an 
initial drop in viability on cooling to -8[+2®C, the viability of samples 
held for up to 4 weeks was not observed to decline significantly as 
might be expected for a supercooled system (Salt, 1961). This was first 
considered to be due to the considerable difference between the 
experimental temperature (-8+2®C) and the supercooling limit of the 
sample material (-18®C) and an insufficiently long observation period. 
For example Salt (1961) reported that the time taken for half of the 
individuals in a sample of Cephus cinctus larvae to freeze at -24.5®C 
was approximately 28 min whereas at -20®C it took over 5 days. Even 
so some decline in viability would have been expected in 4 weeks.

An alternative explanation of the observed sustained viability 
could be that after reaching the holding temperature (-8+2®C) the 
thermodynamic equilibrium of the seed/ice/embryo system was 
restored thus removing the possibility of spontaneous embryo nucléa
tion and death. Work reported in the remainder of this Section 
investigated this latter possibility.



79

C2.2.2.3 Summary

The work reported above demonstrated that in the majority of 
seeds an excess external water supply did not deleteriously affect 
the freezing pattern of the seed or the functioning of the endosperm 
nucléation barrier and hence showed that the seed in a natural 
environment is safe from rapid temperature changes above -14®C to 
-18®C, It has also shown, however, that in a proportion of seeds 
this nucléation barrier is not entirely effective.

Stability of the seed/ice/embryo system when held at a S.Z. 
temperature above the supercooling limit was also demonstrated. The 
mechanism whereby this stability is achieved is elucidated in the 
following part (C2.3).

The results concerning long term storage of imbibed seed at S.Z. 
temperature were inconclusive. This may have been due to limitations 
of the experimental approach and is discussed in more detail below (C3)
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C2.3 THE EFFECT OF COOLING HATE ON THE FREEZING BEHAVIOUR OF FULLY 
IMBIBED SEED OF LETTUCE CV. GREAT LAKES

C2.3.1 INTRODUCTION

At temperatures above the embryo supercooling limit ice, which 
has formed in the pericarp, is linked via a water continuum through 
the endosperm to the embryo water but fails to penetrate the endo
sperm. The embryo water therefore becomes supercooled.

It has been noted previously that the supercooled state is not 
stable (Salt, 1961; 1963). Supercooled water has a higher vapour 
pressure than ice at any given S.Z. temperature (Mazur, 1963) so at 
temperatures below 0®C but above -16+2®C the seed/water/ice system 
is not at thermodynamic equilibrium. In investigations using single 
cells Mazur (1961, 1963, 1977) and others (Toscano et al., 1975) 
have shown that a similar situation arises when single cells are 
cooled below 0®C in an aqueous medium. Ice forms in the external 
medium but does not penetrate the cell membrane, so the cell contents 
supercool and the system is not at equilibrium. Equilibrium can be 
restored in one of two ways. Either the cell contents freeze Jji situ 
or water moves out of the cells, increasing the concentration of the 
protoplasm and therefore reducing its vapour pressure until the 
internal vapour pressure is equal to the vapour pressure of the 
external ice. That is, the f.p. of the protoplasm is lowered to the 
ambient temperature. Which of these two mechanisms operates is 
dependant on the cooling rate. At fast rates there is insufficient 
time for water to move out of the cell before the contents become so 
supercooled that freezing becomes inevitable. At slow rates sufficient 
water leaves the cell to maintain vapour pressure equilibrium, and
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the freezing point of the protoplasm falls at the same rate as the 
ambient temperature. However, the terms fast and slow are relative 
and are dependant on the permeability and surface area: volume ratio 
of the cell in question. For the large yeast cell lOO^C/min is a 
fast rate and would result in cell freezing. For the smaller human 
red blood cell, lOÔ C/rain is a slow rate and would result in de
hydration and survival (Mazur, 1970).

The lettuce seed might be viewed as a very large cell. The 
embryo being equivalent to the protoplasm, the endosperm replacing 
the water permeable cell membrane, and the pericarp water supplying 
the external aqueous medium or ice. Cooling at 20°Ch  ̂has been shown 
to cause supercooling and eventually mortality when the supercooling 
limit temperature is passed. This rate is therefore classed as a 
fast rate. However by analogy with single cells it is conceivable 
that at a sufficiently slow cooling rate, water from the lettuce 
embryo might move through the endosperm to freeze in the pericarp, 
causing dehydration of the embryo.

It has been observed earlier that cooling rates of 20°Ch"^ are 
much higher than would normally occur in air in a natural environment, 
a "few degrees per hour" being more usual (Olien, 1967).

The work reported in this section describes the changes which 
occurred in the behaviour of the seed/ice/water system at slow cooling 
rates down to l°Ch  ̂and elucidates the mechanisms which caused these 
changes.

C2.3.2 RESULTS AND DISCUSSION

02.3.2.1 Effect of slow cooling rates on exotherm production and viability 

DTA was carried out on samples of 50 fully imbibed seed at
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cooling rates in the range 5°Ch  ̂to l^Ch All analyses were 
replicated at least 3 times. Analyses at 5 and 4^Ch  ̂ (Figure 
C2.4 ) produced patterns of exotherms similar to those produced
at 20°Ch  ̂(Figure C2.2). Each sample produced a large 1° exotherm 
in the temperature range -6 to -14°C plus a large number of smaller 
exotherms chiefly in the range -14°C to -18°C. At lower cooling 
rates, however, although the 1° exotherms occurred in the same temp
erature range as those detected during cooling at 20, 5 and 4°Ch*"̂  

and were similar in size, changes in the nature of the 2° exotherms 
occurred. As the cooling rate was lowered the height of the exo
therms became smaller, the lower limit of the temperature range in 
which they occurred fell and the total number of exotherms decreased.
At 2^Ch"^ very few 2° exotherms were recorded above -25^C (Figure 
C2.4 ) and at l°Ch  ̂none were recorded above -30°C (not shown).

At a cooling rate of 5°Ch"^ (Figure C2.5) the pattern of viability 
decrease with temperature was similar to that observed at 20°Ch  ̂

(Figure C2.2). The viability of samples removed at temperatures above 
-14°C was more than 50%, falling to 0% at -20°C.

At lower cooling rates (4°Ch  ̂to l°Ch )̂ the viability of 
samples removed at any given temperature below -14°C increased with 
decreasing cooling rate. At l°Ch~^, sample viability at -40°C, a 
temperature well below the supercooling limit, was not significantly 
different from the unfrozen control value ( 90%) (Figure C2.5).

The correlation between lack of a detectable 2° exotherm and 
increased viability of samples removed at temperatures within or 
below the normal (ie. at 20°Ch )̂ range for 2° exotherm occurrence 
indicated that at low cooling rates a change occurred in the seed/ 
water/ice system which prevented embryo freezing and death. It is 
conceivable that this could be due to evaporative water loss from
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Figure C2.4
The patterns of exotherm production exhibited by samples 
of 50 fully imbibed seed of lettuce cv. Great Lakes (o) 
during DTA at three different cooling rates. Samples 
held in foil, without nucléation wicks.
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Figure C2.5
The interaction of cooling rate with sample temperature on the 
survival of fully imbibed lettuce (cv. Great Lakes) seed. 
Cooling rates: #, l°Ch""̂ ; A, 2°Ch“ ;̂ O, 3°Ch"^; A, 4®Ch~^; 
■ , 5°Ch"^. Elach point determined from 2 x 50 seed held in
foil packets.
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slow cooled samples due to the increased time spent in the cooling 
apparatus. However, this was not supported by the results obtained. 
The mean moisture content of five samples of 50 seeds cooled at 
l°Ch  ̂in foil to -20°C was 109.1^5.1 units compared to a control 
value (ie. moisture content taken immediately after surface drying) 
of 100.9+3.8 units.

An alternative possibility is that at low cooling rates water 
might leave the embryo via the endosperm down the vapour pressure 
gradient between the supercooled embryo water and the pericarp ice, 
resulting in dehydration of the embryo. In order to examine this 
possibility further it was necessary firstly to determine the rela
tionship between seed hydration, the freezing of the embryo and the 
viability of the seeds at different temperatures, and secondly to 
establish whether water migration actually took place in slowly cooled 
seeds.

C2.3.2.2 Effect of reduced seed moisture content on exotherm 
production and viability

The effect of reduced moisture content on sample viability was 
investigated by cooling samples of partially imbibed seed at the 
fast rate of 20°Ch  ̂to -20°C, a temperature which would give a 
complete kill of fully imbibed seed. The cooling rate of 20°Ch  ̂

was used because it represented a fast rate which would not allow a 
significant amount of the proposed water migration to occur, and 
because the behaviour of the system at this rate was well characterised.

At sample M.C. from fully imbibed down to 70 units no significant 
increase in viability after cooling at 2 0 ° C h t o  -20°C was observed 
(Figure C2.6). Between 70 and 50 units sample viability increased
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Figure C2.6
The effect of reduced seed moisture content on the survival of 
samples of lettuce (cv. Great Lakes) seed after cooling at 20°Ch*"̂  

to -20°C in foil envelopes. Survival value for each moisture 
content determined from:- ■, 4 x 50 or #, 4 x 25 seed. All 
moisture contents determined from 4 x 50 seed.
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slightly and below 50 units viability rose appreciably to approx
imately 30% at a M.C. of 37 units (Figure C2.6).

DTA investigation of the effect of reduced seed M.C. on 
freezing of seed water during cooling at 20°Ch  ̂indicated that 
seed M.C.s below 55 units caused a reduction in both the size and 
the temperature of occurrence of the 2° exotherm (Figure C2.7).
Since it has been shown (above and Stushnoff & Juntilla, 1978) 
that 2° exotherm occurrence and seed death are concurrent it is 
to be expected that these two results would agree well with one 
another. Samples with mean exotherm temperatures above -20°C had 
M.C.s which were similar to samples which were completely killed.
With lower M.C. both the number of exotherms occurring below -20°C 
and the sample viability increased (Figure C2.6, C2.7).

The effect of sample M.C. on the temperature of occurrence of 
2° exotherms also broadly agrees with the data presented by Juntilla 
& Stushnoff (1977) for cv. Grand Rapids. Although not calcualted 
in this work because of the small amount of data, the slope of the 
regression line in both cultivars appears to be very similar (Figure 
C2.7). However in cv. Great Lakes the line appears to be displaced 
slightly to higher M.C. (approximately 5 units), compared to cv.
Grand Rapids. This may represent a real difference in the freezing 
behaviour of these two cultivars at low M.C.s. However it is so 
slight that differences in blotting or M.C. determination procedure or 
a difference in the weight of osmotically inert material (eg. the 
pericarp) in the seeds might equally have been responsible.

C2.3.2.3 Redistribution of water during cooling

It was predicted that the water which left the embryo during slow
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Figure C2.7
The effect of moisture content on the mean temperatures of 
secondary exotherms produced by samples of partially hydrated 
seed of two lettuce cultivars during DTA at 20°Ch Solid 
line:- relationship obtained by Juntilla and Stushnoff using 
cv. Grand Rapids; ■ , points obtained using cv. Great Lakes 
(vertical lines represent one standard deviation), broken 
line fitted by eye. Mean sample exotherm temperatures determined 
from 2 X 10 seed, M.C. determined from 2 x 25 seed.
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cooling would accumulate outside the endosperm in the region of the 
pericarp. Since the experiments involving seed of reduced M.C. 
indicated that a considerable reduction in embryo water was needed 
to prevent freezing it seemed likely that water migration would 
be quite considerable and should be capable of demonstration.

Visual comparison of samples cooled at 1 or 20°Ch  ̂to -20^0 
and then thawed out rapidly, indicated that the slow-cooled samples 
had a distinctly water-soaked appearance whereas fast-cooled samples 
appeared similar to their original surface dry state. Initial 
attempts were made to demonstrate this effect quantitatively by 
imbibing the seed samples in an aqueous dye solution (1% AzQrubin), 
which did not penetrate the endosperm, and looking for differences in 
the concentration of the pericarp dye solution after fast and slow 
cooling. However obtaining samples of the pericarp water from fast 
cooled seed proved to be difficult and unreliable. A second method 
based on the same dilution of dye principle employed a "spin dryer" 
technique to remove pericarp water. Seed samples were held in 
conical containers with a small hole at the bottom during cooling.
On reaching -20°C they were immediately placed, bottom end down, into 
a filter paper cone held in the bottom of a centrifuge tube and 
centrifuged at a speed (which was low enough not to cause damage to 
the seeds) for a sufficient length of time to allow the samples to 
thaw. As it thawed the pericarp dye solution was spun off the seeds, 
through the hole in the sample container and onto the filter paper 
where it formed a coloured spot. The spot from slow cooled seed was 
much larger and paler than that from fast cooled seed. This technique 
demonstrated visually that water migration did occur but did not 
allow a quantitative analysis of the amount of water leaving the 

embryo. Quantitative measurements were attempted initially by
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collecting the pericarp water on filter papers and determining their 
M.C.s gravimetrically, however this was complicated by the tendency 
of the filter paper to pick up atmospheric moisture. In the final 
method the pericaro water was spun off into preweighed plastic collect
ion tubes (for a fuller description see Section B). This permitted 
determination of both the amount of water spun off and the M.C. of 
the remaining seeds. A total analysis is presented in Table C2.4.

The amount of water removed by centrifugation from surface dry 
seeds cooled rapidly to -20°C was significantly greater than that 
removed from non-cooled surface dry seed but it did not significantly 
reduce the M.C. (105-115)6) of the seed remaining after centrifugation, 
within the limits of variation of the technique. Centrifugation of 
seed cooled slowly enough to permit survival (l^Ch )̂ removed over 
5 times the amount of water removed from the control and the remain
ing seed had a significantly lowered M.C. (72.3%) (Table C2.4).

Determination of the water partitioning of samples cooled 
rapidly to -20°C and then held at this temperature for 19 h demon
strated that the increased amount of water removed by centrifugation 
from slow cooled seed was an effect of cooling rate rather than an 
effect of time below 0°C (Table C2.4). Prolonged exposure to S.Z. 
temperatures might have caused changes in cell membrane structure, 
as occurs in chilling sensitive plants at low temperatures above 0°C 
(Lyons, 1973) which could have increased their permeability and 
allowed release of cellular water during the centrifugation procedure. 
Seed M.C. and water removed were not significantly different from 
rapidly cooled seed indicating that seed water was immobilised on 
cooling due to spontaneous freezing of both pericarp and embryo 
water at temperatures above -20°C.

Calculation of the initial M.C. of the seed samples by totalling
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the weights of water removed by centrifugation and the amount lost 
on oven drying showed that differences in cooling treatment did not 
cause loss of sample water such as might result from evaporation 
(Table C2.4).

The results presented above show that at slow cooling rates 
(less than 5^Ch redistribution of water takes place within the 
seed, presumably due to the vapour pressure difference between the 
supercooled embryo water and the pericarp ice, resulting in dehydra
tion of the embryo. Experimental variation of embryo M.C. showed that 
the ability of the embryo to supercool and survive at low tempera
tures was strongly influenced by its M.C. Thus it seems likely 
that the enhanced survival at low cooling rates is due to a process 
of water redistribution within the seed. At this point it is 
necessary to examine an aspect of the results which is apparently 
inconsistent with this conclusion.

In Figure C2.6 it was observed that in order to cause an increase 
in survival due to supercooling it was necessary to have a sample 
M.C. of less than 50 units whereas in Table C2. 4 the M.C. of seed 
cooled slowly enough (l°Ch to give considerable survival at -20^C 
was above 70 units. This apparently high value was probably largely 
caused by the seeds with damaged endosperms. It has been shown 
previously that at nucléation temperatures a proportion of the 
seed population is killed due to embryo freezing. It is assumed that 
embryo desiccation would not take place in these seeds since when the 
embryo is frozen there would be no vapour pressure gradient between it 
and pericarp ice. If it is assumed that the water removed from the 
slow cooled seed came only from that part of the population capable 
of surviving 1° nucléation, it can be calculated (Appendix III) that 
the M.C. of these seeds would have fallen to approximately 55 units.
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This is still somewhat higher than the M.C. found experimentally 
to prevent freezing at -20°C (Figure C2.6). However since it is 
presumably the M.C. of the region of the embryo where nucléation 
occurs that is important in governing whether a given seed freezes, 
the following factors may be relevant.

1. The centrifugation technique (Table C2.4) did not remove all 
pericarp water but is assumed to have left behind a constant amount 
in each treatment. Partially imbibed seed (Figure C2.6) possessed no 
visible pericarp water whatsoever and would therefore presumably 
have a lower total M.C. value for any given embryo M.C. when compared 
to centrifuged seed.

2. The water in partially hydrated seeds (Figure C2.6) would be 
distributed evenly (osmotically) throughout the seed but because the 
seeds in Table C2.4 were in the process of dehydrating when removed 
it is likely that gradients of M.C. existed between their tissues and 
it is possible that the region of the embryo where nucléation occurred 
could be at a lower M.C. than other regions where nucléation was less 
likely.

3. Some water may have been re-imbibed during the centrifugation 
procedure which would make the determined M.C. figure higher than the 
actual M.C. of the seed when it reached -20^C.

The experiment reported above was carried out using seed samples 
which were not fitted with nucléation wicks, so that comparison 
could be made with the DTA (Figure C2.4) and viability data reported 
earlier (Figure C2.5). However it has been noted that in nature 
pericarp water would freeze above -1°C due to inoculation from the 
soil. The behaviour of the system was therefore investigated using 
samples fitted with wicks to cause nucléation just below O^C.

Water redistribution was followed by monitoring only the decrease in
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embryo M.C. after centrifugation since the fitting of a wick to the 
sample increased the volume of the pericarp water by an irregular 
amount which made its estimation pointless.

During cooling at l°Ch"^ the M.C. of samples removed at inter
vals down to -20°C decreased from an initial value of approximately 
98 units to approximately 60 units at -20°C (Figure C2.8). The rate 
of moisture loss decreased with decreasing temperature until between 
-20°C and -25°C no appreciable loss was detected. Since the molar
concentration (and hence the vapour pressure) of an aqueous solution
increases roughly exponentially with decreasing solute volume the 
observed reduction in rate was probably due to a decrease in the 
amount of water it was necessary to remove from the embryo solution 
to cause sufficent increase in embryo vapour pressure to reestablish 
equilibrium with external ice at a lower temperature.

Seed samples held at a constant -10°C, after cooling at a rate 
which was too fast to permit any significant water re-distribution 
during cooling, continued to lose water for at least 12 h (Figure C2.9). 
The initially rapid water loss slowed down, as the system came to 
equilibrium, probably due to the decreasing vapour pressure difference 
between the embryo and pericarp ice. No decrease in M.C. occurred 
between 12 and 24 h indicating that approximately 72 units was the 
equilibrium M.C. for the total seed sample at -10°C ( 55 units for
the undamaged seed if it is assumed that 30% of the seed had damaged
endosperms).

oPre-equilibration of 4 x 50 seed at -10 C for 24 h prior to 
rapid (20°Ch~^) cooling to -20°C gave a survival value of 54%, a 
result which supported the view expressed earlier that the deter
mination of M.C. by centrifugation (Table C2.4) gives a higher M.C. 
value than that determined from partially hydrated seed (Figure C2.6),
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Figure C2.8
The moisture content of initially fully imbibed lettuce 
(cv. Great Lakes) seeds after cooling at l°Ch  ̂with 
nucléation wicks to the temperature indicated. Moisture 
content determined after centrifuging to remove external 
water. Each point represents the mean of three replicates 
of 50 seeds.



110 r-

I
Zs

100

90

it—I
g 80

16 20 24
TIME AT -10 C (h)

Figure C2.9
The moisture content of initially fully imbibed lettuce (cv. Great 
Lakes) seeds at various times after rapid cooling (40°Ch"^) to 
-10°C. Moisture contents determined after centrifuging to remove 
external water. Different symbols denote the results of three 
separate experiments. Elach point determined from three replicates 
of 50 seeds.
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for any given embryo M.C. After pre-equilibration the M.C. of this 
seed, as determined by centrifugation, was apnroximately 55 units. 
According to Figure C2.6 a sample of this M.C. would be completely 
killed on cooling (20^Ch to -20^C. The considerable survival 
observed in these seeds therefore suggests that the actual M.C. of 
the embryo is considerably lower than the centrifugation determined 
value.

The equilibration which took place at constant temperature after 
cooling to a temperature above the supercooling limit explains 
why the random spontaneous nucléation and death of the supercooled 
embryo that would be observed in insects (Salt,1961) did not occur 
(C2.2.2.1, C2.2.2.2). The embryo did not remain supercooled but 
freeze desiccated until its freezing point was the same as the 
ambient temperature and the possibility of freezing was removed.

This result also indicates that there is a limit to the rate 
at which water can leave the embryo and that the rate of water move
ment is greatly affected by the vapour pressure difference between 
embryo and pericarp ice.

Juntilla and Stushnoff (1977) did not investigate the effect of 
low cooling rates on the behaviour of the fully imbibed seed and 
therefore the occurrence of freeze desiccation was not discovered 
in cv. Grand Rapids. However in later work (Stushnoff & Juntilla, 
1978) one of their results in which partially imbibed seed ( 40%
M.C.) survived cooling to -20^0 at 4°Ch  ̂but not if cooled at 
40°Ch  ̂is consistent with the desiccation mechanism operating in 
this cultivar at the lower cooling rate.
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C2.3.2.4 The effect of seed size on freeze desiccation

The importance of surface area:volume ratio on the freeze 
desiccation system in single cells was mentioned in the introduction 
to this part. Cells with a high surface area:volume ratio were 
capable of tolerating higher cooling rates than those with a low 
ratio. Experiments were conducted to see if this principle applied 
to the lettuce seed. Working on the assumption that smaller seeds 
would have a higher surface area:volume ratio a sample of seed was 
split into three size fractions using sieves, and their ability to 
tolerate freezing rates in the range 5-l°Ch  ̂was investigated by 
determining the viability of samples removed at -20^C (Figure C2.10).
At rates above and below 3°Ch  ̂although no significant differences 
were observed between size fractions small seed tended to survive 
better than the larger fractions. At 3°Ch  ̂the survival of small 
seed was significantly (p=O.Ol) the highest whilst medium sized 
seed showed intermediate survival and large seed had lowest survival. 
Differences in survival were not due to differences in the number of 
seed with ineffective endosperms since, when plunged to -10°C, the 
viability of samples of all three size fractions was 73-74%.

Hence, the small seeds with the smaller surface area:volume 
ratio were able to survive fast cooling rates better than large seeds, 
although the range of cooling rates over which this could be detected 
was narrow. This is probably because the seed lot used was genetically 
fairly homogeneous and the differences which occurred in seed size and 
possible freezing rate tolerance range were slight.

The increased viability in small seeds was believed to be caused 
by a greater reduction in embryo water content during cooling in 

turn caused by their smaller surface area: volume ratio. However
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Figure C2.10
The interaction between seed size and cooling rate on the 
survival of fully imbibed seed of lettuce (cv. Great Lakes) 
after cooling to -20°C in foil packets with nucléation wicks. 
Seed sizes: A, Large seed, mean seed weight 0.95 mg;*, inter
mediate seed, mean seed weight 0.84 mg; #, small seed, mean 
seed weight 0.68 mg. Each point determined from four replicates 
of 50 seed. The only significant difference (p=0.01) at a 
given cooling rates is between large and small seeds at 3°Ch
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it was not found possible to detect significant differences in the 
M.C.s of samples cooled at 3^Ch  ̂to -20°C probably due to variation 
inherent in the technique (Table C2.5). Reasons for this variation 
are discussed in the next section.

C3 DISCUSSION

Several of the phenomena observed in the work reported above 
merit further consideration either because they illustrate certain 
important principles concerning freezing in biological systems or 
because they have significance in a wider context than just that of 
the lettuce seed system under study.

C3.1 NUCLEATION TEMPERATURES

It was noted above that freezing of the water in the pericarp 
under the normal conditions for DTA occurred only after the water had 
supercooled several degrees. Salt (1970) reported that drops of 
water 0.8 mm in diameter and presumably weighing approximately 0.27 
mg were readily supercooled to -25°C even when they contained con
siderable numbers of nucleators. The weight of water in the lettuce 
seed pericarp (approximately 0.06 rag determined by centrifugation) 
was considerably less than this and consequently it might have been 
expected that the pericarp water would supercool to a greater degree. 
That the observed range of nucléation temperatures (-6°C to -14^C) 
was considerably higher than -25°C indicates that freezing of the 
pericarp water was due to the action of nucleators. The nature and 
origin of these nucleators is unknown but particulate contaminants 
of the distilled water or structural components of the lettuce seed



Seed Size Sample Temperature

0°C -20°C

Small 101.3+8.0 82.9+4.3

Medium 99.8+4.6 80.8+3^8

Large 106.1+̂ 6.5 82.5+6.5

Table C2.5
The moisture contents {% d.w.) of samples of 
initially fully imbibed lettuce cv. Great Lakes 
seed, from three size fractions, before and 
after cooling at 3°Ch  ̂to -20^C, with nucléation 
wicks, determined after centrifugation. Elach 
figure determined from eight replicates of 50 
seed.
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could both fill this role.
The narrow temperature range for 1° exotherm occurrence report

ed by Juntilla and Stushnoff (1977) (-9+2°C) compared to that 
observed in this work (-10+4°C) may have been due to the presence 
of more efficient nucleators in their water, which would have 
prevented the pericarp water supercooling below -11°C.

The higher 1° nucléation temperature observed in samples of 
several seed, compared to that in single seeds, could also be explain
ed by the presence of greater numbers of nucleators due to the larger 
volume of water in the sample of several seeds, since the probability 
of nucléation increases with the number of nucleators in a water 
sample (Vali, 1971),

The range of nucléation temperatures observed for 2° exotherms 
(-14°C to -18°C) suggests that this freezing is also initiated by 
nucleators present in the seed.

C3.2 MOISTURE CONTENT AND SUPERCOOLING

The highly complex nature of biological systems and our incom
plete understanding of the interactions between water or freezing 
water and certain of the components of these systems (Cooke & Kuntz, 
1974; Olien, 1967) precludes a comprehensive discussion of the 
mechanism whereby reduced M.C. increases the ability of the seed to 
supercool. Several factors may be involved and may act separately 
or in conjunction.

In a fully hydrated cell the water may be viewed as being of 
two kinds, 1. water in which the molecules are arranged in a normal 

structure typical of water in bulk and 2. water in which the mole
cular orientation is influenced by solutes and surfaces. Polar
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solutes exert their effect by causing s strong orientation of water 
molecules in an ordered pattern, unrelated to that of bulk water, 
in a zone around them. Between this zone and bulk water there is a 
zone of disorder. Non-polar solutes are believed to be surrounded 
by either rigid patterns of molecules termed clathrates or by less 
demanding structures called hydrotactoids (Olien, 1967). Surfaces - 
cell walls and membranes - similarly affect molecular orientation in 
a thin layer above them (Anderson, 1968), Equally important however 
is their effect of creating a mosaic of curved water surfaces.
Forces operative in the surface layer strongly affect the nucléation 
process and modify the effects of nucleators (Anderson, 1968; Salt, 
1961).

The nucléation which terminates supercooling requires the random 
movement of water molecules either to form an ice crystal nucleus 
or to orientate themselves around a nucleator. Hence any factor 
which reduces the random movement of the water molecules is likely 
to reduce the probability of nucléation. At a constant cooling rate 
this is reflected as a lower nucléation temperature. A reduction in 
seed M.C. reduces the total number of water molecules in the system 
and therefore reduces the nucléation probability. It also increases 
the viscosity and decreases the freezing point of the remaining cell 
solution which increases supercooling ability (Franks, 1980). At 
lower M.C. no water with bulk structure may be present, however 
freezing may still occur at lower temperatures since the critical 
size of an ice nucleus decreases with decreasing temperature 
(Chalmers, 1959).
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C3.3 STORAGE OF IMBIBED SEED

The results of the preliminary investigations of imbibed storage 
at S.Z. temperatures presented here suggest that this does not 
provide an effective means of storing seed in a viable condition 
compared to low temperature dry storage. However, several features 
of the experimental regime employed may have been unfavourable to 
both seed survival and the operation of metabolic activities.

Since the temperature in the freezing cabinet often fell to 
-10°C freeze desiccation would have caused the embryo M.C. to fall 
considerably. The behaviour of seeds equilibrated at -lO^C and then 
plunged to -20°C was similar to that of partially imbibed seeds 
having a M.C. of 30 units. This was presumably the hydration level 
attained by the seed in storage and may have been too dry for meta
bolic activity to take place. In this case the seeds would probably 
behave like moist seeds which would have accounted for their rapid 
deterioration.

If this M.C. was not too low for metabolic activity it is 
possible that the low temperature caused metabolic imbalance as 
occurs in chilling injury, such that a phase change occurred in the 
membrane lipids, which affected the rate of reactions catalyzed by 
membrane bound enzymes, leading to a build up of toxic intermediates. 
Alternatively the usual sequence of germinative events may have 
progressed normally but slowly, which would have resulted in piercing 
of the endosperm by the radicle which may have allowed damaging 
ice formation in the embryo.

The I.B.P.G.R. (1979) reported that lettuce seed require 
oxygen if they are to survive during imbibed storage. All the sample 

containers used in the work reported above were water-tight and
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presumably therefore air-tight. Furthermore the seeds in one 
experiment were completely embedded in ice and in the others were 
presumably surrounded by pericarp ice. The ice lattice largely 
excludes gases (Chalmers, 1959), hence it is possible that seed 
death was due to lack of oxygen rather than low temperature or 
high M.C. The observation that the seeds embedded in ice lost 
viability more rapidly than surface dry seed tends to support this 
view.

C3.4 FREEZE DESICCATION

The centrifugation technique developed above demonstrated that 
redistribution of water occurred in the seed during slow cooling.
The discrepancy between the M.C. values of seed with a given freezing 
tolerance, determined by either direct measurement of partially 
imbibed seed or determination after slow cooling and centrifugation 
suggested that the centrifugation technique did not give an accurate 
measurement of the amount of water which had moved. Its use for 
determining quantitative water migration rates was therefore pre
cluded, however it seemed likely that, by assuming the factors which 
caused the errors were fairly constant in each experiment, the 
values obtained were a reasonable representation of the relative 
amount of water movement which occurred in the different samples.

Freezing tolerance was shown to be greater in partially 
imbibed seeds when the degree of hydration was lower and it was there
fore concluded that the reduction in M.C. of the fully imbibed 
seed caused by the formation of ice in the pericarp accounted for 
the increased survival of slowly cooled samples. The ability of 

fully imbibed seed to tolerate dehydration is well recognised
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(Hegarty, 1978). Indeed many seeds can be repeatedly hydrated and 
dehydrated providing a certain stage of the germination sequence has 
not been passed (Hegarty, 1978). This would suggest that the seed 
in nature could tolerate repeated freezing and thawing as might 
occur during typical diurnal temperature fluctuations.

Freezing desiccation mechanisms as proposed here for imbibed 
lettuce seed have also been proposed to occur in vegetative shoot 
primordia (Sakai, 1979; Sakai & Nishiyama, 1978), floral bud pri- 
mordia (George, Becwar & Burke, 1982) and stem, root and leaf 
tissues of woody and non-woody species (Finkle, Pereira & Brown,
1974; Hudson & Brustkern, 1965; Burke et al., 1976),

C3.5 SUMMARY

The work reported in this section has established clearly the 
behaviour of the fully imbibed seed/water/ice system, for the 
majority of lettuce cv. Greats Lakes seeds at temperatures and cooling 
rates that are likely to occur in a natural environment. At all 
temperatures above -14°C seed mortality is most unlikely, irres
pective of cooling rate, due to the ability of the embryo to super
cool and the ability of the endosperm to prevent ice from outside 
growing into the embryo, which would cause freezing. If the temp
erature of the system is then held at a S.Z. temperature above 
-14°C the supercooled embryo water, because it has a higher vapour 
pressure than the ice outside, migrates through the endosperm and 
freezes in the external tissues causing (freeze) desiccation of the 
embryo. Water migration continues until the vapour pressure of the 
embryo is the same as that of the external ice which also means that 
the f.p. of the cell solution is equal to the ambient temperature. In
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this state the embryo is thermodynamically stable and is incapable 
of freezing at that temperature.

If the seed is cooled to a temperature below -14^C its fate is 
dependant on the cooling rate. At fast cooling rates, faster than 
5°Ch there is insufficient time for the freeze desiccation process 
to reduce the embryo water content significantly. As the tempera
ture is lowered, the thermodynamic instability, the degree of super
cooling, increases, until at temperatures below -14°C the individual 
embryos nucleate spontaneously. By -18°C the entire seed population 
nucleates and is killed.

At cooling rates slower than 5°Ch"*̂  the freeze desiccation 
process has time to remove enough water from the seed to alter its 
supercooling properties. Concentration of the embryo water reduces 
the degree of thermodynamic instability and hence the likelihood of 
spontaneous nucléation. Above a certain embryo M.C. the embryo is 
sure to freeze on reaching say -18°C, however below this critical 
moisture content (CMC) although still capable of nucleating spont
aneously, nucléation is no longer certain, the probability is less 
than one. This CMC varies with temperature. An embryo with a given 
M.C. (eg. 33%) which will probably not freeze at -18°C will almost 
certainly freeze at -25°C and will definitely freeze at -196°C 
(Juntilla 8c Stushnoff, 1977).

Hence the survival of a given seed when cooled to a given temp
erature requires the freeze desiccation process to remove at least 
enough water to bring the embryo to its critical M.C. for that tempera
ture. The rate at which the water can leave the seed and the amount 
of water that must be removed thus dictate the maximum rate of cooling 

the seed can tolerate. In cv. Great Lakes some seeds are capable of 
tolerating a cooling rate of 4°Ch~* to -20°C but the whole population
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does not survive until a rate of l°Ch  ̂(Figure C2.5) is used.
One factor which accounts for some of this variation is seed 

size. Small seeds which have a smaller surface area:volume ratio 
and can therefore presumably freeze desiccate more rapidly, are more 
tolerant of certain cooling rates (3°Ch )̂. However the variation 
observed between seed size fractions is insufficient to account 
for the variation observed in the entire seed lot.

In the next section the factors and components of the system 
which may be responsible for variation in tolerance of freezing are 
investigated further together with the extent to which variation 
occurs between other lettuce cultivars.
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D LOW TEMPERATURE TOLERANCE CHARACTERISTICS OF SEVEN CULTIVARS OF
LACTUCA SATIVA

D1 INTRODUCTION

The work reported in the previous section identified two main 
variables in the freezing tolerance characteristics of the imbibed 
lettuce seed which could be of importance to seed survival in a 
natural environment, namely the supercooling limit and the cooling 
rate tolerance.

At fast cooling rates (faster than 5°Ch seed survival was 
limited by the supercooling limit of the embryo, which in cv. Great 
Lakes and cv. Grand Rapids (Juntilla & Stushnoff, 1977) would appear 
to be about -18°C. Since changes in air temperature of 20°C in a 
few seconds have been recorded (Tranquillini, 1964) variation which 
might occur in the supercooling limit could be of survival value in 
a natural habitat.

At temperatures below -18°C the rate of water removal must be 
sufficiently high to ensure that the supercooling limit falls as 
rapidly as the ambient temperature. The cooling rate range over 
which survival below -18°C occurred (4°Ch  ̂to l°Ch )̂ in cv. Great 
Lakes is much the same as the range of cooling rates for air in 
temperate regions (Olien, 1967). Since these cooling conditions may 
prevail for quite considerable periods the cooling rate which a given 
seed or seed population can tolerate may be an important survival 
factor.

Even within the genetically fairly homogeneous population of cv. 
Great Lakes cooling rate tolerance varied between 4 and l°Ch  ̂and 
Roos and Stanwood (1981) have reported that variation occurred in the
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low temperature tolerance characteristics of partially hydrated seed 
of five lettuce cultivars. Hence it was considered interesting and 
a worthwhile preliminary to working with very limited seed stocks of 
wild Lactuca species to investigate the extent to which a range of 
lettuce cultivars varied in their response to fast and slow cooling 
rates and to investigate and develop standard methods for determining 
the causes of this variation.

A range of lettuce types (plant morphology) was chosen and each 
cultivar was obtained from more than one producer (Table B2.1) to 
see if variation which was not genetic in origin occurred.

The results obtained were not only of interest in themselves 
but also helped in the development of our understanding of the seed/ 
water/ice system being studied.

D2 RESULTS AND DISCUSSION 

D2.1 VARIATION IN FREEZING TOLERANCE 

D2.1.1 Variation in the response to rapid cooling rates

The responses of the 15 seed lots (Table B2.1) to rapid cooling 
were investigated both by DTA and by following the viability of samples 
removed during cooling at 20°Ch"^.

DTA of samples of seed of each seed lot produced patterns of 
exotherms which were essentially similar to that produced by cv.
Great Lakes (o) (Figure D2.l). Each sample produced a single 1° 
exotherm in the range -6^C to -12°C and a number of 2° exotherms at 
temperatures which were always above -19°C. The number of 2° exotherms 

recorded, however, varied with the seed lot, from 3 to 10 per sample
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of comparison); (F.), cv. Salad Bowl (j); (G.) cv. 
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of 10 seeds (Figure D2.1). This was not changed by fitting a 
nucléation wick (Figure D2.2) which indicated that the lack of 2° 
exotherms in some seed lots was not due to spontaneous nucléation 
of an appreciable number of embryos in the range -6^C to -12°C, 
which could have been masked by the 1° freezing event (Figure D2.2). 
Since 2^ exotherm production and embryo death had been shown to be 
concurrent (Juntilla & Stushnoff, 1977 and Section C above) and since 
it was experimentally more convenient to use viability samples in 
statistically valid numbers, the freezing pattern in selected seed 
lots was investigated by following the decline in viability of 
samples removed during cooling at 20°Ch"^ (Figure D2.3). Samples 
were fitted with nucléation wicks to cause freezing of the pericarp 
water at a uniform temperature above -5°C, thus avoiding the effects 
of random 1° freezing at sample temperatures of -5°C and -10°C. The 
seed lots selected included at least one seed lot from each cultivar 
plus the remaining seed lots of any cultivar which produced less 
than (the arbritrary limit of) 20 2° exotherms in three samples of 
10 seeds during DTA.

The pattern of survival in the majority of seed lots was similar 
to that observed in cv. Great Lakes (o) (Figure C2.2). Over 80% of 
the seeds survived cooling to -5°C, over 50% survived to -14°C but 
below this temperature survival decreased rapidly, and few seeds 
survived to -18°C. In those seed lots which produced few 2° exo
therms during DTA (ie. Tom Thumb (c), (t), (h); Great Lakes (c)) 
the pattern of survival was different (Figure D2.3). A considerable 
decrease in survival was observed at sample temperatures of -10°C 
and above, and below this temperature survival declined more gradually 
to approximately zero at -18°C. The correlation of high mortality 
at 1° exotherm temperatures (-5°C and -10°C) with either the lack of
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Figure D2.2
Specimen 20°Ch*"̂  DTA traces of samples of 10 fully 
imbibed seed of four cultivars of Lactuca sativa fitted 
with nucléation wicks. (A.), cv. Great Lakes (o);
(B.), cv. Webb's Wonderful (c); (C.), cv. All the Year 
Round (c); (D.), cv. Tom Thumb (c).
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2  ̂exotherms or with small exotherms at higher temperatures in these 
seed lots suggests that embryo freezing occurs at the same time as 
freezing of the pericarp water, and appears to be a similar but 
more pronounced effect to the approximately 30% mortality seen in 
cv. Great Lakes (o) when plunged to -8+2°C (see Section C2).

D2.1.2 Variation in the response to slow cooling rates

The effect of slow cooling rates in the range 6°Ch"^ to l°Ch"^ 
on the survival of samples removed at -20°C, a temperature low 
enough to give a complete kill of rapidly cooled seed, was investi
gated in all 15 seed lots. Minus 20°C was chosen as the sample 
temperatures since the aim of the experiment was to detect differences 
in the efficacy of the freeze desiccation process between cultivars 
and survival after cooling to this temperature represented a small 
but significant increase in supercooling ability and had been 
successful in detecting differences between seed size fractions 
(Figure C2.10). Samples were fitted with wicks to ensure that the 
freeze desiccation process, which requires the presence of external 
ice, could operate throughout the cooling period.

At a cooling rate of l°Ch  ̂all seed lots exhibited more than 
80% survival but at faster rates significant (p=G.Gl) variation 
occurred both within and between cultivars (Figure D2.4). Seed lot 
Tom Thumb (h) showed tho greatest tolerance of more rapid cooling 
rates, over 80% of the seed surviving 2°Ch"^ and over 15% surviving 
6°Ch  ̂(Figure D2.4). At the other extreme seed lot All The Year 
Round (c) showed less than 10% survival at 2^Ch  ̂and no seeds 
survived cooling rates faster than 3°Ch"^. The other seed lots 
exhibited profiles of survival which lay within the limits described
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Figure D2.4
The effect of cooling rate on the survival of fully imbibed seed 
of various cultivars after cooling to -20°C in foil packets fitted 
with nucléation wicks. (A) O , cv. Great Lakes (o);#, (c).
(B) □ , cv. Tom Thumb (h);0, (t);#, (c). (C) O , cv. Webbs
Wonderful (c);#, (j). (D)0, cv. All The Year Round (s);
# $ (c). (E)0, cv. Salad Bowl ( j); #, (t). (F)0, cv. Lobjoits
Green Cos (h),#, (s). (G)0, cv. Winter Density (j);#, (c).
Each point determined from four replicates of 50 seeds. The 
letter s (B-E) indicates that the difference between two points 
at a given cooling rate is significant (p=0.0l).
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by these two extremes (Figure D2.4), however, apart from the high 
tolerance of the faster cooling rates exhibited by all three seed 
lots of cv. Tom Thumb (Figure D2.4b) and the similarity of the 
profiles in cv. Lobjoits Green Cos (Figure D2.4f) correlations 
between the survival profile and the cultivar were not generally 
observed.

Hence it would appear that apart from slight quantitative 
variation the mechanisms which operated to give low temperature 
tolerance in cv. Great Lakes also operated in a variety of other 
cultivars but that the variations which did occur were not 
necessarily genetically governed. Experiments were therefore con
ducted to try and determine the causes of the observed variation.

D2.2 THE CAUSES OF VARIATION

D2.2.1 Causes of variation in the response to rapid cooling

Considerable variation occurred between seed lots in the 
survival of seed samples cooled rapidly to -5°C and -lO^C (Figure 
D2.3), temperatures well above the range for spontaneous nucléation 
of the embryo in cv. Great Lakes (o). The small number of 2° 
exotherms observed during DTA coupled with considerable loss of 
viability in certain seed lots (Tom Thumb (h), (c), (t); Great 
Lakes (c)) suggested that embryo freezing and death occurred at 
the same time as pericarp freezing. This high temperature mortality 
was particularly evident in all three seed lots of cv. Tom Thumb. 
Initially therefore the phenomena was investigated further in seed 

lot Tom Thumb (h).
Samples, either with or without nucléation wicks, were cooled
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at 20°Ch  ̂to various temperatures well above the supercooling 
limit (Figure D2.6). At all temperatures in the range -6°C to 
-lO^C samples with nucléation wicks exhibited greater mortality 
than those without. At -6°C, where the probability of 1° ice 
formation in samples without wicks was lowest, the difference in 
mortality was greatest. As the temperature fell and the probability 
that pericarp ice had formed due to spontaneous nucléation increased, 
the difference in mortality became smaller. This association 
between pericarp ice formation and seed death in cv. Tom Thumb (h) 
strongly supported the view expressed previously (Section C2.2) 
that the endosperm in these seeds failed to isolate the embryo 
from nucléation when ice formed in the pericarp.

It was considered that a possible cause of this phenomenon 
might be that germination in these high mortality seed lots occurred 
more rapidly than in the other seed lots, the emerging radicle 
rupturing the endosperm nucléation barrier thus rendering it in
effective.

This possibility was investigated by imbibing samples of both 
types of seed lot at 5°C for various periods (24 h to 96 h) followed 
by a) visual examination and b) exposure to -10°C.

Visual examination did not detect any emergence of the radicle 
in any of the seed lots tested after imbibition for periods less than 
72 h. Survival after exposure to -10°C showed a significant drop 
from initial viability after only 24 h imbibition in seed lots 
Tom Thumb (c), (t) and Great Lakes (o) but viability remained high 
in the remaining seed lots tested. Survival did not change signi- 
fantly with increasing imbibition periods up to 72 h. After imbibition 
for 96 h visual examination revealed that radicle emergence had 

occurred in a proportion of seeds from samples of both types and
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Figure D2.5
The effect of the duration of imbibition on the 
survival of seed samples of various cultivars of 
Lactuca sativa placed directly at -10°C for 10 min
utes. cv. Great Lakes,#, (o);O , (c). cv. Tom 
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point determined from four replicates of 25 seed 
held in foil packets.
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Figure D2.6
The survival of samples of fully imbibed seed of lettuce 
cv, Tom Thumb (h) cooled in foil packets at 20°Ch  ̂with 
( ■ ) or without ( □ ) nucléation wicks. Each point deter
mined from eight replicates of 25 seeds.
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survival after exposure to -10°C showed a proportional decline 
(Figure D2.5).

The fall in survival after exposure to -10°C recorded after 
only 24 h imbibition, when germination at this temperature was 
neither likely (Gray, 1975) nor visually detectable, but a decrease 
in survival after 96 h imbibition when germination could be seen, 
strongly suggested that the loss of viability which occurred in 
certain seed lots at high S.Z. temperatures after only 48 h imbibi
tion was not caused by early germination resulting in a ruptured 
endosperm. The basis for this difference remained unresolved.

D2.2.2 Causes of variation in the response to slow cooling 
D2.2.2.1 Effect of seed size and weight

It was demonstrated earlier (C2.3) that small seed (mean seed 
weight 0.68 mg) from a single seed lot were capable of tolerating a 
cooling rate of 3°Ch  ̂better than larger seeds (mean seed weight 
0.95 mg) from the same seed lot. This was attributed to the higher 
surface area:volume ratio of the small seed which it is presumed 
allowed more rapid freeze desiccation, although it was not possible 
to detect this experimentally.

In an attempt to correlate freezing rate tolerance with seed 
size, the mean seed length, breadth and depth of both air dry and 
fully imbibed seed together with the more general measure of seed 
size, seed oven dry weight, were determined for all 15 seed lots 
(Table D2.1 and D2.2).

Length after imbibition did not differ significantly from the 
air dry value and is therefore not shown (Table D2.1). Seed length 

varied between 2.94 mm and 4.20 mm, seed breadth between 0.99 mm



Cultivar
Air Dry Fully Imbibed

Length Breadth Depth Breadth Depth

Great Lakes (o) 3.79 1.03 0.40 1.24 0.91
Great Lakes (c) 3.97 1.15 0.43 1.38 0.98
Webb's Wonderful (e0 3.85 0.99 0.43 1.13 0.92
Webb's Wonderful (c) 4.20 1.06 0.45 1.27 1.01
Winter Density (j) 4.00 1.08 0.47 1.40 1.05
Winter Density (c) 3.82 1.13 0.46 1.42 1.02
Lobjoits Green Cos (h) 3.71 1.01 0.46 1.27 0.95
Lobjoits Green Cos (s) 3.50 1.01 0.42 1.26 0.93
Salad Bowl (j) 3.37 1.16 0.47 1.36 0.92
Salad Bowl (t) 3.58 1.11 0.48 1.32 0.92
All the Year Round (c) 3.57 1.36 0.51 1.57 0.95
All the Year Round (s) 3.35 1.22 0.52 1.47 0.95
Tom Thumb (c) 3.21 1.17 0.48 1.48 0.87
Tom Thumb (t) 3.19 1.20 0.47 1.52 0.90
Tom Thumb (h) 2.94 1.16 0.49 1.45 0.79

Table D2.1
The mean seed dimensions (mm) of length, breadth and depth for 
15 seed lots of Lactuca sativa determined before and after 
imbibition for 48 h at 5°C. All values for each seed lot 
determined from the same sample of 10 seed, measured with a 
screw micrometer. Fully imbibed seed length did not differ 
measurably from air dry seed length, hence not given.
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and 1.36 mm, and seed depth between 0.40 ram and 0.52 mm in air dry 
seed. In fully imbibed seed, seed breadth varied between 1.13 mm 
and 1.57 mm and seed depth between 0.79 mm and 1.05 mm. Significant 
(p=O.Ol) differences between cultivars occurred in all three para
meters in both dry and imbibed seed. Significant differences within 
a cultivar (ie. between seed lots) however, were only detected in 
air dry seed breadth. The seed of each cultivar had recognisable 
proportions, the extremes being the short, broad cv. All The Year 
Round and the long, spindle shaped cv. Webb's Wonderful (Table D2.1).

Mean seed dry weights varied in the range 0.76 rag to 1.11 mg 
(Table D2.2). Differences within cultivars were as large as those 
between cultivars (Table D2.2).

Despite these differences, no correlation could be found between 
any single seed dimension, any ratio of two seed dimensions, or mean 
seed oven dry weight and seed lot survival at low cooling rates.

These results showed that tho major differences in cooling rate 
tolerance observed between the cultivars (Figure D2.4) could not be 
accounted for by the same factors which accounted for the minor 
differences (Figure C2.10) observed between size fractions sieved 
from a single seed lot. However, consideration of the events which 
were believed to occur during the freeze desiccation process pro
vided several possible alternative explanations.

Following pericarp ice formation, and in response to the vapour 
pressure gradient thus generated between the embryo water and the 
pericarp ice, water begins to leave the embryo. From our understand
ing of the system developed in Section C, survival of the seed to any 
given temperature below the embryo supercooling limit depends on 
sufficient water leaving the embryo to bring it to the critical 

moisture content (CMC) for that temperature (ie. the M.C. at which



Cultivar
Moisture content 

after 48 h 
imbibition at 
5°C (%dw)*

Mean Weight 
oven dry, 
single seed 

(mg)*

Initial
Viability

{%r

Great Lakes (o) 105.2 0.76 94.0
Great Lakes (c) 125.7 1.11 77.0
Webb's Wonderful (s) 110.9 0.90 95.5
Webb's Wonderful (c) 99.1 0.98 94.0
Winter Density (j) 94.9 0.99 90.0
Winter Density (c) 112.9 0.94 87.5
Lobjoits Green Cos (h) 90.8 0.92 94.0
Lobjoits Green Cos (s) 94.9 0.82 96.5
Salad Bowl (j) 105.8 0.95 82.5
Salad Bowl (t) 98.3 0.87 97.0
All the Year Round (c) 120.6 1.09 89.5
All the Year Round (s) 113.1 1.06 90.0
Tom Thumb (c) 86.9 0.95 92.0
Tom Thumb (t) 83.0 1.02 95.5
Tom Thumb (h) 96.8 0.93 92.0

Table D2.2
Equilibrium moisture content, seed dry weight and initial viability 
of 15 seed lots of Lactuca sativa.
a. Determined from four replicates of 50 seed.
b. Determined from eight replicates of 25 seed.
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freezing is no longer certain). Variation in the rate of water 
movement, the CMC, or the amount of water in excess of the CMC 
present in the seed when cooling began could by affecting the time 
taken to reach the CMC, govern the cooling rate which a seed could 
tolerate. These parameters were therefore investigated in several 
seed lots showing a range of freezing rate tolerance.

D2.2.2.2 Freeze desiccation rate

The rate of water loss from fully imbibed seed was investigated 
by measuring the M.C. of samples before and after cooling with 
nucléation wicks at 3°Ch  ̂to a temperature (-15*C) above that at 
which considerable embryo freezing and the consequent water immobi
lisation would have occurred. Sample M.C.s were determined at 0*C 
and -15°C, after centrifugation to remove pericarp water, and the 
percentage loss in M.C. was considered to give an indication of the 
relative rates of freeze desiccation during the cooling period 
(Table D2.3).

Samples of cv. Great Lakes (o), which (of the seed lots used) 
had the lowest tolerance of cooling rate (Figure D2.4) in the range 
3-6°Ch exhibited the highest percentage moisture loss during 
cooling (24.9)6). Samples of cv. Lobjoits Green Cos (h) and cv. 
Winter Density (j), which had intermediate cooling rate tolerance, 
exhibited intermediate moisture loss (19.2% and 18.5% respectively) 
and cv. Tom Thumb (c) which had the highest tolerance of cooling 
rate exhibited the lowest percentage moisture loss (14.6%) (Table 
D2.3).

This result is the opposite to what might be expected if high 
cooling rate tolerance was dependant on the ability of the seeds to



Cultivar Moisture Content % loss in 
Moisture 
Content 
(units)

At 0°C After cooling at 
3°Ch~ to -15°C

Great Lakes (o) 113.7+4.7 85.4_+4.0 24.9

Lobjoits Green Cos (h) 89.8+1.2 72.6+2.8 19.2

Winter Density (j) 96.2ĥ 2.0 78.4+5.8 18.5

Tom Thumb (h) 84.0+3.7 71.8+2.2 14.6

Table D2.3
The change in moisture content of initially fully imbibed seed of 
four lettuce cultivars due to freeze desiccation during cooling 
at 3°Ch"^. Moisture contents were determined from four replicates 
of 50 seed after centrifugation to remove external water.
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freeze-desiccate rapidly. Although the low moisture loss value for 
cv. Tom Thumb (c) may have been partly caused by the presence of a 
high proportion of seeds with ineffective nucléation barriers, 
which would have caused immobilisation of embryo water at the time 
of 1° freezing, the remaining three cultivars did not show much 
evidence of damaged endosperms (Figure D2.3) and therefore the result 
for these cultivars was probably more accurate. The lower moisture 
losses from the seed lots with higher tolerance of high cooling rates 
was probably caused by their low initial (0°C) M.C. This probably 
meant that the concentration of their embryo cell solution was 
higher, and thus its vapour pressure was lower. The vapour pressure 
difference across the endosperm (the driving force of freeze desicca
tion) would therefore also be lower. If the resistance to water flow 
out of the embryo was the same for all the cultivars, the lower 
vapour pressure difference in low M.C. seeds would account for the 
slower rate of moisture loss observed.

This result indicated that the differences in cooling rate 
tolerance between cultivars was not due to the more tolerant seed 
lots freeze desiccating at an appreciably faster rate than the less 
tolerant seed lots. However, the insensitivity of the M.C. determina
tions and the probability that the samples compared did not have the 
same vapour pressure difference across the endosperm at 0°C means 
that the possibility of minor variation between seed lots in their 
freeze desiccation rate at a given vapour pressure difference, cannot 
be ruled out.

D2.2.2.3 Critical moisture content

Assuming the same freeze desiccation rate, a seed lot with a
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higher CMC than another would reach a safe MC sooner, and would 
therefore be able to tolerate a faster cooling rate.

The CMC was investigated in the four seed lots in which it had 
been previously shown that differences in freezing rate tolerance 
were not due to differences in the ability to frdeze desiccate 
(Table D2.3). The M.C. at which seeds became safe when cooled 
rapidly to -20°C was used as a basis for comparison, chiefly 
because -20°C had been used as the sample temperature in previous, 
related investigations.

If it is assumed that the CMC for all the seed in a seed lot is 
the same, then in theory all the seeds from a sample of particular 
M.C., when cooled rapidly to any given temperature, should either 
freeze and die or remain supercooled and survive depending on which 
side of the CMC the sample M.C. lies. In practice however when 
samples of cv. Great Lakes (o) of given low M.C. were cooled to -20°C 
(Figure C2.6) only a fraction of each sample survived. This is 
presumably because during partial imbibition all the seeds in a 
sample did not attain the same level of hydration. Consequently 
sample viability rose gradually with decreasing M.C. as the proportion 
of seeds in the samples which had less than the CMC, increased. The 
CMC for any temperature could therefore only be defined as the range 
of sample M.C.s over which the viability of samples rose from 0% to 
100%. For purposes of comparison however it was only necessary to 
look at a portion of the curve, in this case the higher M.C. end, 
to see if the range of M.C.s varied significantly.

Samples of the seed lots under examination were brought to a 
range of M.C.s and cooled at 20°Ch  ̂to -20°C (Figure D2.7).

At sample M.C.s above 50 units survival of all seed lots was 
5%, at lower M.C.s all seed lots exhibited increased survival but
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Figure D2.7
The relationship between initial moisture content and survival of 
samples of lettuce cv. Great Lakes (o),#; cv, Tom Thumb (h),0; 
cv. Lobjoits Green Cos,(h),A; and cv. All The Year Round (s),n; 
cooled at 20^Ch"’̂ to -20°C in foil packets fitted with nucléation 
wicks. Viability for each point for Great Lakes (o) determined from 
four replicates of 25 seed and for other cultivars from four re
plicates fo 50 seed. All moisture contents determined from four 
replicates of 50 seed.
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within the limits of one standard error for M.C. and 99% confidence 
interval for germination no significant differences were observed 
between the cultivars (Figure D2.7).

This result indicated that there were no major differences in 
the effect of reduced M.C. on the freezing behaviour of the cultivars 
tested, which strongly suggests that the differences in freezing rate 
tolerance observed between cv.s were caused by differences other than 
in the respective CMC values.

D2.2.2.4 Seed moisture content

Since it appeared from the results above that variation occurred 
in neither the CMC nor the freeze desiccation capability of the 
various seed lots the possibility remained that some seed lots had 
less water to eliminate from the embryo to reach the CMC than others 
and thus were capable of tolerating a faster cooling rate.

Determination of the fully imbibed M.C. (at equilibrium with 
excess water at 5°C) of all 15 seed lots revealed considerable 
variation both within and between cultivars (Table D2.2). Values
varied from 83 units in cv. Tom Thumb (h) to 125.7 units in cv. Great
Lakes (c). In all cultivars the seed lot with the highest equilibrium
M.C. showed the least survival after slow cooling to -20°C (Figure 
D2.4). In cv. Lobjoits Green Cos in which little difference in freez
ing rate tolerance was observed between seed lots no significant 
difference in equilibrium M.C. was observed either.

Examination of these data for all seed lots showed clearly that 
the variation in survival after cooling to -20°C at 2°Ch 3^Ch 
or 4°Ch"^ could largely be accounted for by this variation in M.C. 
(Figure D2.8). Further examination of the phenomenon in cv. Great
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Figure D2.8 The relationship between initial moisture 
content and survival of seed samples of various cultivars 
of Lactuca sativa cooled, in foil packets with nucléation 
wicks, to -20°C. (a) fully imbibed seed of fourteen seed
lots cooled at ■, 2°Ch  ̂and#, 4°Ch"*. (b) partially
hydrated seed of cv. Great Lakes (o),A, and fully imbibed 
seed of 14 other seed lots, ▲ , cooled at 3°Ch"^. Viability 
and moisture contents determined from four replicates of 50 seed.
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Lakes (o) in which samples were brought to a range of different 
M.C.s before being subject to slow cooling (3°Ch showed that the 
relationship between M.C. and survival was similar to that observed 
in fully imbibed seed of different cultivars. As the M.C. at the 
beginning of the cooling period was reduced the survival of the 
sample, after cooling to -20°C, increased (Figure D2.8).

It would seem from this result that survival of a given seed 
lot is governed chiefly by its initial M.C. It was observed in 
Table D2.3 that seed lots with a high initial M.C. lost water 
faster than dryer seed lots but it was also shown that after cooling 
to -15°C the seed lots with initially low M.C. still maintained 
the lower M.C. value. Presumably this differential persisted through
out the cooling period because the temperature was falling faster than 
water migration could cause the embryo freezing point to fall. 
Consequently, if as suggested by the results above, the CMC for all 
seed lots was the same, then those lots with low initial M.C. would 
have maintained a lower M.C. during cooling and would have reached 
the CMC in less time than seed lots with high initial M.C.s. This 
would explain their ability to tolerate faster cooling rates (Figure 
D2.4) or, since the M.C. of individual seeds appears to vary, would 
explain why a greater proportion of the sample reached the CMC and 
survived after cooling to a given sample temperature (Figure C2.5).

D2.3 ANOMALOUS BEHAVIOUR

It was observed in Figure D2.3 and Figure D2.6 that during rapid 
cooling (20°Ch and in the presence of external ice samples of cv.s 
Tom Thumb, Great Lakes and others suffered at least 20%, and as much 
as 70% mortality at high S.Z. temperatures (-10°C) and this was
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attributed to penetration of the endosperm by ice. However samples 
cooled slowly, l°Ch in the presence of external ice retained 
almost complete viability (Figure D2.4).

This apparently anomalous behaviour was investigated further 
in cv. Tom Thumb (h) by cooling samples with nucléation wicks at 
various rates to -lO^C (Figure D2.9). Survival at this temperature 
was observed to be dependant on cooling rate in the range 6°Ch  ̂

to l^Ch At a cooling rate of l°Ch  ̂almost complete survival 
was observed, survival decreased gradually with increasing rate to 
approximately 25% at 6°Ch"^ but showed no further decrease at higher 
rates.

This behaviour was inconsistent with the hypotheses developed in 
Section D that mortality at high S.Z. temperatures (-10°C) was 
caused by an incomplete endosperm, or that an intact endosperm was 
necessary to prevent freezing of the embryo when ice formed in the 
pericarp. However these hypotheses were developed from results 
obtained using rapid (20°Ch"^) cooling rates. The question therefore 
arose

Is an intact endosperm necessary to prevent freezing of the embryo 
when ice forms in the pericarp at slow cooling rates?

Initially this was examined in both cv. Tom Thumb and cv. Great 
Lakes. Samples of 4 x 25 seed pierced once through the endosperm 
in the region of the cotyledons and cooled at l°Ch  ̂to -20°C with 
nucléation wicks survived to 94% in cv. Tom Thumb (h) and 86% in 
cv. Great Lakes (o), samples cooled at 20°Ch  ̂were completely killed.

A more thorough investigation of the relationship between cooling 
rate and the mortality of pierced seed was conducted using cv. Great 
Lakes (o) only.

Samples of pierced and non-pierced seed, with nucléation wicks.
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Figure D2.9
The effect of cooling rate on the survival of fully imbibed seeds 
of Lactuca sativa cv. Tom Thumb (h) cooled to -10°C with nucléation 
wicks. Each point determined from four replicates of 50 seeds 
held in foil packets.
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were cooled to -lO^C and -20°C at rates in the range l°Ch  ̂to
8°Ch  ̂(Figure D2.10).

At a rate of l°Ch  ̂survival of all samples was above 85%
irrespective of sample temperature or the state of the endosperm.
At faster cooling rates survival varied according to sample temp
erature and endosperm integrity. Intact seeds removed at -10°C showed 
no significant reduction in survival at higher cooling rates. At 
-20°C the survival of intact seeds fell rapidly as the cooling rate 
increased, to less than 45% at 2°Ch"^ and 0% at 5°Ch The survival 
of pierced seeds removed at both -lO^C and -20^C declined rapidly 
as cooling rate increased in a pattern fairly similar to that observed 
in unpierced seed removed at -20°C. However the survival of pierced 
seed at -10°C was slightly higher at all cooling rates and a small 
proportion of seeds removed at -10°C and -20°C survived at faster 
cooling rates (6°Ch  ̂to 8°Ch"^) (Figure D2.10).

These results showed that the endosperm was important in pre
venting mortality in the presence of external ice only when the 
cooling rate was rapid.

The similarity in the response to cooling rate, of pierced 
cv. Great Lakes (o) seed (Figure D2.10) and the majority of non-pierced 
cv. Tom Thumb seed (Figure D2.9), strongly supports the hypothesis 
that the endosperm in the majority of cv. Tom Thumb seeds is not 
effective in preventing ice growth into the embryo at high cooling 
rates.

D3 GENERAL DISCUSSION

The work reported in this section has demonstrated the existence 

of considerable variation both within and between cultivars in their
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Figure D2.10
The effect of cooling rate on the survival of pierced 
(open symbols) and intact (closed symbols), fully 
imbibed seed of Lactuca sativa cv. Great Lakes (o) 
cooled with wicks to -10°C (□ , ■) and -20°C ( O $ # ). 
Each point determined from four replicates of 50 seed
held in foil packets.
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response to S.Z. temperature exposure, at both fast and slow cooling 
rates. Investigation of the causes of this variation has contributed 
to our understanding of the seed/water/ice system but at the same 
time has highlighted the need for further work in related areas of 
plant and seed physiology.

D3.1 NUCLEATION BARRIERS

The results presented above (Figure D2.6) strongly suggest that 
at fast cooling rates mortality at temperatures above -14°C is due 
to penetration of the endosperm by ice. The occurrence of a high 
percentage mortality at 1° exotherm temperatures during rapid cooling 
in all three seed lots of cv. Tom Thumb suggests that there may be a 
genetic component to endosperm integrity. This may take the form 
of an incompletely sealed endosperm envelope, a thin or congenitally 
weak endosperm which is particularly prone to harvesting damage or 
a morphologically or biochemically different endosperm which is 
incapable of preventing ice penetration. In Pinus sylvestris seed 
the inner layers of the testa constitute only a weak nucléation 
barrier which fails to prevent inoculative nucléation of the perisperm- 
endosperm-embryo complex if the seed becomes embedded in ice (Keefe 
& Moore, 1982).

The results of experiments using pierced seed demonstrated that 
the endosperm was only important in preventing seed death at the 
temperature of pericarp freezing if the cooling rate was fast. At 
slow cooling rates, seeds with ineffective endosperm nucléation 
barriers were capable of surviving exposure to temperatures even 
below the supercooling limit of the embryo. The ability of the seed 

to survive under these conditions was presumably due to failure of
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ice to penetrate the protoplasts of the embryo since intracellular 
ice formation during cooling at slow rates is almost always fatal 
(Levitt, 1980; Asahina, 1978),

Since, in pierced seeds, ice growth into the embryo cells was 
not prevented by the endosperm it is likely that either the membranes 
or cell walls of the embryo acted a nucléation barriers. Cell 
membranes have been reported to act as nucléation barriers in 
both prokaryote and eukaryote cells by virtue of the small size of 
their pores but usually at temperatures above -15°C (Mazur, 1966; 
1970), The survival of pierced seed at -20°C suggests that either 
the lettuce embryo has a radically different membrane structure to 
the majority of other cells tested, which seems unlikely, or that 
the cell walls play a major role in the barrier effect. Burke et 
al. (1976) reported that plant cell walls did not prevent the growth 
of ice, but modified its structure. Olien (1964) reported that in 
the crowns of winter cereals at slow cooling rates extracellular 
ice formation and cell dehydration occurred but at rapid rates or 
following supercooling penetration of the cell membrane occurred 
causing intracellular freezing and death.

This latter rate associated phenomenon in cereal crowns appears, 
at least qualitatively (rates are not stated by Olien (1964)), to 
be similar to the processes which occurred in lettuce seeds with 
ineffective nucléation barriers. Unfortunately a complete under
standing of why rapid cooling rates cause membrane penetration has 
not yet been attained (Olien, 1969).

The ability of pierced seeds to tolerate temperatures below the 
supercooling limit suggests that freeze desiccation still occurs in 
these seeds. The behaviour of pierced seed is considered further in 
the following sections.
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D3.2 EMBRYO NUCLEATION

In seeds with an effective nucléation barrier the minimum 
temperature to which an embryo could be cooled without spontaneous 
freezing was remarkably uniform in all seed lots, including cv.
Grand Rapids (Juntilla & Stushnoff, 1977), at -18°C. This tempera
ture is well above that to which drops of water containing only 
slightly less water than a lettuce seed may be cooled before freezing 
spontaneously (Salt, 1970; Marcellos & Single, 1979), which suggests 
that freezing is initiated by an endogenous nucleator. The surface 
properties of any given nucleating substance cause it to become 
active at a temperature which is characteristic of that nucleator 
(Hallet, 1968). As the temperature approaches this characteristic 
temperature, the probability of freezing increases rapidly, becoming 
almost certain within j0.25°C of the characteristic temperature 
(Vali, 1971). The increase in mortality below -14°C and the tightly 
defined low temperature (-18°C) limit throughout all seed lots suggests 
that freezing of the lettuce embryo is caused by some cellular or 
cell wall component which is common to all lettuce seeds.

It is often stated that cells do not contain effective nucleators 
of supercooled water (Marcellos & Single, 1979; Mazur, 1977; Meryman 
& Williams, 1980), however, well defined, distinct temperature ranges 
for freezing, consistent with the operation of nucleators, have been 
observed in a number of plant tissues (Kaku, 1966, 1971 ., 1971b,
1973, 1975; Sakai, 1979; Cary & Mayland, 1970; Marcellos & Single,
1979; Keefe & Moore, 1982; Becwar, Hawksworth & Burke, 1982), which 
suggests that plant cell walls may contain effective nucléation sites.
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D3.5 THE CRITICAL MOISTURE CONTENT

It was proposed above that the freezing which terminated super
cooling was caused by a nucleating substance which was common to all 
L. sativa cultivars and that the effect of reduced moisture content, 
in increasing the ability of the seed to supercool, was due to a 
reduction in the volume of water which was able to move freely and 
interact with the nucleator molecules. It therefore seemed reasonable 
to assume that the level of tissue hydration which decreased the 
activity of these nucleators and thus increased supercooling ability 
was the same for all cultivars.

This was supported by the evidence obtained for the four cultivars 
tested (Figure D2.7) and also by the data presented by Roos &
Stanwood (1981) for four out of five different cultivars. They 
reported that the survival of samples of four of their cultivars, 
cooled to -18°C increased with decreasing M.C. to approximately 97% 
at a M.C. of 18% f.w. The cv. Vanguard, however, reached 97% 
survival at approximately 21% M.C. (f.w.) and the behaviour of this 
cultivar was also different at low sample temperatures.

The behaviour of cv. Vanguard seems to argue against the 
assumption that the CMC for any given temperature is the same for 
all cultivars and seed lots of L. sativa. However, cv. Vanguard is 
not a true L. sativa cultivar, having originated as a hybrid of 
L. sativa, L. virosa and L. serriola (Ryder, 1979). The distinct 
CMC for this cultivar may be a result of its more complex genetic 
composition and does not therefore invalidate the general rule of 
constant CMC within the species.
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D3.4 MOISTURE CONTENT

The overriding parameter governing the degree of freezing 
tolerance of the various seed lots, at cooling rates in the range 
2̂ Ch""̂  to 6°Ch  ̂appeared to be the M.C. attained by the fully 
imbibed seed before being subjected to a given cooling regime.
Little is known about the factors governing seed M.C. at equilibrium 
with water (Hegarty, 1978). In this study differences in equili
brium M.C. varied much more between cultivars than between seed 
lots of the same cultivar (Table D2.2), which might suggest a 
genetic component.

Hegarty (1978) reports that individual seeds of calabrese at 
equilibrium with a Polyethylene Glycol solution of -0.75 MPa varied 
in M.C. from 44% to 83% (d.w.). The variation which occurred between 
replicates of the same seed lot during M.C. determination in this 
work suggested that variation in individual seed M.C. may have 
occurred in the lettuce cultivars used. This, in conjunction with 
variation in seed size, could explain the observed differences in 
individual seed cooling rate tolerance, which caused survival to 
increase gradually with decreasing cooling rate, in each seed lot.

D3.5 SUMMARY

The work reported in this section has shown that the mechanisms 
which operated in cv. Great Lakes (o), to give freezing tolerance 
at fast cooling rates to -14°C to -18°C, and at slow cooling rates 
to considerably lower temperatures, also operated in a variety of 
other lettuce cultivars. Variation in the proportion of seeds 
in a seed lot which were capable of tolerating rapid freezing was
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observed and further investigation suggested that seeds which were 
unable to tolerate rapid cooling had ineffective nucléation barriers. 
This inability to tolerate rapid freezing appeared to be at least 
partly genetically controlled.

Variation between seed lots was also observed in the ability 
to survive cooling to temperatures below the supercooling limit by 
freeze desiccation. Survival varied with cooling rate. Seed lots 
which were tolerant of higher cooling rates were considered to reach 
the CMC more rapidly and an investigation of the possible mechanisms 
whereby this might be achieved indicated that variation in neither 
the CMC, seed size or, the rate of freeze desiccation was responsible. 
Good correlation, however, was observed between the fully imbibed 
M.C. of a seed lot and its freezing rate tolerance. Low initial sample 
M.C., whether due to partial imbibition of a single seed lot or due 
to natural characteristics of the cultivar, were associated with 
higher survival at rapid cooling rates. Equilibrium M.C.s appeared 
to be under a certain amount of genetic control. Variations in seed 
size distributions between cultivars occurred and may have accounted 
for some of the variation from the ideal, observed in the relationship 
between initial M.C. and cooling rate tolerance (Figure D2.8) in the 
different cultivars.

Investigation of the freezing behaviour of pierced seeds demon
strated that the endosperm nucléation barrier was only important in
seed survival at high cooling rates. The survival of pierced seeds

owhen cooled slowly to -20 C suggested both the presence of a second 
nucléation barrier (other than the endosperm), which prevented ice 
growth into the embryo cells and that freeze desiccation of these 
cells still occurred.

None of the observed variation in freezing tolerance could be
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correlated with seed coat colour or the growth form of the cultivar. 
However seed coat colour is governed by only a single gene locus 
(Thompson, 1938) hence, unless it is strongly linked to other rele
vant seed characters - as yet unidentified - it would not be expected 
to affect freezing tolerance characteristics. Thompson, Cox and 
Sanderson (1979) reported that differences in high temperature 
germination characteristics in lettuce were not linked with cultivar 
type or seed coat colour either.

Methods were developed for detecting differences between seed 
lots in the parameters of CMC and freeze desiccation rate. However 
because of the variation which occurred between replicates in M.C. 
determinations, probably caused by variation in individual seed M.C.s, 
it seems likely that only major differences in these parameters could 
be detected.
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E THE ENDOSPERM NUCLEATION BARRIER IN THE SEED OF L. SATIVA

El INTRODUCTION

The preceding sections have illustrated that under certain 
experimental regimes the imbibed seeds of lettuce are capable of 
tolerating extremely hostile S.Z, temperature conditions. One of 
the most striking features of this S.Z. temperature tolerance is 
the ability of the endosperm to prevent penetration of ice from its 
exterior to the supercooled embryo within, whilst at the same time 
allowing the passage of water out during freeze desiccation or in 
during imbibition.

The ability of plant tissues to act as barriers to ice growth 
has long been recognised (Chambers & Hale, 1932; Galos, 1941) and 
several plant structures have been implicated in this role.

Studies on entire supercooled plants (Cary & Mayland, 1970) 
indicated that a hydrophobic cuticular layer was capable of pro
tecting the leaf from inoculation by external ice sources such as 
frost or snow and similarly it has been proposed that the waterproof
ing lignification and suberisation process which occurred during 
leaf maturation may be responsible for delayed ice penetration into 
the stelar tissues of pine needles (Kaku, 1971).

Microscopic studies on several species (Hudson & Brustkern,
1965; Salcheva & Saroygin, 1963; Siminovitch & Scarth, 1938; Sakai, 
1973) revealed that at certain cooling rates freeze desiccation of 
the individual cells of a tissue occurred and the water drawn from 
the cells froze in intercellular spaces, between cells and between 
cell membranes and cell walls. In such cases both cell membranes 
and cell walls were considered to act as nucléation barriers.
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The electrophoretic investigations of Olien (1964, 1965, 1967, 
1969, 1974) and observations of other workers (including Single, 1964; 
Sakai, 1978, 1979) have indicated that entire tissues may also act 
as nucléation barriers. It has been reported (Single, 1964) that ice 
fronts growing through cereal stems halt at the nodes leaving sections 
of supercooled stem above, whilst entire florets and primordial shoots 
have been observed to remain supercooled despite ice formation in 
the tissues below (Sakai, 1979; Bierman, Stushnoff & Burke, 1979).

Despite the long standing awareness of these phenomena, the 
mechanisms whereby the various structures prevent ice penetration 
are not fully understood (Levitt, 1978) although the barrier mech
anism of a water impermeable layer is obvious (Salt, 1963).

Since the intact lettuce endosperm provides a continuous layer 
of tissue which acts as a nucléation barrier it was considered to 
provide a valuable opportunity for investigating the mechanism where
by this was achieved.

The methods developed during this work helped to explain, 
extend or confirm some of the observations made in the earlier sections 
and are discussed in this context when they are presented. The 
final discussion highlights the unusual properties of the nucléation 
barrier in the lettuce endosperm and after consideration of both 
the work presented above and that of other workers two tentative 
mechanisms to explain this barrier action are proposed.

E2 RESULTS AND DISCUSSION 

E2.1 ALCOHOL TREATED SEED

Both cell walls and cell membranes are known to be present in 
the lettuce endosperm (Jones, 1974) and could have contributed
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towards its barrier properties. In order to evaluate the rela
tive importance of these two components, intact seeds of cv. Great 
Lakes (o) were treated with a variety of organic solvents and a 
detergent (Table E2.1) in order to destroy cell membranes and other 
lipid layers, and then their freezing behaviour was investigated.

Fully imbibed or dry seeds were soaked for 24 h in the sol
vents and solutions detailed in Table E2.1 then allowed to air dry 
after which they were set to germinate.

Imbibed seeds were killed or damaged by all three absolute 
solvents, by all the aqueous solutions of ethanol and by the deter
gent solution. Air dry seeds, however, were not damaged by absolute 
solvents. Tolerance of organic solvents by air dry lettuce seed 
has been recorded previously (Anderson, 1973). The absence of any 
inhibitory effect of small amounts of solvent added to the petri 
dishes in which otherwise untreated seed were germinating showed 
that failure to germinate was not due to inhibitory effects of 
residual solvents (Table E2.1) and it was concluded that the effects 
of these agents was probably due to destruction of cell membranes 
within the seed.

Treatment of air dry seed for 24 h with 50% v/v ethanol 
was adopted as the standard method of obtaining membrane disrupted 
seed (See Section B). After air drying to remove the solvent, the 
seeds were imbibed as usual (Section B) before their freezing 
behaviour was investigated.

Examination of the imbibed seed revealed several morphological 
differences between alcohol treated and untreated, imbibed seed. 
These are summarised in Table E2.2. The important changes were;- 
(l) the loss of embryo turgidity, in alcohol treated seed. In 
untreated seed-embryos, turgidity was presumably dependant on 
membrane integrity of the embryo cells and was probably responsible



Treatment
Viability of 
seed treated 
air dry

Viability of 
seed treated 
fully imbibed

(a) Absolute Ether soak 89 0
(b) Ether addition - 91
(a) Absolute Acetone soak 91 0
(b) Acetone addition - 94
(a) Triton xlOO 20% v/v soak 24
(b) Triton xlOO addition - 91
(a) Absolute Alcohol soak 94 0
(a) Alcohol 50% v/v soak 0 0
(a) Alcohol 20% v/v soak 0 0
(b) Alcohol addition 93

Table E2.1
(a) The viability of samples after soaking either air-dry or 
fully imbibed seed of Lactuca sativa cv. Great Lakes (o) in 
various solvents for 24 h at 5°C; together with (b) the 
viability value for samples of fully imbibed seed in which two 
drops of solvent was added to each petri dish of 25 seed at 
the beginning of a viability test. Each value obtained from 
four replicates of 25 seed. All treatments carried out using 
AnalaR reagents in 9 cm petri dishes containing a single layer 
of Whatman No. 1 filter paper and 4 ml of solvent/solution.



Feature Condition in 
untreated seed

Condition in 
alcohol treated seed

Condition of 
pericarp

Completely investing 
endosperm embryo 
complex

Split longitudinally 
in the middle of the 
seed joined at one or 
both ends

Condition of endosperm 
envelope

Intact, entirely 
filled by embryo

Intact, partly filled 
with aqueous solution

Condition of embryo Turgid, creamy 
white

Shrivelled brown and 
flaccid

Outline of transverse 
cross-section

Flattened oval Circular

Fully imbibed 
moisture content

Approximatley 105% Approximately 250%

Table E2.2
Descriptions of various features of untreated and alcohol treated 
seed of Lactuca sativa cv. Great Lakes (o) after imbibition for 
48 h at 5°C.
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for maintaining the oval transverse cross section. (2) The 
excessive swelling of the endosperm envelope. This was probably 
due to osmotic water uptake caused by solutes released from the 
embryo cells. The untreated lettuce endosperm has been reported 
to be remarkably impermeable to solutes (Haber & Tolbert, 1959; 
Klein, Negbi & Witztum, 1971) and its behaviour as an osmometer 
observed here suggested that this property and therefore, to a 
certain extent, the relevant molecular structure, was not greatly 
altered by the alcohol treatment. The amount of water uptake was 
measured by determination of the M.C. of the alcohol treated seed 
and was found to be 2-3 times that of untreated seed.

Differential thermal analysis at 20°Ch  ̂of single alcohol 
treated seeds produced two exotherms in a pattern similar to that 
observed in untreated seeds however the 1̂  exotherm was smaller and 
the 2° exotherm was larger (Figure E2.1). DTA with a nucléation 
wick also produced two exotherms. The first occurred just below 
0°C and the second in the range -8°C to -18°C (Figure E2.1).

These results suggested that alcohol treatment had not destroy
ed the nucléation barrier in the endosperm and that its ability to 
act as a barrier therefore did not depend on hydrophobic lipid 
layers. Certain details of the freezing pattern, however, were 
different from those observed in untreated seed.

The larger 2° exotherm was probably due to the greater volume 
of water held within the endosperm which would have released more 
heat on freezing than the smaller volume in intact seed. The 
smaller 1° exotherm suggested that a smaller volume of pericarp 
water was present in alcohol treated seed. This may have been 
caused by the swelling of the endosperm which may have left less 

room between the investing layers where water could be held or



a.

T T TT
-10 - 1 5 -20

5 -20 -250 -10 -15-5

c.

TT
-5 -10 -15 -20 -Jo

-15 -20 -250 -5 -105
TEMPERATURE

Figure E2.1
Specimen 20°Ch  ̂DTA traces of alcohol treated seed of 
Lactuca sativa cv. Great Lakes (o), (a) a single fully 
imbibed seed, (b) a single fully imbibed seed with a 
nucléation wick, (c) a sample of ten fully imbibed seeds 
with a nucléation wick, (d) a sample of ten fully imbibed 
seeds which had failed to swell up excessively during 
imbibition.
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alternatively the splitting of these investing layers, which occurred 
due to the excessive swelling, may have facilitated removal of a 
greater proportion of the pericarp water during the blotting pro
cedure.

The upper temperature limit for 2° exotherm occurrence (-8^C) 
observed above, appeared to be somewhat higher than that observed in 
untreated seed (-lO^C), hence 2° exotherm temperatures were 
investigated further using 5 replicates of ten seeds with nucléation 
wicks. The number of 2^ exotherms recorded varied between 5 and 
10 per sample of 10 seeds and these occurred in the temperature 
range -7.5°C to -18°C which confirmed the above observation. The 
occurrence of 2° exotherms at higher temperatures in alcohol treated 
seed was probably due to the presence of a considerable volume of 
free water within the endosperm envelope. The greater freedom of 
movement of this water would cause an increase in the probability of 
nucléation which would account for the higher nucléation temperature.

The similar lower temperature limit for the occurrence of 2° 
exotherms in alcohol treated and untreated seeds suggests that the 
action of the nucleator, proposed to cause nucléation in these seeds 
at approximately -18^C, is not affected by exposure to alcohol.

The observation of only 5 exotherms from 10 seeds in one of the 
analyses reported above suggested that a proportion of the seeds in 
this sample had ineffective nucléation barriers. Examination of 
alcohol treated seed revealed that a number of seeds in each sample 
did not behave as osmometers (ie. did not swell up). Since both the 
ability to supercool and the ability to act as an osmometer were 
considered likely to require an intact endosperm it was considered 
worthwhile to investigate the possibility that non-swollen, alcohol 
treated seeds had imperfect nucléation barriers.
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Two samples of 10 non-swollen, alcohol treated seed were 
examined by DTA at 20^Ch” .̂ Only a single very large exotherm was 
observed at -7°C in both samples (Figure E2.1) which strongly 
suggested that indeed, their endosperms were not intact.

Since it was proposed previously (Section C) that the reason 
why 30% of untreated Great Lakes (o) seed suffered mortality at 
1° exotherm temperatures during cooling at 20°Ch  ̂was that they 
possessed damaged endosperms, it was considered that the proportion 
of alcohol treated seeds which were unable to act as osmometers 
should be the same (ie. 30%). This was not borne out by the results 
however. Of three hundred alcohol treated seeds examined only 
33 (ie. 11%) were not swollen. This suggests that some seeds may 
possess an endosperm with holes small enough to retain solutes and 
bring about osmotic swelling, but not small enough to exclude ice.

In cv. Tom Thumb (h), which exhbited over 70% mortality at 1° 
exotherm temperatures, 236 out of 300 alcohol treated seeds failed 
to swell and the mean M.C. of 129.4^7.5 for 4 replicates of 50 
alcohol treated seed indicated that very little extra water had 
been taken up. These observations were consistent with the proposal 
made earlier that the endosperm in a large proportion of the seeds 
of cv. Tom Thumb is ineffective as a nucléation barrier, because it 
has holes in it which are at least large enough to permit the 
efflux of osmotically active substances.

Because the alcohol treated endosperm appeared to be able to 
exclude ice it seemed probable that freeze desiccation would also 
occur. This possibility was tested by determining the M.C. of 
seed before and after cooling at l°Ch  ̂to -20^0. In this experiment 
heat killed euid freeze killed seed were also used in addition to 
alcohol treated seed. It was believed that differences in the 
behaviour of such seed might provide additional information con-
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cerning the nature of the nucléation barrier system since seeds 
which had been killed by freezing had been observed to swell up, 
indicative of membrane damage, but were unlikely to have lost any 
alcohol soluble substances by leaching, whereas heat killed seed, 
which did not swell up, may have retained a degree of membrane 
integrity.

After cooling to -20°C the M.C. of alcohol treated seed de
clined from 265.3% to 96.5% and that of freeze killed seed declined 
from 197% to 112.1%, however no significant change was observed in 
the M.C. of heat killed seed (Table £2.3).

These results indicated that freeze desiccation in alcohol 
treated seeds did indeed occur, and the large volume of water which 
migrated suggested that this freeze desiccation may possibly have 
occurred more rapidly than might have occurred in untreated seed.

Freeze killed seed also appeared to freeze desiccate although 
their fully imbibed M.C. was lower than that of alcohol treated 
seed. The reasons for this phenomenon are unclear. It is possible 
that a greater degree of embryo membrane integrity was retained after 
freezing which may have caused greater solute retention and thus less 
osmotic uptake or greater turgor of the embryo. The rate of water 
migration also appeared to be slower than in alcohol treated seed 
and again the reasons for this are unclear. Since investigation 
of the nature of the damage, which occurred on freezing, was not 
one of the objectives of this research and since neither the macro
scopic, microscopic or molecular effects of freezing on seed could 
be understood or characterised without such research (Levitt, 1978) 
it was not possible to even speculate constructively on the possible 
causes of variation in the desiccation rate. In the absence of such 
an understanding it was considered that further investigations



Pretreatment Initial 
moisture content

Moisture content 
at -20°C

Freeze killed^ 197.0+7.5 112. U8.6
Heat killed^ 116.4+3.3 111.7+3.1
Alcohol treated^ 265.5+12.1 96.5+7.5

Table E2.3
The ability of seed of Lactuca sativa cv. Great Lakes 
(o), killed by freezing, heating or alcohol treatment, 
to freeze desiccate. Values represent the moisture 
content before and after cooling at l°Ch"^ to -20°C, 
together with _+ one standard deviation, a. Killed by 
plunging fully imbibed seed in foil packets to -30°C 
for 10 minutes, b. Killed by heat treatment at 95°C 
(Section B). c. Killed by alcohol treatment (Section 
B). After the killing treatments all samples were air 
dried for at least 48 h, then imbibed at 5°C in distilled 
water for 48 h. Each value determined from four re
plicates of 50 seed fitted with nucléation wicks.
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involving freeze killed seed would prove unprofitable.
Seeds killed by boiling did not appear to freeze desiccate 

which suggested that seed water was immobilised, probably by freezing, 
and therefore that the endosperm nucléation barrier in these seeds 
did not function.

The observation that alcohol treated seed freeze desiccated 
more rapidly than untreated seed and that heat treatment apparently 
destroyed the efficacy of the nucléation barrier were considered 
worthy of further investigation.

E2.1.1 Freeze desiccation in alcohol treated seed

The relative rates of freeze desiccation in alcohol treated 
and untreated seeds were investigated by determining the M.C. of 
samples after exposure to -10°C for various periods (Figure E2.2). 
After two hours the M.C. of alcohol treated seed had declined by 
about 40 units whereas that of untreated seed had fallen by less 
than 15 units indicating that, in spite of having a smaller surface 
area to volume ratio by virtue of their circular cross section, 
alcohol treated seeds were capble of freeze desiccating more rapidly 
than untreated seeds. This was probably due to the removal, from 
the water migration pathway, of some resistance^ to water flow by the 
alcohol treatment. Alternatively the increased M.C. of the alcohol 
treated seed may have resulted in it having a higher internal 
vapour pressure and therefore a greater vapour pressure gradient 
driving the freeze desiccation process.

Freeze desiccation in alcohol treated seed is investigated 
further in Section F.
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Figure E2.2
The moisture content of initially fully imbibed alcohol 
treated, (O), and untreated (•) seed of Lactuca sativa 
cv. Great Lakes (o) at various times after rapid cooling 
(40^Ch to -10°C. Moisture contents determined after 
centrifuging to remove external water. Vertical lines 
represent one standard deviation. Each value determined 
from four replicates of 50 seed.
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E2.2 HEAT TREATED SEED

Heat treatment of fully imbibed seed by boiling had been 
observed to prevent their subsequent freeze desiccation. The 
possibility that this was due to destruction of the endosperm 
nucléation barrier and also that this might be brought about by 
water at temperatures of less than 100°C was investigated.

Samples of air dry seed of cv. Great Lakes (o) were treated 
by immersion in an excess of distilled water at temperatures in 
the range 5°C to 95^C for 20 h. The viability of the sample was 
then determined and the ability of the seeds to supercool was 
investigated by recording the number of 2° exotherms produced by 
6 samples of 10 seeds cooled at 20°Ch  ̂(Table E2.4).

After treatment at 5°C and 10°C, the number of 2° exotherms 
was about 40 ex 60 which corresponds with the results observed 
after 48 h imbibition at 5°C (Section C), and which was considered 
to indicate that the majority of seeds had effective nucléation 
barriers but that approximately 30% did not. At 15°C the number of 
2° exotherms decreased and at 20°C and 25°C no 2° exotherms were 
recorded. At these temperatures (15-25^C) it was observed that seeds 
had germinated or were in the process of germinating after the 20 h 
of heat treatment. It was concluded that rupture of the endosperm 
caused by radicle protrusion was likely to be the reason for the 
lack of 2° exotherms in these samples (Section C2.1). Above 30°C 
no germination of the samples was observed to occur but the numbers 
of 2° exotherms produced decreased from 23 ex 60 at 30°C to 0 ex 60 
at temperatures of 40°C or above.

At treatment temperatures of 35°C and above a cloudy gelatin
ous precipitate was observed to form in the water covering the seeds



Treatment
temperature

(°C)
No. of 2° 
exotherms 
per 60 seed

Viability^
%

Germination
observed

5 43 93 No
10 41 97 No
15 20 94 Yes
20 0 91 Yes
25 0 90 Yes
30 23 23 No
35 8 17 No
40 0 1 No
45 0 0 No
50 0 0 No
70 0 0 No
95 0 0 No

Table E2.4
The viability, number of secondary exotherms observed during 
DTA at 20^Ch  ̂and record of whether germinated seed could 
be seen in samples after warm water treatment, for samples 
of seed of Lactuca sativa cv. Great Lakes (o) ’’warm water 
treated” (Section B2.7) at the temperatures indicated,
a. Determined from 6 samples of 10 seed. b. Determined 
from four replicates of 25 seed.
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when this was allowed to cool to room temperature.
The lack of 2° exotherms in heat ( 30°C) treated seeds suggested 

that heat treatment caused a change in the endosperm of these seeds 
such that it was no longer able to act as a nucléation barrier. That 
this effect was observed up to temperatures approaching 100°C strongly 
suggested that this was not due to enzymatic degradation of the 
endosperm which occurs during the normal germination process and 
which could have been responsible for the same effect at a lower 
temperature (Halmer, Bewley & Thorpe, 1975), and the observation of 
a gelatinous precipitate suggests that the change which occurred in 
the endosperm may have involved the removal of some material which 
is soluble in warm, but not in cold water.

E3 DISCUSSION

During the freezing of a lettuce seed there are two possible 
sites at which lethal ice growth into the embryo cells may be 
halted. The first is in the endosperm and is referred to as the 
endosperm (nucléation) barrier. This barrier appears to be effective 
at both fast and slow cooling rates (Stushnoff & Juntilla, 1978 and 
above) and at all temperatures investigated, and may therefore be 
considered to be an 'absolute' barrier.

The action of the second barrier is only observed if the endo
sperm nucléation barrier is inoperative. It does not appear to have 
a tightly defined location but probably consists of the embryo tissues 
external to the protoplasm of the embryo and will therefore be 
referred to as the 'embryo nucléation barrier'. This barrier is only 
effective in preventing embryo death if the cooling rate is slow, 

a characteristic common to the majority of plant tissue nucléation
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barriers so far described (Levitt, 1980; Olien, 1967),
Apart from the lettuce endosperm barrier there do not appear 

to be any other reports of water permeable plant structures acting 
as absolute nucléation barriers. This unique property of the 
lettuce endosperm might be explained by consideration of the results 
presented in this section in conjunction with previously published 
data. Several factors may be involved and are first considered 
separately.

£3.1 Endosperm structure

The structure of the lettuce endosperm has been investigated 
by Jones (1974). He reported it to be a two cell layered structure 
completely investing the embryo and characterised by thick cell 
walls and dense cytoplasm. The outer cell wall, ie. that adjacent 
to the integumentary remains, was especially thickened and differed 
from the wall tissue surrounding the endosperm cells in that it was 
not broken down during germination.

The anatomical structure described by Jones and the observation 
in the present work that the endosperm nucléation barrier is not 
destroyed by alcohol treatment indicates that the endosperm barrier 
does not consist of a continuous lipid/membrane layer within the 
endosperm surrounding the embryo.

E3.2 Tissue moisture content

Several workers have reported that ice propagation through plant 
tissues is either retarded or completely stopped when the M.C. is 
reduced (eg. Cary & Mayland, 1970; Kaku, 1966). The M.C. of fully
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imbibed lettuce seed is only approximately 100% whereas that of the 
majority of vegetative plant tissues is well above 500% (Sutcliffe,

1979).

E3.3 Endosperm semipermeability

Several reports indicate that the lettuce endosperm restricts 
the uptake of water soluble, polar solutes (Haber & Tolbert, 1959) 
and amino acids (Klein, Negbi & Witztum, 1971) which suggests it has 
semipermeable properties. The observation in this work that the 
seeds swell up after alcohol treatment suggest that this semipermeable 
nature is retained after treatment with lipid solvents and therefore 
that it is not a property of the cell membranes, but of the endo
sperm cell wall.

Galos (1941) and Lusena and Cooke (1953) have reported that 
semipermeable regenerated cellulose films are capable of acting, at 
least temporarily, as barriers to ice gro%rth and that their efficiency 
as barriers increases with decreasing porosity or increasing thick
ness (Lusena & Cooke, 1953). Accummulation of solutes at the barrier 
also markedly increased its efficiency.

E3.4 Polysaccharide freezing inhibitors

Olien (1965, 1967) has reported that certain water soluble, 
cell wall polysaccharides of the hemicellulose group (eg. arabino- 
xylans (Olien, 1978)) from hardy plant tissues interfere with the 
growing ice front by competing with water molecules for places in 
the ice lattice. This may alter the nature of ice formation, 
influencing both the crystal structure, making it less perfect and
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therefore less harmful, and the locus of ice formation.
An analysis of the polysaccharides of the lettuce endosperm 

(Halmer, Bewley & Thorpe, 1975) indicated that it had a very unusual 
composition compared to that of both the embryo and the majority of 
higher plant 1° cellulosic cell walls. Over 10% of the cell wall 
consisted of arabinose and xylose and approximately 60% was composed 
of another hemicellulosic component - mannose. Mannose comprised 
less than 10% of the embryo cell wall sugars.

Since certain hemicellulosic and most pectinaceous substances 
from plant cell walls are known to dissolve under mild hydrolysing 
conditions, such as hot water, the observation that warm water was 
capable of destroying the endosperm nucléation barrier suggested 
that the barrier properties are, at least in part, due to the 
presence of such compounds.

E3.5 Interactions

Several of the features listed above could account for the high 
efficiency of the lettuce endosperm as a nucléation barrier compared 
to more usual plant tissues (eg. leaf, stem etc.). However it is 
probable that some or all of these features combined are responsible 
for the observed characteristics. Two distinct mechanisms might be 
envisaged

1. An immobile hemicellulose inhibitor layer.
Although mannans have not so far been implicated as freezing 

inhibitors it seems likely that in common with other gelatinous 
substances ie. arabinoxylans, gelatin they would act as crystal 
growth inhibitors. Since hemicellulose components, particularly 

mannose play such a major role in the endosperm cell wall it is
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possible to envisage that a considerable volume of the cell wall would 
consist almost entirely of such sugar residues and that these residues 
would be relatively immobile. If the cell wall material were 
sufficiently dense, an advancing ice front might only be able to 
grow a short distance into these areas before all the possible 
sites for further ice accretion were occupied by immobile hemicellu
lose residues. Under these conditions further advance of the ice 
would be impossible.

2. Solute concentration in a capillary system.
Lusena and Cooke (1953) reported that in investigations 

involving the growth of ice through small holes, ice penetration was 
inhibited by solutes (potassium chloride (KCl), sucrose and gelatin) 
in the water. The solutes accummulated in advance of the growing ice 
front and reached concentrations 20 to 30 times the original con
centration of the solution. The inhibitory effect of KCl was 
attributed to freezing point depression of the solution at the hole 
however in solutions of gelatin freezing point depressions were 
negligible and inhibitory effects on crystal growth were implicated. 
Decreased membrane porosity and amaller hole size favoured barrier 
effectiveness.

If it is assumed that the inhibitory fraction of the cell wall 
carbohydrate is less rigidly held in place than proposed in 1 above 
it is possible that as an ice front grows into the endosperm, solutes, 
sugar residues and others, would accummulate before it. The high 
cencentration of such kinetic freezing inhibitors which would 
accummulate, in what must be the capillary sized passages of the 
semipermeable endosperm cell wall, could be envisaged to prevent ice 
growth altogether. Lusena and Cooke (1953) found that ice growth 

was completely prevented by 20% gelatin although they did not look
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at temperatures below -10°C.
These two mechanisms are not mutually exclusive and a com

bination of the two may well obtain. In spite of this the work
reported here has provided at least a partial insight into the
nature of the endosperm nucléation barrier in lettuce. The pheno
menon is discussed in a wider context in Section G.

The observation that the endosperm in the majority of seeds
of cv. Tom Thumb was unable to act either as an osmometer or as a 
nucléation barrier may provide another clue as to the nature of the 
barrier, if the two phenomena are linked. From the picture of the 
endosperm developed above several explanations for the apparent 
"holes” in the barrier may be envisaged.

1. The saccharide composition of the Tom Thumb endosperm may 
differ from that of other L. sativa cv.s.

2. Since the mature endosperm is relatively impermeable to 
even small solutes and yet the developing embryo requires a supply 
of assimilates, it is probable that the endosperm becomes semi
permeable at a relatively late stage in seed development. It is 
therefore possible that in cv. Tom Thumb seed desiccation occurs 
before the endosperm is fully developed.

3. The endosperm may not completely invest the embryo.
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F FREEZING BEHAVIOUR IN WILD SPECIES OF THE GENUS LACTUCA
FI INTRODUCTION

The results presented in the previous three sections provided 
an appreciation both of the freezing events which occur in a fully 
imbibed lettuce seed under laboratory and simulated natural condi
tions and also the relationships between these freezing events, seed 
structure and embryo death. The understanding of the system gained 
in this work allowed a theory to be developed which explained the 
observed differences, which could also accommodate types of variation 
not observed in L. sativa seed and which was applicable to other 
biological systems in which supercooling occurred.

Although L. sativa provided a useful tool for investigating 
freezing tolerance in imbibed seed.the extreme low temperature tol
erance observed in this species was considered to be of doubtful value 
to it in its "natural" habitat since it is probably of Mediterranean 
origin (Thompson, Cox & Sanderson, 1979; Lindqvist, 1960). Other 
Lactuca species however, have distributions which extend to areas 
where frosts are both severe and frequent (Tutin, 1976; Meteorological 
Office, 1967) and Roos and Stanwood (1981) observed that at low M.C. 
seed of L. sativa cv. Vanguard, which is in fact an interspecific 
hybrid with two wild Lactuca spp., L. serriola and L. virosa (Ryder, 
1979), had greater freezing tolerance than seed of other, true L. sativa 
cultivars. These facts suggested the possibility that wild species 
might have different freezing tolerance characteristics to L. sativa 
and it was therefore considered relevant to investigate the freezing 
tolerance of seed of other Lactuca species which were native to regions 
where S.Z. temperatures were likely to occur.

The wild Lactuca species are not grown as crops in Britain, and
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seed was not therefore commercially available. Correspondence 
indicated that seed stocks were only maintained by botanic gardens, 
germplasm conservation units and individual researchers, and useful 
quantities of seed were found to be obtainable only for two wild 
species, namely L. serriola and L. virosa.

Both L. serriola and L. virosa are closely related to L. sativa, 
all three species being members of the Section Lactuca L. sub-section 
Lactuca of the Compositae (Ferakova, 1976).

L. serriola is the closest relative of L. sativa (Lindqvist, 1960). 
It is an annual, winter annual (Prince & Carter, 1977) or biennial 
(Ferakova, 1976) plant of waysides, disturbed sites and sand-dunes 
(Prince & Carter, 1977), and is distributed throughout most of Europe 
(except the extreme North), central Russia, at least as far as longi
tude 60°E, and the Middle East (Ferakova, 1976). The species can be 
divided taxonomically into two forms based on leaf shape, the pinnatifid- 
runcinate leaved form called L. serriola L. forma serriola and the 
unlobed leaved form called L. serriola L. forma integrifolia (S. F. 
Gray) S. D. Prince and R. N. Carter, comb, gt stat. nov. Leaf shape 
appears to be controlled by two alleles at a single locus, since no 
intermediate forms are known, the pinnatifid leaved form being dominant. 
Individual populations may contain either or both leaf types. In 
Britain the unlobed leaf is more common whereas in continental Europe 
the lobed leaf form predominates.

L. virosa is less closely related to L. sativa than L. serriola 
(Lindqvist, 1960) and adopts a winter annual or biennial life cycle.
Its habitats include those in which L. serriola is found and also 
naturally unstable sites such as sand-dunes, shingle banks, cliff 
ledges, woodland margins and oolitic limestone and chalk (Prince & 
Carter, 1977) however its geographical distribution is more limited
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than L. serriola, being confined to South West and Central Europe 
(Ferakova, 1976).

In view of the wide range of minimum temperatures likely to be 
encountered by these two species in their natural habitats (Metero- 
logical Office, 1958), and since physiological differences between 
populations of L. serriola, in the time required to flower, have been 
observed (Prince & Carter, 1977), it seemed likely that differences 
between populations could occur in their freezing tolerance charact
eristics. Using the approaches developed in the studies on L. sativa 
reported earlier (Sections C and E), the freezing tolerance charact
eristics of several populations of each of the species were examined.

Unfortunately in L. virosa and six of the eight sources of L. 
serriola, the small amount of seed available permitted only a limited 
investigation of freezing behaviour at fast and slow cooling rates, 
and determination of certain relevant seed parameters;, however it was 
found relatively early in the investigation that two seed lots of 
L. serriola differed considerably in their freezing characteristics and 
these were grown to maturity in order to regenerate seed stocks under 
uniform conditions and provide sufficient seed for experimental in
vestigation of the cause of the differences in freezing tolerance.

The results obtained, of interest in themselves, also increased 
our understanding of the seed/water/ice system but,due largely to 
insufficient seed stocks, left certain questions, concerning the 
basis of differences in freezing tolerance, requiring further work 
for their resolution.
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F2 RESULTS AND DISCUSSION

F2.1 SEED STRUCTURES

Examination and dissection of fully imbibed seed of both L. 
virosa and L. serriola indicated that the salient features of their 
structures were similar to those of L. sativa and that they could be 
equally well represented by the diagram in Figure C2.3.

Lactuca virosa seed was somewhat larger than that of L. sativa, 
particularly in length and breadth, although this was partly due to 
the broad margins of the pericarp (Prince & Carter, 1977). All seed 
lots were maroon to blackish and colour variation between seed 
populations was slight.

Lactuca serriola seed was slightly smaller than that of L. sativa 
and was a mottled olive-grey in colour. No variation in colour 
between seed lots could be discerned.

F2.2 FREEZING TOLERANCE CHARACTERISTICS OF L. SERRIOLA AND L. VIROSA

Since the seed parameters of weight (and/or size) and fully 
imbibed M.C. had been previously shown to be of importance in deter
mining certain of the freezing tolerance characteristics of L. sativa, 
these parameters were measured in all seed lots of L. virosa and 
L. serriola.

In order to conserve the small stock of seed available, the 
supercooling ability of these species was determined only by DTA in 
this initial investigation. The freezing behaviour at slower cooling 
rates was investigated using the method developed for determining the 
limitations of the freeze desiccation process in L. sativa - samples



Seed
lot Origin

Moisture content 
after 48 h 
imbibition at 
5°C i% dw)*

Mean weight 
oven dry 
single seed 

(mg)*

Initial
Viability

i UK 130.2+15.0 1.66 97
ii Sweden 101.9+8.3 1.63 74
iii UK 107.8+8^8 1.54 86
iv UK 86.6+8.0 1.55 86
v UK 105.5+7.2 1.62 84
vi France 91.2+4.4 1.56 83

Table F2.1
Geographical origin, equilibrium moisture content, seed dry 
weight and initial viability of six seed lots of Lactuca 
virosa.
a. determined from four replicates of 50 seed.
b. determined from four replicates of 25 seed.
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with nucléation wicks being cooled to -20°C followed by viability
determination.

F2.2.1 Variation between seed populations of Lactuca virosa

The seed parameters of mean seed weight and fully imbibed sample 
M.C. together with a brief description of seed lot origins and the 
viability of untreated seed samples are presented in Table F2.1. A 
more detailed record of seed sources is provided in Section B,

Mean seed weights varied in the range 1.54 and 1.66 mg and fully 
imbibed sample M.C.s varied between 86.6 and 130.2 units.

Preliminary 20°Ch"^ differential thermal analyses of single fully 
imbibed seeds (not shown) produced two exotherms in a pattern similar 
to, and at temperatures approximately the same as, those produced by 
L. sativa (Figure C2.1). The freezing behaviour at rapid cooling 
rates of the six seed populations was therefore investigated by DTA of 
samples of 10 seeds (Figure F2.1). Each analysis was repeated three 
times without nucléation wicks and once with.

Samples without wicks produced a single large 1° exotherm at 
temperatures in the range -4.5°C -10.5^0 together with a number of 
smaller 2° exotherms in the range -10°C to -18.5°C (Figure F2.1).
In seed lots i to iv the number of 2° exotherms recorded per 30 seeds 
without wicks varied between 24 and 27, however in seed lot v only 
18 were recorded and in seed lot vi only 11. The numbers of 2° exo
therms recorded in samples with nucléation wicks, in which the 1° 
exotherm occurred at 2°C, were also reduced in these two seed lots 
indicating that the failure to detect the expected number ( 10) of 2° 
exotherms was not due to the seeds producing 2° exotherms at tempera
tures where they were masked by the large 1° exotherm.
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The freezing behaviour of the six seed lots at slower cooling 
rates was investigated by cooling samples, fitted with wicks, to -20^C 
at rates in the range 2°Ch  ̂to 10°Ch followed by viability 
determination (Figure F2.2). Survival increased as the cooling rate 
was reduced. All seed lots exhibited over 75% survival at 2^Ch 
over 50% survival at 4^Ch  ̂and over 15% survival at 6 ° C h I n  seed 
lot i no survival was observed at 8^Ch  ̂and at 10°Ch  ̂only seed 
lots ii and vi retained any viability (less than 15%) (Figure F2.2). 
Significant differences (p=0.01) between seed lots were observed in 
survival at all cooling rates used.

F2.2.2 Variation between populations of L. serriola

Mean seed weight, fully imbibed M.C., initial viability and 
taxonomic division according to leaf type, as determined for eight 
seed lots of L. serriola are presented in Table F2.2, together with 
their geographic origin (Also see Section B). Mean seed weights 
varied in the range 0.4 mg to 0.79 mg, which were similar to values 
given by Lindqvist (i960), and M.C.s of the imbibed seed varied 
between 88.2 and 114.4 units.

As in L. virosa preliminary DTA at 20°Ch  ̂of single seeds 
produced two exotherms in a pattern similar to that observed in L. 
sativa (not shown). Further data was obtained by DTA of 6 replicates 
of 10 seeds of each seed lot. Large 1̂  exotherms occurred at temp
eratures in the range -4.75°C to -11°C and 2° exotherms occurred in 
the range -9.75^0 to -19°C (Figure F2.3). The number of 2° exotherms 
recorded per 60 seeds varied between 47 and 58.

The patterm of viability increase in seed samples cooled to 
-20°C at rates in the range 10°Ch"^ to 2°Ch*"̂  was determined for all
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Seed
lot Origin Leaf type* 

classification
Moisture content 

after 48 h 
imbibition at 
5°C {% dw)b

Mean weight 
oven dry 
single seed 

(mg)b

Initial
Viability

(%)*

lb UK i 96.6+8.7 0.41 100
lib Israel s 110.5+̂ 5.5 0.61 98
111 Sweden s 90.6+3.5 0.48 76
IV Finland s 88.2+4^5 0.79 65
V Rumania i 93.8+11.0 0.57 87
VI Portugal s 95.3+12.6 0.76 94
VII Portugal s 114.4+5^2 0.76 78
VIII Sweden i 88.6+7.4 0.59 98

Table F2.2
Geographical origin, leaf type, equilibrium moisture content, seed 
dry weight and initial viability of eight seed lots of Lactuca 
serriola.
a. i = integrifolia s = serriola
b. determined from four replicates of 50 seed
c. determined from four replicates of 25 seed



143

8 seed lots. The variation observed between seed lots was unexpect
edly large (Figure F2.4). Samples of seed lots Vlll, VI and 111 
retained over 40% viability at cooling rates as fast as 10°Ch  ̂and 
all seed lots except 11b and IV exhibited over 50% survival at 6*Ch 
In seed lots Ilb and IV however survival was not observed to increase 
significantly (p=O.Ol) above zero until cooling rates slower than 
4*Ch  ̂were used. At 2°Ch  ̂survival of all seed lots was above 80% 
(Figure F2.4).

The similarity between the wild Lactuca species and L. sativa in
both seed structure and in freezing pattern at rapid cooling rates
suggested that the freezing processes, the events which occurred, and 
thus presumably their underlying causes were basically similar in the 
seed of all three species.

The slightly higher upper limit for 1° exotherm occurrence in
the wild species compared to that in L. sativa was probably caused by
the presence of more effective nucleators in the pericarp water in 
certain of the wild seed samples. Because 1° nucléation was not at 
a uniformly high temperature in any of the seed lots it is unlikely 
that this nucleator was a seed constituent, however the varied geo
graphic origins of the wild species seed lots may have resulted in 
some of them being exposed to, and picking up more effective atmos
pheric nucleators than either other wild Lactuca seed lots or commer
cially produced L. sativa.

The notably smaller number of 2° exotherms produced by seed lots 
V and vi of L. virosa resembled the behaviour exhibited by L. sativa 
cv. Tom Thumb under similar conditions and may have also been caused 
by the inability of the endosperm, of a large proportion of seeds, to 
prevent ice growth into the embryo.

The increases in viability with decreasing cooling rate when
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samples were cooled to temperatures below the supercooling limit of 
the embryo suggested that the freeze desiccation process which had 
been shown to occur in L. sativa also occurred in L. virosa and L. 
serriola. Consequently it seemed likely that those factors which 
were responsible for variation between seed lots in the freeze desicca
tion process in L. sativa would also affect cooling rate tolerance in 
the wild species. Examination of the cooling rate tolerance, M.C. and 
seed weight data however, for both L. virosa and L. serriola revealed 
none of the correlations between differences in cooling rate tolerance 
and components of the freeze desiccation process which had been ob
served in L. sativa.

The lack of correlation between seed weight or initial M.C. and 
freezing rate tolerance and the ability of seed lots of these species 
to tolerate considerably higher cooling rates than L. sativa when 
starting with M.C.s in the same range and, in the case of L. virosa, 
having seed of considerably greater size, suggested that either the 
CMC, the freeze desiccation capability or both of these components 
were likely to be different to those observed in L. sativa, and that 
differences in these parameters were likely to be responsible for the 
variation observed.

Unfortunately the seed stocks of L. virosa were insufficient to 
test these proposals and no further work was carried out on this 
species. The regenerated material of seed lots I and II of L. serriola 
was used to carry out a more extensive investigation of the causes of 
the observed variation.
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F2.3 INVESTIGATION OF TUE CAUSES OF VARIATION IN COOLING RATE 
TOLERANCE BETWEEN TlfO SEED LOTS OF LACTUCA SERRIOLA

F2.3.1 Comparison of original and regenerated seed

The seed stocks Ib and Ilb used in the work reported below were 
regenerated under glasshouse conditions from the seed samples, la 
and Ila, originally supplied. It was considered to be of interest 
to see whether the different freezing tolerance characteristics of 
these accessions were genetically governed or if they were modified 
by the environmental conditions under which the seed had been produced, 
The amount of seed of Ila available was very small, hence this 
investigation was mainly confined to seed from source I.

The initial investigations on seed lots la and Ila were con
ducted before a standard procedure for viability testing of the wild 
Lactuca species had been adopted. The methods used in these com
parisons of original and regenerated seed were, therefore, those 
employed for testing L. sativa.

Limited preliminary determinations of the effect of cooling 
rate on survival of samples removed at -20°C were made on both of 
the original seed lots (la and Ila) at l°Ch 5°Ch  ̂and 7°Ch  ̂

and a more detailed investigation in la at cooling rates in the 
range l°Ch*"̂  to 8°Ch  ̂was also made (Figure F2.5). Seed lot la 
exhibited over 50% survival at 7°Ch  ̂and over 90% survival at 
cooling rates slower than 5^Ch Survival in seed lot Ila was not 
significantly (p=O.Ol) above 0% at 5°Ch  ̂but at l°Ch* over 90% 
survival was observed.

Determination of the effect of cooling rate in the regenerated 
seed lots revealed no significant differences between the original (a)
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The effect of cooling rate on the survival of 
original (closed symbols) and regenerated (open 
symbols), fully imbibed seed of seed lots I (O ,#) 
and II ( □, ■ ) of Lactuca serriola after cooling 
to -20°C in embedding capsules fitted with nucléa
tion wicks. Each point determined from four 
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denote results from separate experiments. (Viability 
determined by 48 h viability test.)
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and regenerated (b) seed of source II (Figure F2.5). In source I 
however the regenerated seed (b) exhibited significantly greater 
survival at 8^Ch  ̂than the original seed lot (a) although at 
lower cooling rates survival values of the original and regenerated 
seeds were virtually identical (Figure F2.5).

It was observed in L. sativa that differences between seed lots 
in cooling rate tolerance could be attributed to both seed size 
(weight) and initial M.C., consequently these values were determined 
for seed lots la and Ib,

Seed lot la had a mean seed weight of 0.72 mg and a mean fully 
imbibed sample M.C. of 112.1jf6.9 units (4 replicates). Seed lot Ib 
had a mean seed weight of 0.4 mg and a mean fully imbibed sample 
M.C. of approximately 95 units (Figure B2.1). It is possible, there
fore, that the greater tolerance of higher cooling rates observed in 
the regenerated seed lot (Ib) could have been caused by its smaller 
seed size and lower initial M.C., although differences in other seed 
parameters could not be ruled out.

As noted previously, reasons for variation in fully imbibed M.C. 
are unclear. Various causes of variation in seed size, including 
changes in the growth conditions during development of plants with 
a determinate flowering habit (ie. Lactuca serriola) have been re
viewed by Harper, Lovell and Moore (1970).

The pattern of viability loss during cooling at 20°Ch  ̂was 
investigated in both the original and regenerated seed lots of 
source I (Figure F2.6). In both seed lots survival remained above 
95% at temperatures above -10°C, between -10°C and -14°C survival 
began to decline but remained above 75% and below -14°C survival fell 
rapidly to less than 10% at -18°C. At all temperatures, although 
not statistically different, the survival of the regenerated seed
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The pattern of survival associated with decreasing sample 
temperature in the fully imbibed seed of the original 
(a),0 , and regenerated (b),* , seed lots of Lactuca 
serriola I during cooling at 20®Ch” .̂ Each point 
determined from four replicates of 25 seed held in 
embedding capsules. (Viability determined by 48 h 
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was slightly higher than that of the original seed (Figure F2.6),
This may have represented a genuine difference between the seed lots 
in supercooling ability but may also have been due to the short 
germination period used (48 h). The fresh, regenerated seed might 
have germinated slightly more rapidly and therefore to a higher 
percentage in 2 days than the older and therefore probably less 
vigorous, original seed.

F2.3.2 Investigation of the causes of variation in freezing behaviour 
between two regenerated seed lots of Lactuca serriola, Ib and lib

The freezing tolerance characteristics and those parameters which 
had previously been demonstrated to affect these characteristics in 
L. sativa were determined for seed lots Ib and lib.

F2.3.2.1 Cooling at 20°Ch"^

The pattern of viability loss during cooling at 20°Ch  ̂was 
similar in both seed lots (Figure F2.7). At temperatures above -14°C 
sample survival remained above 80%. Below this temperature survival 
fell rapidly to less than 20% at -18°C and 0% at -20°C. At all 
temperatures the survival of seed lot Ib was slightly higher than 
that of lib but this difference was only significant (p=O.Ol) at -16°C. 
This difference may have been due to a proportion of seed lot lib 
having ineffective nucléation barriers or the supercooled seed of Ib 
having greater thermodynamic stability. The supercooling limit in 
both seed lots appeared to be approximately -18°C (Figure F2.7).
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F2.3.2.2 Responses to reduced cooling rate

As observed in Figure F2.5, the responses of the two seed lots 
to cooling rates slower than 10°Ch  ̂were highly dissimilar. However, 
for the purposes of comparison with other seed lots the experiment 
was repeated using a longer incubation period (7 days) for the 
determination of the survival value (Figure F2.8). For this reason 
the values obtained were, in general, slightly higher than those 
obtained in the previous experiment (Figures F2.5 and F2.8). At 
lO^Ch  ̂neither seed lot exhibited any significant (p=O.Ol) survival.
At 5°Ch  ̂the survival of Ib had risen to over 95)6 whereas lib showed 
no appreciable increase and at l̂ Ch**̂  both seed lots exhibited complete 
sample survival (Figure F2.8).

F2.3.2.3 Seed size, wei^t and moisture content

The mean seed length, breadth and depth for air dry seed and the 
mean depth and breadth for fully imbibed seed were determined for 
both seed lots on samples of 10 seeds (Table F2.3). The two seed lots 
had characteristic seed shapes, the seed of Ib being longer, narrower 
and flatter than that of lib.

Determination of equilibrium M.C.s (Figure B2.1) and seed oven 
dry weights indicated that seed lot lib was longer (mean seed weight 
of 0.61 mg) and had a higher M.C. ( 105 units) than seed lot Ib (mean 
seed weight of 0.41 mg, M.C. of 95 units). In L. sativa cv. Great 
Lakes (o) it was observed that higher initial M.C. and greater seed 
size/wéi^t were correlated with low tolerance of higher cooling 
rates, thus it seemed possible that these differences could be res
ponsible for the lower tolerance of seed lot lib to more rapid (faster
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Figure P2.8
The effect of cooling rate on the survival of fully imbibed 
seed of Lactuca serriola Ib,#; and lib, O, after cooling 
to -20°C in embedding capsules fitted with nucléation wicks, 
Each point determined from four replicates of 50 seed.



Seed dimension (mm)

Seed lot Air dry Fully imbibed

Length Breadth Depth Breadth Depth

Ib 3.46 0.80 0.25 1.04 0.71

lib 3.10 1.01 0.33 1.38 0.79

Table F2.3
The mean seed dimensions (mm) of length, breadth and depth 
for 2 regenerated seed lots of Lactuca serriola determined 
before and after imbibition for 48 h at 5°C. All values for 
each seed lot determined from the same sample of 10 seed 
measured with a screw micrometer.
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than 5°Ch cooling rates. This possibility was investigated 
using sieved fractions of both seed lots so that seed size distri
butions and M.C. could be modified to provide samples of each seed 
lot with similar size and M.C. characteristics.

F2.3.2.4 Behaviour of reduced M.C. and size partitioned seed samples

Air dry samples of seed lots Ib and lib were divided into 3 size 
classes (Small-8; Medium-M; Large-L) using two square mesh sieves 
(see Section B) such that a proportion of the seeds of each seed lot 
in the M class were considered to be of comparable size, however, 
presumably because of the different seed shapes of the two seed lots, 
the seed weight of lot IlbM was considerably greater than that of 
IbM (Table F2.4). In terms of seed weight the small size fraction of 
lib more closely paralleled the M size fraction of Ib.

Samples of S and M lib were partially imbibed to provide seed 
of similar or lower M.C. than fully imbibed M Ib and were then 
tested together with M seed of Ib for cooling rate tolerance.
Survival values were calculated using the initial viability of the 
size class (Table F2.4) and the viability of samples after cooling at 
6°Ch"^ to -20°C (Table F2.4).

The survival value for IbM was 66.6% which corresponds closely 
with the survival of samples containing the whole spectrum of seed 
size variation in this seed lot (Figure F2.8). In contrast, the 
survival values for all size and M.C. classes of seed lot lib were less 
than 2% (Table F2.4).

Since seed of lib which was both smaller, lighter and of lower 
M.C. than that of Ib was less tolerant of high cooling rates, it was 
concluded that the differences in cooling rate tolerance between



Seed
lot

Fraction
size

Moisture 
content after 
imbibition 

{% dw)*

Initial
Viability

(%)*
Mean weight 
oven dry 

single seed 
(mg)*

Survival after 
cooling to 
-20®C (%):

Ib Medium 107.6+10.1^ 99.0 0.45 66.6
lib Medium 76.7+2.3^ 98.5 0.63 1.5
lib Medium 86.7+3.4d 98.5 0.63 0.5
lib Small 99.9+5.4^ 87.0 0.44 1.7
lib Small d111.6+4.0 87.0 0.44 1.7

Table F2.4
A comparison of the survival of samples of seed size fractions of 
two seed lots of Lactuca serriola after cooling at G^Ch"^ to -20°C, 
together with their seed weight and initial viability and the 
moisture content of samples prior to cooling.
a. Determined from four replicates of 50 seed.
b. Fully imbibed seed.
c. Partially imbibed seed (15 h exposure to excess water).
d. Partially imbibed seed (18 h exposure to excess water).
e. Determined from four replicates of 25 seed.
f. Determined from four replicates of 50 seed held in embedding

capsules fitted with nucléation wicks.
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these two seed lots were not due to differences in their size or 
initial M.C. It therefore seemed probable that the cause of the 
observed differences was variation in either the CMC or the rate at 
which freeze desiccation could occur, and these factors were then 
examined.

F2.3.2.5 Critical moisture content

The OIC was investigated using the same method used in the com
parisons of L. sativa cultivars. Samples of seed were brought to a 
range of M.C.s by partial imbibition and then cooled rapidly (20°Ch"^) 
to —20 C.

The pattern of viability increase with decreasing M.C. was 
fairly similar in both seed lots (Figure F2.9). Survival increased 
from 0% at sample M.C.s above 60 units to over 90% at approximately 
25 units in an approximately linear fashion. The line for seed lot 
Ib however was displaced to higher M.C. values by approximately 5 
units (Figure F2.9).

Although the large variations which occurred in sample M.C 
determinations and the confidence limits for survival values indicated 
that the results for the two seed lots were probably not significantly 
different, they suggested that the CMC of seed lot Ib might be 
slightly higher than that of lib. This would be consistent with its 
greater tolerance of faster cooling rates, however, since from these 
results a 5 unit increase/decrease in M.C. only appeared to cause a 
15-20% change in survival after cooling to -20®C, it seemed unlikely 
that the major differences which were observed between these seed 
lots in their cooling rate tolerance could be accounted for by differ
ences in the CMC.
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F2.3.2.6 Freeze desiccation rate

The freeze desiccation capabilities of the two seed lots were 
initially investigated by monitoring the decline in seed M.C. (after 
centrifugation) of initially fully imbibed seed during cooling at 
3°Ch"^ (Figure F2.10).

The M.C. of seed lot Ib fell by approximately 22.1 units during 
cooling to -15°C and that of lib fell by approximately 25.1 units.
The rate of moisture loss appeared to be much the same in both seed 
lots (Figure F2.10).

In L. sativa it was observed that seed lots with higher initial 
M.C.s freeze desiccated more rapidly than initially drier seed lots 
and this was considered to be due to these wetter seeds having more 
dilute endosperm contents and therefore a greater vapour pressure 
gradient driving the desiccation process. The observation here that 
lot lib, which had a considerably higher initial M.C. than Ib, only 
freeze desiccated at the same rate, suggested that it might have a 
lower freeze desiccation capability at any given vapour pressure 
gradient. In order to test this hypothesis it was necessary to obtain 
seed of both Ib and lib which had the same internal vapour pressure.

Initial attempts to obtain such seed involved equilibrating 
fully imbibed seed,by immersion in solutions of Polyethylene Glycol, 
with known vapour pressures. However this approach was abandoned 
since it was considered that any residual osmoticum might directly 
interfere both with the freezing process and with M.C. determinations.

A second approach was to pre-equilibrate the fully imbibed seeds 
with ice at a temperature just below 0°C (ie. -0.5°C to -1°C). It 
was considered that the vapour pressure of the external ice, being 
somewhat lower than that of the supercooled water within the endosperm.
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The moisture content of initially fully imbibed seed of seed lots 
Ib, and Ilb, of Lactuca serriola after cooling at with
nucléation wicks to the temperature indicated. Moisture contents 
determined after centrifuging to remove external water, Elach point 
represents the mean of eight replicates of 50 seed. Vertical lines 
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would cause a slight amount of freeze desiccation to occur resulting 
in seed with a slightly reduced, but defined, internal vapour pressure.

The freeze desiccation rates were investigated by measuring the 
difference in M.C. between samples removed after equilibration at -1°C 
and after cooling to -20°C at 3°Ch

The results for two separate experiments are presented separately 
(Table F2.5), rather than as mean values, because the temperature 
control of the pre-equilibration temperatures was not more accurate 
than +0.2°C which may have resulted in the two experiments starting
at slightly different temperatures, and therefore with seed of differ
ent internal vapour pressures.

In both experiments the decline in M.C. of seed lot Ilb was con
siderably less than that observed in Ib (Table F2.5) which indicated 
that its freeze desiccation capability was lower at any given vapour 
pressure gradient, than that of Ib. This strongly suggested that the 
greater tolerance of rapid cooling rates observed in seed lot Ib was 
due to its ability to freeze desiccate more rapidly, and therefore to 
reach the CMC more quickly than seed lot Ilb.

F2.3.2.7 Resistance to the outflow of water

The differing abilities of the two seed lots to freeze desiccate 
was presumed to be due to differences between them in the hydraulic 
resistances encountered by water flowing along the pathway from the 
cells of the embryo to the exterior of the endosperm. The overall 
resistance of this pathway would presumably be the sum of a series 
of resistances (such as the membrane of the embryo cells, the embryo 
cell walls, embryo cuticle, the junction between the embryo surface 
and the endosperm, and the endosperm cell walls etc.) some of which



Seed
lot

Sample
temperature

(°c)

Experiment 1 Experiment 2

Moisture
content
(M.C.)
(units
dw)

Decline in 
M.C. between 
-0.5*C and 
-20*C (units 

dw)

Moisture
content
(M.C.)
(units
dw)

Decline in 
M.C. between 
-0-5*C and 
-20 C (units 

dw)

Ib -0.5* 93.8+3.5 102.5+2.5
27.9 33.9

-20^ 65.9+2.7 68.6+1.2

Ilb -0.5* 98.3+4.3 107.6+8.6
21.4 24.6

-20*^ 76.9+1.5 83.0+5.9

Table F2.5
The results of two separate experiments to determine the decline 
in moisture content, after cooling at 3°Ch  ̂to -20°C, of samples 
of two seed lots of Lactuca serriola.
a. Samples of initially fully imbibed seed plunged to approximately

-0.5^C and held for 48 h. Centrifugation containers fitted with
nucléation wicks.

b. Samples treated as in a. then cooled at 3°Ch  ̂to -20°C.
All moisture contents (given with _+ one standard deviation)
determined from four replicates of 50 seed, after centrifugation.
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may impede water flow relatively more than others. In the majority 
of plant tissues the major resistance to water flow as water leaves 
the cells is encountered at the plasmalemma (Slatyer, 1967), however, 
it seems at least possible, that in the more complex structure of 
the Lactuca seed, the investing layer of semipermeable endosperm might 
also constitute an important part of the overall hydraulic resistance 
of the water migration pathway.

The evaluation of the contribution of the various parts of the 
water pathway to the overall resistance to water flow depends on the 
use of procedures which selectively by-pass some of these parts whilst 
leaving other parts intact. Two techniques which could provide 
valuable information have been developed in the woxic on L. sativa seed:

1. The use of pierced seed, in which the ability of the endo
sperm to act as a nucléation barrier is destroyed mechanically.

It was observed in L. sativa that, provided the cooling rate was 
sufficiently slow, pierced seeds were able to survive exposure to 
temperatures below the supercooling limit. This was presumed to be 
due to the ability of the embryo cell membranes to prevent intra
cellular ice penetration so that freeze desiccation of the individual 
cells of the embryo took place resulting in suppression of spont
aneous nucléation of the cell contents at -18*C.

It will be noted that water flows from the embryo cells to ice 
in both intact and pierced seeds so that the vapour pressure gradient 
is the same in both cases, but that the pathway does not involve 
crossing the endosperm in the pierced seed.

The observation that a small proportion of pierced seeds of 
L. sativa were able to tolerate cooling to -20°C at faster rates than 
unpierced seeds (Figure D2.10), suggested that freeze desiccation of 
the embryo cells in these seeds could occur more rapidly and hence.
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that the intact seed structure might provide a detectable resistance 
to desiccation.

2. The use of alcohol treated seed in which the integrity of the 
cell membranes of the seed has been destroyed. It was shown in the 
previous section that L. sativa seeds treated in this way retain an 
effective nucléation barrier in the endosperm and are capable of 
freeze desiccating.

In such treated seed the water flowing from the solution of 
embryo solutes lying free within the cavity enclosed by the endosperm, 
to the pericarp ice, must pass through the endosperm, which presumably 
constitutes the main hydraulic resistance to water flow.

First then, the response of pierced seed of seed lots Ib and Ilb 
to cooling at various rates was investigated to see whether an intact 
endosperm inhibited freeze desiccation in L. serriola and to see 
whether differences occurred between the two seed lots.

The experimental rational was as follows:-
Samples of pierced and unpierced seed of each seed lot were 

cooled at rates from 2*Ch  ̂to 8*Ch
1. The viability of seeds cooled to -10°C was determined since 

the seed would not nucleate spontaneously at such a high S.Z. tempera
ture, the mortality of seeds at this temperature would presumably 
result from inoculative nucléation of the cells due to failure of 
nucléation barriers.

2. The viability of seeds cooled to -20*C was determined since 
this temperature is below the supercooling limit and any additional 
mortality of seeds at this temperature (compared to that at -10*C) 
would be due to spontaneous nucléation of the embryo cells. Embryos 
would escape freezing if the rate of freeze desiccation of the embryo 
was sufficiently rapid to inhibit spontaneous nucléation.
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In each of the seed lots Ib and Ilb, the pattern of viability 
loss of pierced seed was similar, irrespective of whether they were 
removed at -10*C or -20*C (Figure F2.ll), Survival fell from approx
imately 100% at 2*Ch  ̂to less than 10% at 8^Ch  ̂in lot Ib and from 
above 85% at 2*Ch  ̂to less than 10% at 6^Ch  ̂in lot lib. This 
suggests that all the mortality took place above -10*C and no further 
loss of viability occurred during further cooling to -20°C. Thus, 
cooling rates which were slow enough to allow the pierced seeds to 
avoid inoculative freezing were sufficiently slow to enable freeze 
desiccation of the embryo to take place before its temperature reached 
the supercooling limit. It is of interest to note that the maximum 
cooling rate (to -10°C) which could be tolerated differed markedly 
between the two seed lots (Ib and Ilb) indicating some difference in 
their sensitivity to inoculative freezing.

The mortality of the intact seed at various cooling rates differed 
from that of the pierced seed and the nature of the difference vras 
dependant upon the seed lot. No mortality took place when intact 
seeds were cooled to -10°C (Figure F2.ll) confirming the ability of 
the intact endosperm to isolate the embryo from inoculative freezing. 
When cooling was continued to -20*C the mortality of intact seeds of 
Ib was similar or significantly less than for the pierced seeds of the 
same lot at each cooling rate, whereas the mortality of intact seeds 
of Ilb was similar or significantly more than for its pierced counter
part at each cooling rate (Figure F2.ll).

The simplest interpretation of this result is that it is due to 
the dual effect of the endosperm. By acting as a nucléation barrier, 
it can allow the enbryo to tolerate cooling rates at which the embryo 
cells would become inoculatively frozen, whilst by acting as a 
resistance to water flow it can limit the cooling rate which can be
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Figure F2.11
The effect of cooling rate on the survival of pierced (open 
symbols) and intact (closed symbols), fully imbibed seed of
A. Lactuca serriola Ilb and B. Lactuca serriola Ib cooled, 
with wicks, to -10°C ( ■ , □ ) and -20°C ( • , O ). Each point 
determined from four replicates of 50 seed held in embedding 
capsules.
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tolerated, by limiting the rate of freeze desiccation of the embryo.
In lot Ilb, the higher rate tolerance of pierced (compared to 

intact) seed, when sampled at -20^C, was interpreted to indicate that 
freeze desiccation in this seed lot was able to occur more rapidly 
in pierced seed, which suggested that the intact seed structure 
presented a greater resistance to water flow out of the embryo cells 
than the cell membranes alone.

In lot Ib the lower rate tolerance of pierced seed was considered 
to indicate that survival in these pierced seed was limited by the 
rate tolerance characteristics of the embryo nucléation barrier, but 
more importantly, this result also indicated that the intact seed 
structure did not provide a greater resistance to freeze desiccation 
than the embryo cell membrane alone, as it did in lot Ilb.

These differences in the behaviour of pierced seed suggested that 
tissues in the seed other than the embryo cell membranes presented 
sufficiently different resistances to the outflow of water during freeze 
desiccation to cause the observed differences in cooling rate tol
erance between these two seed lots.

The alcohol treatment technique developed in the previous section 
was presumed to destroy the cell membranes of the embryo while retain
ing both the nucléation barrier and semipermeable properties of the 
endosperm. It was therefore considered to be of interest to invest
igate if and how alcohol treatment changed the rate of water movement, 
whether it differed between the two seed lots, and how these two 
seed lots behaved in comparison with L. sativa.
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F2.3.2.8 Freeze desiccation in alcohol treated seed and comparison 
with L. sativa

Firstly and for comparison with earlier work the decline in seed 
M.C. of initially fully imbibed, alcohol treated seed during 
cooling at 3°Ch  ̂was measured.

The morphological changes which were observed in alcohol treated 
seed of L. sativa were also observed in both seed lots of L. serriola 
(see Table E2.2) and the fully imbibed M.C. of both seed lots was 
approximately doubled after alcohol treatment (Figure F2.12).

The rate of water movement in alcohol treated seed was consid
erably higher than in non-treated seed and the rate in alcohol 
treated seed of Ib was also much higher than that in lib (Figure F2.12)

These results indicated that, as in L. sativa, alcohol treatment 
removed a proportion of the overall resistance to the flow of water 
out of the embryo and across the endosperm in both seed lots of L. 
serriola. However, the slower rate of water migration observed in 
Ilb suggested either that the resistance which remained after alcohol 
treatment was greater in this seed lot, which was consistent with the 
conclusions drawn from pierced seeds, or that it had a much lower 
internal vapour pressure than lot Ib, which seemed unlikely in view 
of its higher M.C. These alternatives were explored in a single 
experiment which investigated the relative rates of freeze desiccation 
in alcohol treated and untreated seed of seed lots Ib and Ilb of 
L. serriola but which also incorporated.for comparison,alcohol treated 
and untreated seed of L. sativa cv. Great Lakes (o).

Samples of seed were equilibrated at approximately -1*C for 
48 h then cooled at 5°Ch  ̂to -15°C. Relative rates of freeze 
desiccation were investigated by M.C. sampling after equilibration at
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Figure F2.12
The moisture content of initially fully imbibed, alcohol treated 
(open symbols) and untreated seed (closed symbols) of seed lots 
Ib ( □ , ■ ) and Ilb (O , • ) of Lactuca serriola after cooling at 
3^Ch”  ̂with nucléation wicks to the temperature indicated. Moisture 
contents determined after centrifuging to remove external water.
Each point represents the mean of four replicates of 50 seed. 
Vertical lines represent one standard deviation.
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approximately -1°C and after cooling to -15°C. The cooling rate of 
5°Ch which is faster than that previously employed, was used 
since it was considered that it would accentuate the differences 
between the seed lots in freeze desiccation ability.

In untreated seed the fall in M.C. between -1°C and -15^C was 
similar in both seed lots Ib and lib of L. serriola, approximately 
23 M.C. units, whereas in L. sativa it was less than half this value, 
10.1 units (Table F2.6). In alcohol treated seed of L. sativa the 
difference in M.C. values was 28.3 units which was higher than that 
in its untreated counterpart, and which agreed qualitatively with 
the result obtained in Section E, whereas the values of 9.1 and 0.7 
for alcohol treated seed of Ib and Ilb respectively were lower than 
the values for both their own untreated counterparts and treated 
L. sativa (Table F2.6).

The failure of alcohol treated seed of both L. serriola seed lots 
to exhibit a significant fall in M.C. after cooling to -15°C suggested 
that freeze desiccation of these seeds did not occur. This result did 
not appear to conform to the behaviour that was predicted according to 
the understanding of the system held at this time and did not agree 
with the result obtained at 3^ChT^ (Figure F2.12).

The most probable cause of this phenomenon was considered to 
be immobilisation of the embryo water due to freezing, which in turn 
suggested that at a cooling rate of 5°Ch  ̂the alcohol treated endo
sperm of L. serriola, in contrast to that of L. sativa, was not 
capable of acting as a nucléation barrier, whereas at 3°Ch  ̂it was. 
This possibility was investigated by DTA at 3®Ch“  ̂and 5®Ch“  ̂of

alcohol treated seed of L. serriola lib and also L. sativa cv.
Great Lakes (o) for comparison (Figure F2.13). Three replicates of 
10 seed fitted with nucléation wicks were used.



Seed
sample

Moisture content 
after equilibration 
at approximately 
-1°C (units dw)

Moisture content 
after cooling to 

-15*C 
(units dw)

Decline in 
moisture content 
between - 1C and 
-15°C (units dw)

L. sativa 
Great Lakes (o)

80.2+4.6 70.1+5.1 10.1

Alcohol treated 
L. sativa 
Great Lakes (o)

115.5+5.2 87.2j+5.1 28.3

L. serriola Ib 105.8+9.0 83.4+2.1 22.4
Alcohol treated 
L. serriola Ib

118.6+5.4 109.5+̂ 5.0 9.1

L. serriola lib 89.2+5.3 66.0+2.8 23.2
Alcohol treated 
L. serriola lib

132.9+10.2 132.2+5.3 0.7

Table F2.6
The decline in moisture content, after cooling at 5^Ch  ̂to -15^C, of 
samples of alcohol treated and untreated seed of Lactuca sativa cv. 
Great Lakes (o) and two seed lots of Lactuca serriola, previously 
equilibrated with external ice at -l^C.
a. Samples of initially fully imbibed seed plunged to approximately 

-1*C and held for 48 h. Centrifugation containers fitted with 
nucléation wicks.

b. Samples treated as in a. then cooled at 5*ChT^ to -15°C.
All moisture contents (given with jh one standard deviation) determined 
from four replicates of 50 seed, after centrifugation.
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In L. sativa the pattern of exotherm production at both 
3°Ch  ̂and 5^Ch  ̂(Figure F2.13) was similar to that observed during 
DTA of alcohol treated seed at 20°Ch  ̂(Figure £2.1). A single large 
exotherm was observed at 0°C and 6-10 secondary exotherms per sample 
of 10 were produced at lower temperatures. In L. serriola lib, 
however, the patterns of exotherm production at the two cooling 
rates differed both from one another and from L. sativa. At 5^Ch  ̂

a single large exotherm was produced just below 0°C but only 0-3 
secondary exotherms per sample of 10 seeds were observed at lower 
temperatures (Figure F2.13). At 3^Ch  ̂a single large exotherm just 
below 0°C and 6-10 secondary exotherms were observed (Figure F2.13). 
Two out of the 22 secondary exotherms produced by the 3 samples of 
10 seeds occurred at temperatures below -20^C, the remainder occurr
ing above -18°C.

The small number of 2° exotherms observed in L. serriola lib 
when cooled at 5°Ch"^ strongly supported the suggestion that at this 
rate, in the majority of seeds, freezing of the entire seed occurred 
at the time of pericarp freezing, and therefore, that the endosperm 
nucléation barrier was not effective. The production of 2° exotherms 
at the slower cooling rate (3°Ch however indicated that at this 
rate the nucléation barrier did function, and therefore that its 
ability to act as a nucléation barrier was rate dependant.

This result indicated that in order to obtain useful and reliable 
data concerning the rate of water movement through the endosperm of 
L. serriola from studies of alcohol treated seed a more thorough 
characterisation of the behaviour of the nucléation barrier in 
alcohol treated seed with respect to freezing rate was required. 
Unfortunately the available seed stocks did not permit such aft 
undertaking. Nevertheless, although the results presented in Figure
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Figure F2.13
Specimen DTA traces of samples of ten fully imbibed, 
alcohol treated seed of two Lactuca species at 3°Ch  ̂

and 5°Ch"^. A. L. sativa cv. Great Lakes (o), 3°Ch"*;
B. L. sativa cv. Great Lakes (o), 5°Ch C, L. serriola 
lib, 3°Ch“ ;̂ D. L. serriola lib, 5°Ch"^.
All samples fitted with nucléation wi^ks.
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F2.12 must be treated with reservation, if it is assumed that the 
number of seeds whose endosperm is breached during cooling at 
3^Ch"^ is approximately the same in both seed lots Ib and lib and 
that the internal vapour pressure of lib is not lower than that of 
Ib (see M.C. values in Figure F2.12), then this result supported the 
view developed from the results with pierced seed, that the endo
sperm of Ib offers less resistance to water movement than that of 
lib and that this difference accounts for the greater cooling rate 
tolerance exhibited by Ib.

Perhaps more significantly, this result, which demonstrated 
the cooling rate dependant character, after alcohol treatment, of 
the endosperm nucléation barrier in L. serriola, indicated that it 
must somehow differ from the barrier in L. sativa which appeared to 
be unaffected by alcohol treatment, at least at the cooling rates 
used (up to 20^Ch )̂. Due to insufficient seed stocks, the nature 
of the difference between the endosperms of the two species remained 
unresolved although the involvement of lipid in the L. serriola 
endosperm would appear to be implicated by the alcohol mediated 
change.

F3 DISCUSSION

The investigations of the freezing tolerance characteristics of 
two wild species of Lactuca reported in this section revealed a 
number of striking similarities between these species and L. sativa 
together with a few important differences. Intraspecific variation 
between seed populations in the freezing tolerance characteristics of 
the two wild species was also observed.
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F3.1 CORRELATION BETWEEN FREEZING TOLERANCE AND CLIMATE OF ORIGIN

Intraspecific variation in the extreme values of the low temp
erature tolerance parameters in both L. virosa and L, serriola was 
limited mainly to the cooling rate tolerance characteristics.
Comparison of this response in original and regenerated seed of 
L. serriola (Figure F2.5) suggested that this characteristic was 
genetically governed and it therefore seemed likely that it might 
have an adaptive significance and so be correlated with the climate 
of origin of the seed population. Rapid cooling rate tolerance 
would presumably be correlated with more severe winter climates.

In L. virosa four of the six seed lots were from the UK (lots 
i, iii, iv, v) and had fairly similar rate tolerance characteristics 
(Figure F2.2). The remaining two seed lots were from continental 
Europe (Sweden (ii) and France (vi)) and both showed greater rate 
tolerance than the British populations. In this small sample greater 
rate tolerance would appear to be correlated with seed origins where 
a more severe winter climate is likely.

In L. serriola however no such correlation could be made. For 
instance seed lot IV which came from Finland, one of the more severe 
climates, had one of the lowest tolerances of rapid cooling rate, and 
seed lot VI from Portugal, where the winter climate is mild, had one 
of the highest tolerances of rapid cooling rate (Figure F2.4). This 
complete lack of correlation between cooling rate tolerance and climate 
suggests that the high rate tolerance observed in some of these seed 
lots is of little significance in terms of winter survival in a 
natural habitat. This topic is considered further in Section G.
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F3.2 SPONTANEOUS NUCLEATION OF THE EMBRYO

One of the more noticeable similarities between the three 
species of Lactuca in their behaviour at S.Z. temperatures was the 
lower temperature limit for 2° exotherm occurrence during rapid 
cooling namely -18°C to -19°C. It was argued earlier that this 
temperature limit in L. sativa was probably due to the presence of 
a nucleating substance within the embryo which was common to all 
L. sativa seed lots. The results presented above suggest that the 
same nucleator is also present in L. serriola and L. virosa, but 
give no further clue as to its location or nature.

Although the lower temperature limit for 2^ exotherm occurrence 
in all three species was similar, differences occurred in the pattern 
of 2° exotherm occurrence at higher temperatures. In both L. sativa 
and L. serriola the majority of 2° exotherms were recorded over a 
fairly narrow, and tightly defined, temperature range, -14°C to 
-18^C, (Figures D2.1 and F2.3), with only a few occurring at higher 
temperatures, however in L. virosa 2°exotherms occurred with approx
imately equal frequency at all temperatures below -lO^C. This diff
erence may be due to the larger size of the L. virosa seed resulting 
in a greater probability of freezing under otherwise similar 
conditions, or alternatively, it may reflect variation in the 
stability of the supercooled state in the different species. Increased 
stability in L. serriola and L. sativa could be caused by the 
presence of polymers which reduce water molecule mobility (Michel- 
more & Franks, 1982) by a greater degree of compartmentation or cyto
plasmic structuring (Salt, 1961) or by localisation of highly mobile 
tissue water away from the nucleating sites.

The observation that the small seeded L. serriola Ib appeared
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to be more stable at -16°C than the larger lib (Figure F2.7) 
suggests that seed size may affect stability within a species, 
whereas, alternatively, since the interaction between the nucleator 
and reduced seed M.C. determines the CMC of any seed lot, and the 
presence of a stabilising factor which operated at low M.C. would 
also be expected to operate at high M.C., the observation that the 
survival of Ib was slightly higher than that of lib at any given 
low M.C. (Figure F2.9) suggests that a stabilising factor may be present.

F3.3 RESPONSE TO COOLING RATE

Although the general response to cooling rate in all three 
Lactuca species was similar in that survival increased at slower 
rates, differences occurred in both the patterns of increase and in 
the cooling rates at which these increases occurred.

One difference in the patterns of viability increase was that 
the survival of seed of L. sativa tended to increase markedly over a 
narrow cooling rate range (eg. from less than 20% at 4 ° C h t o  more 
than 80% at 2°Ch  ̂(Figure D2.4)) whereas that of the wild species 
increased more gradually (eg. from more than 40% at 10°Ch  ̂to less 
than 90% at 6̂ Ch"*̂  (Figure F2.4)). This homogeneity of response in 
the cultivated Lactuca strains may have been due either to a greater 
uniformity in seed size distributions of the cultivated seed sources 
brought about by harvesting selection procedures, or to a greater degree 
of genetic homogeneity compared to the wild seed material. Similar 
homogeneity in physiological processes of cultivated strains, com
pared to wild populations have been reported by Thompson (1972).

Data concerning the basis of interspecific variation in response 
to cooling rate in terms of components of the freeze desiccation
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system are limited especially concerning L. virosa. However from 
the data in Table F2.6 it would appear that the freeze desiccation 
capability of intact, untreated seed of L. sativa is appreciably 
slower than that of L. serriola since its M.C. declined by less than 
half as much during the cooling period, and consideration of the 
response of pierced seed of L. sativa to cooling rate (Figure D2.10) 
and comparison with the similar data for the two seed lots of L. 
serriola, Ib and lib, (Figure F2.ll) suggests that the basis of this 
difference may lie in the relative permeability of the embryo cell 
membranes. In both lots of L. serriola the similar survival patterns 
of pierced seeds of each cultivar when cooled to both -10°C and -20^C 
indicated that survival at -20^0 was limited by the embryo nucléation 
barrier, rather than by the failure of the embryo cells to freeze 
desiccate sufficiently. In L. sativa, however, the lower survival of 
pierced seeds cooled to -20°C compared to those cooled to -10*C 
indicates that survival is limited by the rate of freeze desiccation 
which can occur across the plasmalemma. Differences in membrane 
permeability have been reported by a number of workers (see Levitt, 
1980) in association with winter hardiness studies although in the 
case of Lactuca embryos this may reflect mature plant hardiness rather 
than seed adaptations.

F3.4 ALCOHOL TREATMENT

The exact nature of the changes brought about in seed of L. 
serriola and L. sativa by alcohol treatment are unknown. The higher 
M.C. of alcohol treated seeds compared to untreated seed after 
equilibration at approximately -1°C (Table F2.6) suggests that the 
osmotic activity of the contents of the endosperm envelope is
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is increased by alcohol treatment and this may be because they have 
been released from the constraints imposed by the cell fpembrane/ 
cell wall of the embryo cells, however, any other changes must be 
inferred from observation and the known solvent properties of 
alcohol.

The loss of shape of the embryo suggests that turgor has been 
lost and therefore that the seroipermeable nature of the cell mem
branes is destroyed, and probably, that membrane dependant cellular 
organisation was also disrupted. It is also likely that any other 
seed components containing lipids would be adversely affected.

This lack of specific knowledge regarding the effects of 
alcohol on the Lactuca seed structure makes evaluation of the signi
ficance of the different properties of the alcohol treated endosperm 
of L. sativa and L. serriola difficult.

The observation that pierced, non-alcohol treated seed of L. 
serriola are killed by cooling at 10*Ch  ̂to -10°C whereas intact 
seeds can survive cooling even at 20^Ch  ̂suggests that the untreated 
endosperm of this species has the same barrier properties as that of 
L. sativa and therefore that the results obtained using such seed, 
concerning water migration, are reliable.

The cooling rate dépendance of the nucléation barrier which 
appears in L. serriola after alcohol treatment indicates that some 
change has occurred in the endosperm, which does not occur in L. sativa, 
and which has reduced its ability to resist ice penetration. This 
suggests that in L. serriola either membraneous structures are 
involved in the nucléation barrier, perhaps some remnant of the integ
umentary tissues, or that the endosperm is impregnated with an 
unknown alcohol soluble freezing inhibitor.

These uncertainties mean that the results concerning water
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migration rates, obtained using alcohol treated seed, can only be 
regarded as preliminary studies and possibly that permeability of 
the endosperm mught be better studied by techniques which do not 
involve freezing.

In conclusion, the results obtained in this section have 
demonstrated that it is possible for variation of greater or lesser 
degree, to occur in all the components of the freeze desiccation 
system and have also suggested that the bases of variation in several 
of the components may have more than one cause.
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G GENERAL DISCUSSION

The present section is concerned with the discussion of 
several important issues which have been raised by the results 
reported in this thesis but which have not been fully discussed in 
the earlier sections.

The first part considers the relevance of the various character
istics of freezing tolerance in the Lactuca seed to its survival in 
a soil surface environment. In the second part the general nature 
of nucléation barriers in plant tissues is discussed in the light 
of the information presented earlier concerning the Lactuca system. 
The third part considers the possible range of seed responses to low 
temperature stress and. finally the need for further investigation 
is highlighted and several possible avenues for continued research 
are outlined.

G1 SURVIVAL VALUE OF THE SUPERCOOLING/FREEZE DESICCATION SYSTEM

It has been shown in the preceding sections that under certain 
conditions, fully imbibed seed of three Lactuca species can tolerate 
extreme S.Z. temperatures. The following general question arises 
Is this low temperature tolerance by imbibed Lactuca seed of any 
survival value to the species in their natural habitats and if so 
what part do the various mechanisms play?

To attempt to answer this question it is necessary to consider 
the behaviour of the seed following its release from the mother 
plant and both the possible extremes of the thermal environment into 
which it is released, and the cooling regimes to which it may be sub
jected.



168

Gl.l Reproductive biology

Information concerning the reproductive behaviour of wild Lactuca 
populations appears to be limited mainly to L. serriola in Britain. 
Hence, unless specifically stated otherwise, the discussion below 
refers only to this species.

In Britain the seeds of L. serriola are shed from August until 
September (Marks & Prince, 1981). Since they have no primary 
dormancy they are capable of germinating as soon as the soil surface 
becomes sufficiently moist, and consequently, a large number of 
seeds germinate with autumn rains (Prince & Carter, 1977). Despite 
this however, a large proportion of the seeds remain ungerminated 
during the winter. This is either due to burial, insufficient 
moisture or, because germination is inhibited by light of an unfav
ourable spectral distribution, due to shading by leaves (Marks & 
Prince, 1979). A second flush of germination occurs in the spring. 
Mortality among autumn germinated seedlings during the winter is very 
high compared to those germinating in spring (Marks & Prince, 1981) 
and it would therefore appear that seed characteristics which confer 
an ability to tolerate freezing could increase the survival of 
individuals.

G1.2 Soil surface cooling regimes and seed survival

Little direct information is available concerning the temperature 
of the soil surface environment in which the Lactuca seed may over
winter (Met. Office, Pers. Comm.). This is largely because soil 
surface temperature data are not routinely recorded (Met. Office, 1958)

One reason why such information is not recorded regularly is that



169

the thermal environment of the soil surface is highly heterogeneous.
The heterogeneity is both spatial and temporal. Spatial variation 
is caused by the particulate nature and complexity of soil com
ponents, surface topography, overlying vegetation, differences in 
M.C. and steep temperature gradients within the soil resulting from 
energy exchange at the soil/air interface and the low thermal 
diffusivity of the soil. Temporal variation is caused mainly by 
annual, diurnal and shorter term variations in the level and direction 
of radiation flux but also by changes in the temperature of the 
overlying air and precipitation. The principles governing the ways 
in which these various factors may interact are well characterised 
(Rosenberg, 1974; Chang, 1968; Geiger, 1965; Seemann, Chirkov, Lomas 
& Primault, 1979), hence at least some useful conclusions may be 
drawn from the little relevant information available.

In order to evaluate the survival significance of a particular 
freezing tolerance mechanism it is necessary to define the critical 
thermal regime in which a significant proportion of the seed popula
tion would be killed due to a failure of the particular protective 
feature. The work presented in this thesis has shown clearly that 
two main components of the environment are likely to be involved in 
low temperature mortality - the minimum temperature and the cooling 
rate. It is therefore of some interest to attempt to establish the 
minimum temperatures and the cooling rates likely to be experienced 
under natural conditions.

In Central and Eastern Europe minimum air temperatures of -20°C 
to -30°C are not uncommon (Ventskevich, 1958). Minimum soil surface 
temperatures are likely to be similar if not lower. These temperatures 
are below the limit for survival due to supercooling alone (-18°C), 
therefore, in seed populations in these extremely cold areas the
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ability to increase low temperature tolerance by freeze desiccation 
of the embryo cells would probably be of significant survival value 
to the seed.

Freeze desiccation takes place across a nucléation barrier. In 
the seed there are two distinct locations for such a barrier, the 
endosperm and the embryo. The embryo barrier is sensitive to the 
cooling rate whereas the endosperm barrier is not. Since soil surface 
cooling rates in excess of 3°Ch  ̂have been recorded for short 
periods even in England (Long Ashton Research Station, unpublished 
results) and since almost the entire seed population of L. serriola 
lib was killed at 4^Ch when pierced, the possession of a rate- 
insensitive nucléation barrier in the endosperm is probably also 
of survival significance.

Differences between populations in the rate sensitivity of 
pierced seed may reflect inherited differences in the ability of the 
seedling or mature plant to tolerate different freezing rates (Levitt, 
1980).

Survival due to freeze desiccation in intact seeds is rate 
dependant, and considerable variation was observed in seed lots at 
rates above 2-3°Ch The cooling rate is only important for the 
survival of intact seed if the temperature at the end of the cooling 
period falls below -18°C, and since a seed which has been kept at a 
S.Z. temperature for any considerable period has a much reduced 
initial M.C., and therefore increased rate tolerance, the tempera
ture before cooling began would have to be at. or above 0^0.

Estimation of maximum cooling rates of the soil surface requires 
consideration of several factors. The most extreme diurnal ampli
tudes of soil temperature due to radiation flux, of approximately 
50°C, occur in tropical deserts (Seemann et al., 1979). If cooling
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rate was assumed to be constant and the cooling period to last 
12 h, then the rate would be 4°Ch However, a model for pre
dicting the pattern of temperature change on the soil surface 
(Parton & Logan, 1981) suggests that over 75% of the temperature 
drop occurs in an approximately 7 h period. In this case the maxi
mum cooling rate could be G°Ch Since diurnal amplitudes in other 
habitats are lower than that for tropical deserts, cooling rates are 
likely to be slower than this, and since Lactuca seeds, which remain 
ungerminated yet imbibed during the winter, are probably either 
buried or shaded by vegetation, the cooling rates they experience 
are likely to be slower still (Chang, 1968). Hence it seems unlikely 
that cooling rates caused by radiation flux would approach those 
which Lactuca seed are capable of tolerating.

One interesting possibility is suggested by the observation that 
air temperatures in some alpine environments can drop 20°C in a few 
seconds by en masse air movement (advective cooling) (Tranquillini, 
1964). Such a drop in air temperature may possibly be considered 
capable of causing a sufficiently rapid fall in soil surface tempera
ture to stress the seed. However such rapid and large air temperature 
changes are unlikely at low altitudes where climatic variation tends 
to be less localised, and even if they did occur, the high heat capacity 
of the soil compared to air, heat transfer from the lower soil layers, 

latent heat of freeing (of soil water at the surface) and overlying 
vegetation and/or soil and possibly snow would all retard cooling of 
the seed. Hence this possibility is considered highly unlikely.

It would therefore appear that cooling rates much in excess of 
5°Ch  ̂are not likely to be experienced by the seed. This seriously 
questions the survival value of the high cooling rate tolerance 
(4 Ch to lO^Ch )̂ of imbibed Lactuca seed and suggests that the



172

variation observed between populations at the higher cooling rates 
(faster than 5°Ch may well have no adaptive significance, at least 
with respect to freezing.

G2 NUCLEATION BARRIERS IN PLANTS

The nature of nucléation barriers in plants is not well under
stood and the topic receives relatively little direct comment in the 
literature (Levitt, 1980; Li & Sakai, 1978). The occurrence in the 
Lactuca seed of two spatially discrete barriers with markedly 
different characteristics therefore warrants further consideration.

It is widely recognised that both plant cell walls and cell 
membranes play a role in preventing the growth of ice into the 
protoplast (Burke et al., 1976), however, the relative importance of, 
the interactions betweeg, and the range of variation which may occur 
in, these two components is rarely considered.

The majority of work in this field has been carried out by 
Olien and colleagues (Olien, 1964; 1965; 1967; 1969; 1971; 1974; 
Shearman et al., 1973) who have adopted a thermodynamic approach in 
which they seek to describe the interactions between structures acting 
as barriers to freezing and ice, in terms of freezing energy.

Freezing energy is that energy which is made available for doing 
work, due to the difference in chemical potential between supercooled 
water and ice at the same temperature, when the supercooled water 
freezes. The freezing energy is therefore propotional to the degree 
of supercooling and usually therefore to the cooling rate (in a given 
system). The ability of a structure to act as a nucléation barrier 

depends on its ability to resist the work being done on it when sand
wiched between a supercooled water and an ice phase. As the degree
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of supercooling increases the barrier may be strong enough to resist 
the increased freezing energy or alternatively it may be breached.

Olien believes that even at high S.Z. temperatures (above -lO^C) 
plant nucléation barriers may be breached if the freezing energy is 
high, causing intracellular freezing, but this fact is not universally 
recognised in cryobiological circles (Meryman & Williams, 1980). This 
is mainly because intracellular freezing in plant tissue systems has 
been widely considered to be caused by spontaneous nucléation of the 
cell contents, which occurs because the freeze desiccation process 
has not been able to remove sufficient water to prevent excessive 
supercooling. Additional factors which have contributed to this 
belief are the apparent insensitivity of animal and microbial cells 
to rapid cooling rates (Mazur, 1970), the very few reports of 
observed inoculative freezing in the literature and the difficulty 
which arises in differentiating between intracellular freezing due to 
spontaneous nucléation and intracellular freezing due to inoculation, 
in the absence of direct visual observation.

The change in the nature of freezing tolerance from cooling rate 
insensitive to fast cooling rate susceptible, observed when lettuce 
seeds are pierced, clearly illustrates the involvement of inoculative 
freezing.

Seed death due to spontaneous nucléation does not occur in the 
majority of seeds above -14°C hence death at temperatures above this 
must be caused by inoculation. The entire seed population of pierced 
seed can be killed at -10°C if cooled rapidly (faster than lO^Ch )̂, 
which indicates that the embryo barrier has been breached. As the 
cooling rate and therefore the freezing energy is reduced survival 
increases.

Olien believes that the primary distinction between tender and
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hardened cells involves the ease with which ice can grow from the 
outer free space (across the plasmalemma) into the protoplast (Olien 
in Li & Sakai, 1978). The large number of reports in which rapid 
cooling does cause intracellular freezing at high S.Z. temperatures 
(see Mazur, 1970; Asahina, 1978; Levitt, 1980) together with the 
fact that plant cells do not appear to contain nucleators of super
cooled water which are effective at these temperatures (Franks & Bray, 
1980) largely support this view. In this case it is clear that the 
ability of plant membranes to act as nucléation barriers varies from 
negligible in very tender plants to considerable in those plant tissues 
which are subject to, and survive, rapid changes in temperature (eg. 
leaves of arctic and alpine species (Bliss, 1956)). The range of 
cooling rates and therefore freezing energies over which pierced 
Lactuca seed are killed, particularly the differences between seed 
lots and species, may reflect differences in the resistance of the 
cell membranes to penetration. However, such differences might also 
be caused by variation in the degree of supercooling of the embryo 
cells (which would be a result of differences in the rate of 
desiccation) or by variation in the cell wall component of the 
cell's nucléation barrier.

As with cell membranes the ability of cell walls to prevent 
ice penetration appears to vary considerably. The ability of the 
L. sativa endosperm barrier to resist ice penetration at high 
cooling rates, even after treatment with alcohol, indicates that 
the role played by the cell wall components, as part of the cell 
nucléation barrier, may be greater than is currently realised (Olien 
in Li & Sakai, 1978). Similar effects of cell wall constituents, 
rather than cell membranes, may be responsible for the ability of the 

medullary crown tissue of conifer buds to prevent ice growth into
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the primordial shoot thus permitting extra organ freezing (Sakai,
1979).

The apparently congenital inability of the cv. Tom Thumb endo
sperm barrier to resist high cooling rates and the similar response 
in L. serriola but only after alcohol treatment suggest that slight 
compositional differences in what would otherwise appear to be 
similar structures can have marked effects on their barrier proper
ties. Olien (1965) has reported that the heroicellulosic component 
of cell walls may inhibit freezing, the observation that alcohol 
affects the barrier in L. serriola suggests that in this species 
lipids may also be involved.

Presumably, since cell inoculation occurs readily, in tender 
plants, the cell walls of these species cannot constitute any signi
ficant resistance to ice penetration. In the majority of hardy species, 
however, it seems probable that resistance to intracellular freezing 
is conferred by the action of both the cell walls and cell membranes 
and resistance to ice penetration probably varies within wide limits, 
even within a single plant. The level of hydration has been observed 
to affect ice propagation through plant tissues (Cary & Mayland, 1970) 
and it seems probable that interactions between this and other factors 
(eg. water permeability), and the cell wall and membrane components 
of the nucléation barrier may affect the freezing rate tolerance of 
a given tissue.

One phenomenon reported in the literature does not conform to 
the understanding of nucléation barriers in plants developed above.

Both cell wall and cell membrane nucléation barriers are water 
permeable, consequently extracellular ice formation always results in 

freeze desiccation of the cell due to the vapour pressure difference 
and hydraulic conductivity across the barrier. In the xylem
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parenchyma of many trees however, the supercooled state persists, 
sometimes for many weeks (Weiser, 1970) despite the presence of 
extracellular ice. This suggests that either there is no hydraulic 
conductivity across the barrier or there is no vapour pressure 
difference. Since the cellular water is undoubtedly supercooled 
(Quamme, Weiser & Stushnoff, 1973) its vapour pressure must, by 
definition, be higher than that of the external ice, which therefore 
suggests that hydraulic conductivity does not exist and therefore that 
the nucléation barrier in these cells is impermeable. An alter
native explanation for this observation put forward by Meryman and 
Williams (1980) is that the cell membrane possesses a mechanical 
resistance to contraction. This means that the cell has a minimum 
volume below which it cannot shrink,which therefore prevents the 
removal of water even if supercooled. In this case the level of 
supercooling may become extreme which would suggest that the strength 
of the nucléation barrier is also extreme. The behaviour of the 
lettuce seed suggests that such extreme resistance can be conferred 
by plant tissues.

Thus the results obtained using Lactuca seed have helped to 
both clarify and extend our understanding of nucléation barriers in 
plants. Both cell walls and cell membranes may act as nucléation 
barriers and in most hardy plants their effects are probably com
bined, but the properties of each may vary from that of extreme 
stress tolerance to that of negligible resistance.

G3 LOW TEMPERATURE RESISTANCE IN SEEDS

Plants survive periods of low temperature by means of mechan
isms which enable them to tolerate the effects of low temperature
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and/or freezing or by virtue of characteristics either of their 
life cycle or of their structure which enable them to avoid these 
effects. Although the analysis of low temperature survival adap
tations in plants has been described extensively (see Section A2) 
it would seem to be valuable to consider here the overall phenomena 
of low temperature survival in so far as they can be applied to 
seeds.

Since in the overall cold tolerance mechanisms of higher plants 
the seed is often regarded as a developmental stage with a broader 
tolerance range than the plant itself, (so that formation of seed 
is regarded as a means whereby the deleterious effects of low temp
erature can be tolerated or avoided) it is of particular interest to 
compare seeds and plants with respect to their low temperature 
tolerance.

A scheme is presented in Figure G3.1 which incorporates both 
the known and proposed responses of seeds to low temperature stress. 
The format facilitates comparison with similar schemes encompassing 
the range of responses exhibited by vegetative plants (see Section 
A2) and also provides a conceptual framework on which to base future 
research into low temperature resistance in seeds;(letters in 
parentheses, after headings and in the text, refer to the classi
fication in the figure).

G3.1 Chilling injury (a)

The seeds of certain tropical species which are not normally 
exposed to low (below 10°C) temperatures, are chilling susceptible 
and lose viability if kept at low (but above 0°C) temperatures eg. 
cocoa, mango, oil palm and coffee (Roberts & King, 1980). In these
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species injury to the seed is probably caused by the same mechanisms 
which cause chilling injury in the mature plant. (This type of 
chilling injury should not be confused with imbibitional chilling 
injury which occurs in orthodox seeds imbibed at low temperatures 
(Priestly & Leopold, 1980).

G3.2 Seeds with little or no freezing resistance (b)

Chilling sensitive seeds are also sensitive to S.Z. tempera
tures, and the recalcitrant seeds of some chilling insensitive 
species have also been reported to be killed by high (above -10°C) 
S.Z. temperatures eg. Quercus spp. (Roberts & King, 1980). The 
imbibed seeds of several species which are native to areas where
S.Z. temperatures occur often are also killed by overnight exposure
to -5^0 eg. Teucrium scorodonia, Centaurea cyanus (Keefe, unpublished 
observations) and Ventskevich (1958) reported that a number of crop 
species were sensitive to temperatures as high as -2^0 to -3^C.

Under natural conditions, however, the seeds of these species 
may be able to avoid the S.Z. temperature stress.

G3.3 Avoidance of sub-zero temperatures (c)

, Species with annual life cycles have often been considered to 
tolerate S.Z. temperature stress by passing the winter as seeds which 
may be physiologically more tolerant or which may become located in 
a less severe environment. In a similar way, if the seed were less 
physiologically tolerant than the vegetative plant, which might occur 
if some other aspect of the species biology (eg. a requirement for 
very large seed size) resulted in the seed having little freezing
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resistance, the seed might be considered to avoid S.Z. temperature 
stress by germinating before the onset of winter. Certainly in some 
grass species eg. Briza media germination occurs in June, July and 
August and no viable seed can be recovered from the soil after 
November (Grime, 1979) and in arctic regions banks of persistent 
seedlings often occur but banks of seed in the soil do not (Grime, 
1979).

Other S.Z. temperature avoidance mechanisms might involve 
adaptations of the seed which favour burial in the soil (eg. small 
seed size) or submersion in water, where S.Z. temperature stresses 
are usually much ameliorated. Persistent banks of buried seed have 
often been observed in both dry and wetland habitats, although S.Z. 
temperature avoidance is not usually considered as one of the factors 
involved.

G3.4 Avoidance of ice formation within the tissues (d)

Seeds which are exposed to and tolerate S.Z. temperatures may 
do so either by avoiding ice formation in the tissues or by toler
ating it. Avoidance of ice formation in the tissues of seeds might 
be accomplished, as in the tissues of vegetative plants, by one of 
several methods.

(e) Seeds of several species (eg. Leguminoseae) have impermeable 
seed coats and remain in a highly desiccated state, even when in 
contact with soil. Whilst they remained in a desiccated state, such 
'hard* seeds would be incapable of freezing. A similar effect might 
be obtained if the seed were retained on the mother plant during
the winter, thus preventing water uptake from the soil.

(f) Supercooling, which was initially considered to be the
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mechanism which enabled L. sativa seed, to tolerate S.Z. tempera
tures (Juntilla & Stushnoff, 1977), although no longer considered 
to be a major factor in this species, has been shown to give pro
tection to the seed of Arceuthobium species to approximately -35^C 
(Becwar, Hawksworth & Burke, 1982) and may also be responsible for 
the survival of imbibed, surface-dry Pinus sylvestris seed at temp
eratures down to -25^C (Keefe & Moore, 19^2).

(g) Freezing point depression, which in plants can only provide 
very limited protection (-4°C, Levitt, 1978) because of the high 
M.C, of vegetative tissues (500 to 1600% d.w.) may be of greater 
importance in seeds which, even when fully imbibed, have much lower 
hydration levels (eg. Lactuca 100% and Pinus 55%).

(h) In the scheme in Figure A2.1, plants which tolerate exposure 
to S.Z. temperatures either avoid ice formation within the tissues or 
tolerate it. The situation which obtains in the intact Lactuca seed 
lies between these two alternatives in that ice forms only in dead 
tissues while its formation is avoided in the living tissues. This 
mechanism is analogous to the extra-organ freezing observed in 
conifer buds by Sakai (1979) except that in conifer buds the ice 
formation that accompanies freeze desiccation occurs in the tissues 
below the medullary crown which are less vulnerable than the embryonic 
shoot. This system can therefore be classed as tolerance of ice 
formation within the tissues. In this respect the Lactuca seed 
provides an example of a new type of within tissues ice avoidance.
The whole plant, for that is what the embryo constitutes, and its 
nutritive supportive tissues, are re-dried in response to S.Z. 
temperature stress, as a result of external ice formation.
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G3.5 Tolerance of ice formation within the tissues (i)

(j) In the intact, viable Lactuca seed ice forms only in the 
dead tissues external to the endosperm, and the tolerance of ice 
in the tissues of the embryo is not involved. However, the survival 
of S.Z. temperatures by pierced Lactuca seed, which presumably does 
involve growth of ice into the embryo tissues, suggests that the 
survival of embryo freezing is possible. In species lacking a 
nucléation barrier, seed survival could result from tolerance of 
extracellular ice formation within the embryo tissues and freeze 
desiccation of the embryo cells.

(k) In the absence of relevant evidence to the contrary, the 
possibility that some seed tissues might tolerate intracellular 
freezing, providing another possible resistance mechanism, cannot 
be ruled out.

(l) Plants in which the survival of S.Z. temperatures involves 
tolerance of extracellular ice formation have mechanisms for tolera
ting the concomitant freeze desiccation of the cell contents. The 
ability of orthodox seeds to tolerate extreme dehydration suggests 
that they have overcome the physiological problems associated with 
cellular dehydration, however, the mechanisms whereby this is 
achieved do not appear to have been investigated (Hegarty, 1978).
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G4 POSSIBILITIES FOR FURTHER WORK

During the course of the research reported herein, a number of 
results were obtained which might either form the bases for more 
detailed investigations into seed and cryo-biology, or which suggest
ed that further work in related areas of biology would be of interest. 
This section considers some of these possibilities within two broad 
areas of biology.

G4.1 ECOLOGICAL ASPECTS

In common with many investigations of freezing in plant and 
animal biology, the initial work of Stushnoff and Juntilla (1978), 
on S.Z. temperature tolerance in imbibed seeds, was carried out 
using cooling rates which were much more rapid than are usually 
encountered in a natural environment. This is probably because 
much of the early work concerning cooling rates was done using 
microbial and single cell systems in which the effects of rate were 
observed at relatively high cooling velocities and the whole range 
of natural cooling rates fell within the very slow or ’equilibrium* 
cooling rate classification (Mazur, 1970) of these workers.

Two aspects of this historically based tendency toward the use 
of unnaturally high cooling rates have been highlighted by the work 
reported above.

First,there appear to be very few reports in the literature 
concerning the cooling rates of air, soil and biological structures 
etc. at temperatures below O^C, and such information does not appear 
to be readily obtainable from the routinely recorded meteorological 
data, (Meteorological Office, Pers. Comm.) although maximum and
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minimum air and soil temperatures are. It would therefore be 
useful and interesting to investigate the range of cooling rates to 
which a seed might be subjected in its natural environment, together 
with how they are affected by such factors as vegetation and snow 
cover, soil M.C. and colour, burial, submersion etc.

Secondly, the use of rapid cooling rates may give rise to mis
leading results and conclusions. The results obtained at rapid 
cooling rates (faster than 20°Ch suggested that lettuce seeds 
could survive only to -18°C, by supercooling, and would presumably 
therefore be subject to the limitations of survival in the super
cooled state (Shearman et al., 1973). The use of natural cooling 
rates however, demonstrated the operation of the freeze desiccation 
mechanism resulting in a stable, desiccated system, capable of 
tolerating much lower S.Z. temperatures.

Another example in which unnaturally high cooling rates gave 
misleading results is in pierced seeds which were killed at the 
fast rate of 20°Ch  ̂but survived at natural rates. Although not 
considered in this work, it would be interesting to see if germinating 
seeds could tolerate cooling at slow rates and to investigate if and 
how S.Z. temperature tolerance changed during the germination of a 
seed. Since plants of L. serriola which germinate in the Autumn 
often survive to the Spring (Marks & Prince, 1981) it is interesting 
to speculate that the germinating seed (like the pierced seed) and 
the seedling are as tolerant of cooling rate and S.Z. temperature 
(within natural limits) as the seed, which would question whether 
the seed is more physiologically resistant to low temperature stress 
than the mature plant, as is often assumed. This question will 
probably not be answered until the freezing tolerance characteristics 
of the seeds, seedlings and plants of a considerable number of other
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species have been investigated; a task yet to be undertaken.

G4.2 STRESS PHYSIOLOGY

The need for further study of imbibed seed storage at S.Z. temper
atures and our poor understanding of the factors controlling seed 
equilibrium M.C. and the physiology of dehyration tolerance have been 
highlighted previously, however from the results presented above, it 
would appear that the more obvious possibilities for further research 
using seeds of Lactuca species lie in the investigation of nucléation 
barriers and freezing processes in plant tissues.

G4.2.1 Nucléation barriers

Two spatially discrete nucléation barriers with differing tol
erances of cooling rate exist in the Lactuca seed, namely the endo
sperm and embryo nucléation barriers. Since very little is currently 
known about either the composition or mode of action of nucléation 
barriers in plants, the Lactuca seed provides a morphologically simple 
and experimentally convenient system, compared to other plant 
structures, in which the nucléation barriers are relatively accessible 
to investigation.

The endosperm nucléation barrier appears to have unusual prop
erties compared to other nucléation barriers in plants in that it is 
cooling rate insensitive. Its destruction in L. sativa by warm 
water treatment, but not by alcohol treatment give some clues as 
to its composition. Monosaccharide or saccharide sequence analysis 
of the precipitate formed in the water after warm water treatment 
imay elucidate which of the wall constituents are responsible for the
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barrier action, and investigation of how the whole extract affects 
ice crystal growth may also be of interest (Olien, 1965).

Following alcohol treatment the barrier properties of the L. 
sativa endosperm appear to be unchanged, however in L. serriola lib 
alcohol treatment causes the endosperm barrier to become cooling rate 
sensitive, indicating the probable involvement of lipids in the 
untreated endosperm nucléation barrier. Comparative morphological 
studies of the L. sativa and L. serriola endosperm involving trans
mission electron microscopy or light microscopy in conjunction with 
histological staining techniques could provide interesting insights 
into the nature of the difference between the two species. The use 
of other treatments, such as different solvents or cell wall degrad
ing enzymes which could conceivably alter the barrier properties of 
the endosperm might also provide information about its composition 
and about the observed interspecific differences.

In L. sativa cv. Tom Thumb, the endosperm nucléation barrier in 
the majority of seeds appeared to be inoperative and this was 
observed in seed lots from three separate sources suggesting a possible 
genetic origin.

Although the possibility that the freezing response observed in 
this cultivar may be due to genetically governed developmental 
differences,or susceptibility to damage,has been acknowledged, it 
would be of considerable interest to investigate this phenomenon 
further since little is known about any aspects of the genetics of 
S.Z. temperature tolerance or resistance in plants, which may be a 
serious drawback when the possibilities of genetic engineering for 
freezing resistance are contemplated.

The embryo nucléation barrier is rate sensitive and differences 

in the rate tolerance characteristics were observed both within
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(L. serriola) and between species. These phenomena might be further 
investigated using excised embryos and could be linked to studies of 
the rate tolerance of germinating seeds or seedlings.

G4.2.2 Freezing processes

One of the most notable features of the work reported above is 
the elucidation of the freeze desiccation process in Lactuca seed 
and the observation that differences between seed lots and species, 
in various components of the freeze desiccation system, may cause 
considerable variation in freezing rate tolerance. Although M.C. 
appeared to be responsible for the variation between seed lots of 
L. sativa and the preliminary investigations in L. serriola suggested 
that differences in resistance to the outflow of water may have played 
a part in this species, there is scope for much further work in this 
direction coupled with continued refinement and extension of the 
proposed model.

Despite the fact that freeze desiccation is probably the mech
anism of most importance to the Lactuca seed in nature, the supercooling 
and nucléation process which occurs at rapid cooling rates is also 
worthy of further study. This is largely because the alcohol treated 
and untreated seed of L. sativa represent discrete, aqueous masses, 
surrounded by a biological nucléation barrier and probably containing 
biological nucleating agents, which are easily handled and in which 
nucléation can be readily detected using DTA.

Manipulation of the seed M.C., and treatment of the seed with 
various solvents, together with studies of the freezeing and nucléa
tion characteristics of components and solutions isolated from seeds, 
may give valuable information concerning the location, nature and 
mode of action of nucleating agents in biological systems.
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APPENDIX I

Equivalent percentage moisture content values expressed
on a fresh-weight basis or dry-weight basis.

fw. dw. fw. dw. fw. dw.
1.0 1.0 15.5 18.3 41.2 70.0
2.0 2.0 16.0 19.0 42.9 75.0
3.0 3.1 16.5 19.8 44.4 80.0
4.0 4.2 16.7 20.0 45.0 81.8
4.5 4.7 17.0 20.5 45.9 85.0
5.0 5.3 18.0 22.0 47.4 90.0
5.5 5.8 19.0 23.5 48.7 95.0
6.0 6.4 20.0 25.0 50.0 100
6.5 7.0 21.0 26.6 51.2 105
7.0 7.5 22.0 28.2 52.3 110
7.5 8.1 23.0 29.9 53.5 115
8.0 8.7 23.1 30.0 54.5 120
8.5 9.3 24.0 31.6 55.0 122
9.0 9.9 25.0 33.3 55.6 125
9.1 10.0 25.9 35.0 56.5 130
9.5 10.5 26.0 35.1 57.5 135
10.0 11.1 27.0 37.0 58.3 140
10.5 11.7 28.0 38.9 59.2 145
11.0 12.4 28.6 40.0 60.0 150
11.5 13.0 30.0 42.9 65.0 186
12.0 13.6 31.0 45.0 70.0 233
12.5 14.3 33.3 50.0 75.0 300
13.0 14.9 35.0 53.8 80.0 400
13.5 15.6 35.5 55.0 85.0 567
14.0 16.0 37.5 60.0 90.0 900
14.5 17.0 39.4 65.0 95.0 1900
15.0 17.6 40.0 66.7
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APPENDIX II

Equivalent temperatures expressed in degrees Centigrade (°C), 
degrees Fahrenheit (°F) and degrees Kelvin (K)

*c *F K °C °F K °C *F K
-273 -459 0 -7 19.4 266 17 62.6 290
-196 -302 77 -6 21.2 267 18 64.4 291
-70 -94 203 -5 23.0 268 19 66.2 292
-40 -40 233 -4 24.8 269 20 68.0 293
—35 ^31 238 -3 26.6 270 21 69.8 294
—30 -22 243 «2 28.4 271 22 71.6 295
-25 -13 248 -1 30.2 272 23 73.4 296
-24 -11.2 249 0 32.0 273 24 75.2 297
-23 —9. 4 250 1 33.8 274 25 77 298
—22 —7.6 251 2 35.6 275 30 86 303
-21 —5. 8 252 3 37.4 276 35 95 308
—20 —4.0 253 4 39.2 277 40 104 313
-19 —2.2 254 5 41.0 278 45 113 318
-18 —0.4 255 6 42.8 279 50 122 323
-17 1.4 256 7 44.6 280 55 131 328
-16 3.2 257 8 46.4 281 60 140 333
-15 5.0 258 9 48.2 282 65 149 338
-14 6.8 259 10 50.0 283 70 158 343
-13 8.6 260 11 51.8 284 75 167 348
-12 10.4 261 12 53.6 285 80 176 353
-11 12.2 262 13 55.4 286 85 185 358
-10 14.0 263 14 57.2 287 90 194 363
-9 15.8 264 15 59.0 288 95 203 368
-8 17.6 265 16 60.8 289 100 212 373
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APPENDIX III 

Calculation of corrected moisture contents

In cv. Great Lakes (o) approximately 30% of seeds did not appear 
to have intact nucléation barriers. It was assumed that in these 
seeds water migration from the embryo, through the endosperm, to the 
pericarp, did not occur. The water removed by centrifugation from 
slow cooled (l°Ch seeds therefore represents only the water which 
migrated from the 70% of intact seeds plus the water contained in the 
pericarps before cooling began. On these assumptions and using the 
values in Table C2.4 it is possible to calculate a corrected value for 
the M.C., after slow cooling, of the 70% intact seeds in a sample:-

From the uncooled control (+5°C), x 100% of the total seed
water was contained in the pericarps of seeds prior to cooling = 3.2%.

In the slow cooled (l̂ Ch"*̂ ) seeds the total weight of seed water was 
0.2014 g.

Before cooling 3.2% of this (ie. 0.0065 g) was external to the endo
sperm, therefore the embryo water weighed (0.2014 - 0.0065) g = 0.1949 g.

At the beginning of cooling 30% of this embryo water would be immobil
ised due to freezing within the endosperms and embryos. The amount 
remaining liquid would therefore be 0.1365 g.

After cooling to -20^C, 0.063 g of water was external to the endosperms 
(Table C2.4).
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But 0.0065 g of this was present before cooling began, therefore 
only (0.063 - 0.0065) g came from the embryos = 0.0565 g.

Hence the amount of liquid water left in the embryos after cooling 
was (0.1365 - 0.0565) g = 0.08 g.

This was contained in 70% of the dry mass of the seed sample ie. in 
0.1361 g. Hence the M.C. of this 70% of seeds = x 100%
= 58%.
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A B S T R A C T

Differential Thermal Analysis o f hydrated lettuce cv. Great Lakes achenes using a rapid cooling rate (20 °C h“ )̂ 
produced two exotherms per achene. Both exotherms represented the freezing o f supercooled water. The high 
temperature exotherm occurred at — 9 + 3  °C and was produced by freezing o f water inside the pericarp but 
exterior to the endosperm. The temperature at which it occurred could be altered by the addition o f nucleating 
agents.

The low temperature exotherm produced by freezing o f the embryo occurred at —16+ 2  °C and marked the 
death o f the seed. Its temperature was not changed by the addition o f nucleating agents but its occurrence 
required the structural integrity of the endosperm. At low cooling rates (1 and 2 ®C h“*) low temperature 
exotherms were not recorded and samples removed at — 25®C had high viability. Slow cooling caused a 
redistribution o f water within the seed whereby ice forming outside the endosperm caused desiccation of the 
embryo and prevented its freezing.

A mechanism is proposed, in terms of established supercooling and nucléation theory, to explain the observed 
results and the value o f freeze tolerance to the species in its natural habitat is discussed.

Key words: Cooling rate, differential thermal analysis, freezing avoidance, Lactuca sativa L., lettuce, seed, 
supercooling, water migration.

IN T R O D U C T IO N

In temperate climates the seeds of many species are shed in late summer or autumn but 
do not germinate until the following spring. Indeed some species require a period of 
stratification in order to break dormancy (Villiers, 1975). Such seeds would probably 
often experience sub-zero temperatures in the imbibed state and, hence, it is reasonable 
to expect that they would possess mechanisms for avoiding freezing damage.

A few examples of the survival of imbibed seeds at sub-zero temperatures have been 
noted (Joseph, 1929; Aamodt, 1935) generally as a result of observation rather than 
investigation. In contrast, examples of imbibed and immature crop seeds being killed by 
sub-zero temperatures have been often reported (Adams, 1905; Robbins and Porter, 
1946; Rossman, 1949; Carlson and Atkins, 1960; Rosenow, Casady and Heyne, 1962; 
Simon and Wiebe, 1975). However, the temperatures used in these studies have normally 
been outside the range to which the species involved are likely to be exposed in their 
natural habitat.

The only investigation of the mechanism of freezing tolerance in seeds published to 
date is that of Juntilla and Stushnoff (1977). Using lettuce cv. Grand Rapids they showed 
that when cooled at 20 °C h“  ̂[or faster, Stushnoff and Juntilla (1978)] imbibed seed were 
capable of surviving exposure to temperatures above —14 to —18 ®C. This ability was 
due to supercooling of the embryo and was dependent on the structural integrity of the 
endosperm envelope.

0305-7364/81/050635+11 $02.00/0 ©  1981 Annals o f Botany Company
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The work reported here extends that of Juntilla and Stushnoff to another lettuce 
cultivar and demonstrates that, at lower, more natural cooling rates, an alternative freeze 
avoidance mechanism operates. The data obtained illustrates some of the principles which 
may affect the freeze tolerance characteristics of seeds in a natural environment.

M A T E R IA L S  A N D  M E T H O D S  

Seed, imbibition and surface drying

Seed of lettuce cv. Great Lakes was obtained from Charles Sharpe and Co. (Sheffield) 
Ltd. in 1977 and kept in an hermetically sealed packet until used.

Seeds were imbibed in 9-cm glass Petri dishes on a single sheet of Whatman No. 1 filter 
paper soaked with approximately 4 ml of glass-distilled water and kept at 5 +1 ®C in a cold 
room constantly illuminated by a tungsten filament lamp. Under these conditions seed 
moisture content reached a constant value by 24 h and remained at that level 
(approximately 100 per cent, see below) until 72 h, after which germination began. 
Samples were removed after 4 8 + 2  h and were considered to be fully imbibed.

Before use the imbibed seeds were surface dried by placing the filter paper supporting 
them, seeds upwards, on to a dry filter paper and leaving them to air dry for 30 s.

Viability tests

Sample viability was determined by recording the number of seeds producing root hairs 
after 48 h incubation on Whatman No. 1 filter paper moistened with 4 ml glass-distilled 
water kept at 20 °C under constant illumination from warm white fluorescent lamps.

Moisture contents

Moisture contents were determined by weighing before and after drying at 105 ®C for 
48 h and are expressed as a percentage of the seed dry weight.

Differential Thermal Analysis {DTA) and controlled cooling

DTA was carried out, usually from 0 to —25 °C, in a thermally insulated, temperature 
controlled, vigorously stirred, 4 5 1 methanol bath. The bath temperature was controlled 
using a Neslab* Cryocool CC60 cooler and exatrol heater in conjunction with an ETP3 
temperature programmer, capable of achieving defined linear cooling rates in the range 
50 °C h'^ to less than OT °C h"^

Samples were held in freezing vials consisting of a 15 ml specimen bottle plugged with 
a holed rubber bung through which entered a 16 cm length of glass tubing [Fig. 1(a)].

Differential analysis was carried out using two 0*5 mm copper-constantan thermo
junctions connected in series. The reference and sample thermojunctions were held in 
separate vials. The sample environment temperature (SET) was measured differentially 
against a melting ice reference using 0 7 mm copper-constantan thermojunctions. Seed 
samples were held against the thermojunctions in aluminium foil packets. Viability 
samples were held in freezing vials containing mock DTA and SET thermojunctions.

In non-DTA cooling treatments samples were held in aluminium foil packets 
supported on a rubber bung in the bottom of the freezing vial.

* Neslab Instruments Inc., Portsmouth, New Hampshire, U.S.A.
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wick, (b) Diagram showing the design of the centrifugation container and centrifuge assembly for

the external water removal technique.

Nucléation wicks

As a method of introducing ice crystal nuclei to a sample at 0 °C, a wick of damp cotton 
thread leading from the sample to an external ice source was used. The ice source 
consisted of an ice crystal in the bottom of the freezing vial [Fig. 1(a)].

External water removal technique

A standard technique was developed for removing and measuring the majority of water 
contained within the pericarps, but external to the endosperms of seed samples.

Samples of 50 seeds were frozen in specially constructed centrifugation containers 
[Fig. 1 (b)j held in freezing vials. Immediately following freezing the containers were placed 
tip downward into preweighed, narrow, plastic collection tubes standing in 15 ml 
centrifuge tubes, and the whole assembly spun at 2000 r min"  ̂ for 20 min in a bench 
centrifuge. Water formed from the melting ice in the pericarps was expelled into the 
collection tubes. Immediately following centrifugation the moisture contents of the seed 
samples were determined and the collection tubes were reweighed.
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Fig. 2. Specimen 20 °C D TA  traces o f fully-imbibed lettuce (cv. Great Lakes) achenes. (a) A  single 
intact achene, (b) a single achene with pericarp removed, (c) single achene with pericarp and 
integumentary remains removed, (d) an excised surface-dried embryo, (e) an intact achene fitted with 
a nucléation wick, (f) a single achene pierced once with a needle and fitted with a nucléation wick, 
(g) single achene, pericarp and integumentary remains removed, fitted with nucléation wick, (h) an 
excised embryo fitted with nucléation wick, (i) 10 intact achenes, (j) as (i) but split into two groups 
of five achenes within the foil, (k) 10 germinated achenes (germinated at 5 °C for 96 h), (1) 10 pierced 
achenes, (m) 10 intact achenes with powdered Agi added, (n) 50 intact achenes, (o) a single pierced 
achene. The figures above arrows show the number o f seeds germinating out o f samples of 10 (i, k, 1) 

or 50 (n) removed at the temperatures arrowed.
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R E SU L T S

])TA with rapid cooling

Differential thermal analyses were carried out at 20 °C h“  ̂ in order to extend previous 
work to another lettuce cultivar and then to investigate further the observed phenomena 
(Fig. 2).

A single, fully-imbibed achene, surface-dried by the standard method, produced two 
exotherms at temperatures above —20 °C [Fig. 2(a)]. In preliminary analyses carried out 
down to —40 °C no further exotherms were recorded hence analyses were terminated 
a t -2 5 ° C .

The high temperature, or primary, exotherm occurred at —9-1-3 [Fig. 2(a),(i),(n)]. 
In samples of more than one achene it was usual for only a single primary exotherm to 
occur providing that all the seeds in the sample were touching [Fig. 2(i),(n)j. If the seeds 
were split into two groups within the foil packet two distinct primary exotherms occurred 
[Fig. 2(j)]. The temperature at which the primary exotherm occured was significantly 
( f  =  0 01) higher in samples of 10 seeds than in samples of one seed. The mean primary 
exotherm temperature for 10 samples of one seed was — 1T05 +  2-39 °C and for 10 samples 
of 10 seeds was — 8 73 +1 20 °C. The size of this exotherm also increased with increasing 
sample size [Fig. 2(a),(i),(n)j.

The temperature at which this exotherm occurred was elevated by the addition of a 
few grains of silver iodide powder to the sample [Fig. 2(m)], or by fitting a nucléation 
wick [Fig. 2(e)], indicating that the water involved extended to the exterior of the pericarp. 
Removal of the pericarp reduced the size of the primary exotherm [Fig. 2(b)], and removal 
of both pericarp and integumentary remains, followed by blotting, prevented its 
occurrence altogether [Fig. 2(c)]. Hence, the water responsible fori the 1° exotherm is 
located within the seed structure external to the endosperm. The latter two treatments 
did not prevent secondary exotherm occurrence.

Results of viability samples showed that, for the majority of seeds, the primary freezing 
event is not fatal [Fig. 2(i),(n)].

The low temperature secondary exotherm occurred chiefly in the range —14 to —18 °C 
and was associated with seed death [Fig. 2(a),(i),(n)]. Neither addition of silver iodide 
[Fig. 2(m)] or a nucléation wick [Fig. 2(e)] nor removal of the pericarp and integumentary 
remains [Fig. 2(c)] changed the temperature at which this low temperature exotherm 
occurred.

An excised, intact, surface-dried embryo produced only a single exotherm in the range 
— 14 to — 18°C [Fig. 2(d)] which suggests that embryo water is responsible for the 
secondary exotherm. However, when a nucléation wick was fitted [Fig. 2(h)] freezing 
occurred above — 5 °C indicating that embryo supercooling only takes place if the 
embryo is isolated from any ice source.

An achene without pericarp and integumentary remains but with intact endosperm, 
fitted with a nucléation wick, produced a small exotherm above — 5 °C as the nucléation 
wick froze and a secondary exotherm [Fig. 2(g)]. Seeds in which the endosperm was 
disrupted either due to radicle emergence during germination [Fig. 2(k)] or by piercing 
with a needle [Fig. 2(f),(l),(o)] produced only a primary exotherm and seed death 
occurred at this point. The fitting of a nucléation wick to an undissected but pierced seed 
induced freezing above — 5 °C with no further exotherm production [Fig. 2(f)]. To 
summarize, in seeds in which the embryo was enclosed by the intact endosperm, embryo 
water did not freeze until —14 to —18 °C. In those treatments in which the endosperm 
was disrupted, embryo freezing occurred at the same temperature as the external water. 
The endosperm therefore acts as a barrier between external ice and the embryo.
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The effect of cooling rate on seed freezing

The viability of samples was dependent not only on the temperature at which they were 
taken but also on the cooling rate (Fig. 3). At cooling rates of 5 °C h“  ̂ and higher, 
viability decreased with decreasing sample temperature from about 70 per cent at —14 °C 
to 0 per cent at - 2 5  °C. At lower cooling rates (1 and 2 °C h~ )̂ viability remained fairly 
constant (^ 70  per cent) at all sample temperatures.

100

> 40

20

21 -22 -23 -24 -2515 -16 -17 -18 -19 -20-14
Sample temperature (“O

F ig . 3. The interaction of cooling rate with sample temperature on the viability of hydrated lettuce 
(cv. Great Lakes) achenes. Cooling rates: A> 1 °C h~ ;̂ A ,  2 ®C h“ ;̂ ■ ,  5 ®C h " \ O , 20 ®C h“ ;̂ # ,  

40 ®C h“^ Each point determined from 2 x 50 seeds removed during DTA.

DTA showed that a cooling rate of 2 °C h“  ̂ reduced the number of secondary 
exotherms and their size, and lowered the temperature at which they occurred as 
compared to the higher cooling rates. At 1 °C h“  ̂ no secondary exotherms occurred. 
Primary exotherms were produced at all cooling rates and neither their size nor the 
temperature at which they occurred was correlated with cooling rate.

The loss of secondary exotherms at the low cooling rate was not due to the evaporation 
of water from the seeds during the cooling period. The mean moisture content of five 
samples of 50 seeds cooled at 1 °C h"  ̂in foil to —20 °C was 109-1 +5-1 percent compared 
to a control value (i.e. moisture content taken immediately after surface drying) of 
100-9+ 3*8 per cent.

Redistribution of water

During cooling a redistribution of water took place within the lettuce seed such that 
the amount of water removable from the pericarp by centrifugation increased (Table 1). 
Slow cooling resulted in a gradual dehydration of the embryo (Fig. 4) which was probably 
responsible for the absence of secondary exotherms in slow cooled seed. However, 
following rapid cooling to a temperature above that at which secondary exotherms 
occurred ( —10 °C) a period of continuing water loss was observed (Fig. 5) indicating
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T a b l e  1. The water removed by centrifugation from fully imbibed achenes o f lettuce (cv. 
Great Lakes) following various cooling treatments to —20 °C

Treatment

Percentage of total seed water 
removed by centrifugation 

(Means o f 5 replicates)

(a) Unfrozen control 3 20 +  083
(b) Frozen at 1 °C h“^ 31 2 7 + 2  36
(c) Frozen at 20 °C h“^
(d) Frozen at 20 °C h“  ̂ and

7 03 +  2 35*

held at —20 °C for 19 h 9 23 +  1 33*

All treatments are significantly different from one another (P =  0 01) except the asterisked pair.

100
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■20 -25

Fig. 4. The moisture content o f initially fully imbibed lettuce (cv. Great Lakes) achenes after cooling 
at 1 ®C h“‘ with nucléation wicks to the temperature indicated. Moisture content determined after 
centrifuging to remove external water. Each point represents the mean of three replicates of 50 seeds.

that there is a limit to the rate at which this dehydration can occur. Hence, during rapid 
cooling (20 h“ )̂, although a significant amount of water did leave the embryo it was
insufficient to prevent freezing of the entire seed and the consequent immobilization of 
embryo water [Table 1(c), (d)].

Exposure of imbibed seed to sub-zero temperatures under various conditions

Seed samples were exposed to sub-zero temperatures (above those at which 2® 
exotherms occur) on various substrates in an attempt to simulate unfavourable conditions 
which might occur in nature. Non-frozen control treatments were included to simulate 
the stresses put on the seeds by factors other than low temperature (Table 2).

All control samples were above 90 per cent viable. Frozen samples germinated to at
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F ig . 5. The moisture content o f initially fully imbibed lettuce (cv. Great Lakes) achenes at various 
times after rapid cooling (40  *C h~^) to —10 ®C. Moisture contents determined after centrifuging to 
remove external water. Different symbols denote the results o f three separate experiments. Each point 

determined from three replicates o f 50 seeds.

T a b l e  2. Exposure of fully imbibedletuce (cv. Great Lakes) achenes to —10+2  for 24 h 
on various substrates. Replicates of 4 x 2 5  achenes held in Petri dishes in a darkened

incubator { — 10 ®C) or cold room (+ 5  ®C)

Freezing substrate 
( -1 0 ° C )

Percentage
viability

Control substrate 
(+5®C)

Percentage
viability

Wet sand* 69 Wet sand* 96
Dry filter paperf 80 Dry filter paperf 95
Wet filter paperf 68 Wet filter paperf 91
On ice 79 On glass 96
In ice 71 Under water 94

* 5 g acid washed 40 -» 100 mesh sand +1-3 ml distilled water, 
t  Whatman No. 1.
j  Whatman No. 1 plus 4 ml distilled water.

least 70 per cent of their control value but 15-25 per cent mortality occurred in all 
treatments. The possibility that this mortality might be due to disruption of the 
endosperm associated with the beginning of germination was ruled out since seed could 
be imbibed for at least 72 h at 5 °C before exposure to —10 ®C reduced viability below 
75 per cent.

Spontaneous nucléation following the rapid cooling to —10 ®C or inoculation through 
endosperms disrupted by harvesting damage were considered likely causes of the 
mortality of a small proportion of seeds at primary exotherm temperatures.
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D IS C U S S IO N

The work reported here demonstrates that intact lettuce achenes are able to avoid the 
lethal effects of sub-zero temperatures by two mechanisms, the relative importance of 
which depends on the rate of cooling to which they are subjected.

Under rapid cooling conditions, although the outer tissues of the seed become frozen 
the embryo itself supercools (Juntilla and Stushnoff, 1977) and the majority of seeds 
survive to at least —10 ®C. Under conditions of slow cooling the embryo becomes 
progressively dehydrated and is able to survive temperatures of at least —25 °C.

Both mechanisms are a property of the intact seed structure and rely on the presence 
of a nucléation barrier within the seed, isolating the supercooled embryo from nucléation 
by the ice which forms readily in the outer tissues of the seed.

Experiments in which freezing phenomena were followed in various parts of dissected 
seeds showed clearly that the fraction of seed water which freezes readily is located inside 
the pericarp, but outside the endosperm. The temperature at which freezing occurs 
( —9 +  3 °C) is, however, a laboratory phenomenon and is caused by the pericarp water 
supercooling several degrees before freezing. Such supercooling occurs readily in small 
volumes of water providing no ice nuclei are present (Chalmers, 1959) a criterion which 
was satisfied under the normal DTA conditions. This fact and the existence of a water 
film, even on the surface of blotted achenes, which although invisible caused the seeds 
to stick together, explains several of the observed phenomena.

When several seeds are in contact there is a water continuum between them. On the 
soil surface this water would be continous with the soil water and the two would freeze 
at the same temperature (about 0 ®C). However, during laboratory cooling all the water 
supercools. When freezing is initiated in one seed, ice propagates throughout the water 
continuum. Thus, only a single 1® exotherm is observed in samples of more than one 
seed, but if the water continuum is broken in two, two separate nucléation events are 
required to cause freezing of the pericarp water [Fig. 2(j)].

Spontaneous ice nucleus formation in a water body is a chance event, the probability 
of which increases both with the size of the water body and with time below 0 °C (Salt, 
1961). This explains why the primary exotherm in samples of 10 achenes occurs at a higher 
temperature than that in samples of one achene. The higher probability associated with 
the larger volume of water in the continuum between the 10 achenes causes freezing sooner 
and therefore at a higher temperature than in the small volume of water in a single achene.

Despite the presence of ice in the pericarp at temperatures below —9 +  3 °C, the embryo 
does not freeze at temperatures above —16 +  2 °C provided the endosperm is intact. The 
endosperm must therefore prevent the propagation of ice from the frozen pericarp into 
the tissues of the embryo and it therefore constitutes a nucléation barrier. Both the 
membranes and walls of plant cells may act as nucléation barriers (Burke et al., 1976). 
However, since there is not a continuous cell membrane within the endosperm and 
surrounding the embryo (Jones, 1974), it seems likely that the thickened cell walls of the 
two-cell layered endosperm (Jones, 1974) are responsible for isolating the embryo from 
pericarp ice.

The plant wall provides a microporous medium through which water can move into 
the embryo via the apoplastic continuum, but since the freezing point of water is much 
reduced when in thin layers and capillaries (Mazur, 1966) ice may be unable to penetrate 
the cell wall structure. The effectiveness of a microporous structure as a nucléation barrier 
depends on the pore dimensions and their ability to resist deformation and enlargement 
by the growing ice (Salt, 1963). Although usually discussed in the context of a dormancy 
imposing mechanism, endosperm strength is well documented in lettuce (Jones, 1974).

The embryo itself is capable of supercooling to —16 +  2 ®C [Fig. 2(d)]. This is contrary
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to the result obtained by Juntilla and Stushnoff (1977). However, these authors excised 
the embryo using a scalpel, a procedure likely to result in damage to the embryo and the 
presence of free water on its surface. The present authors ripped open the endosperm 
using forceps then surface-dried the undamaged embryo. Free water is more likely to 
freeze than water associated with the many surfaces (cell wall, membranes, etc.) present 
inside the cells of the embryo (Salt, 1961) and would cause freezing at an elevated 
temperature by seeding the embryo in a manner similar to the nucléation wick [Fig. 2(h)].

The presence o f ice in the pericarp, separated by a microporous, water permeable 
endosperm, from the supercooled embryo enables freeze dehydration of the embryo to 
take place. This occurs because the supercooled water in the embryo is in a metastable, 
non-equilibrium state, and thus has a higher vapour pressure than the ice outside the 
endosperm (Mazur, 1963). Equilibrium may be restored either by the migration of this 
water to an external site (the pericarp etc.) followed by freezing -  a process similar to 
frost heave (Jackson and Chalmers, 1958)- o r  the supercooled water may freeze 
spontaneously in situ, causing embryo death.

During cooling these two mechanisms compete for the restoration of equilibrium. 
Mazur (1963) has considered the kinetics of water loss from cells at sub-zero temperatures 
with respect to the likelihood of intracellular freezing. His calculations based on the 
permeability of cell membranes of single cell organisms indicate that cooling rates up 
to 60 °C h“  ̂ allow sufficient time to enable enough water redistribution to occur to 
prevent intracellular freezing. It is clear that for the more complex and bulky structure 
of a seed, cooling rates even one-tenth of this are too fast to maintain equilibrium 
conditions in the lettuce embryo (Fig. 3). This is probably because there are several cell 
layers in the embryo/endosperm structure resulting in a longer and more tortuous 
pathway for water movement, especially from the inner cells of the embryo.

In nature, water migration would begin when the soil surface temperature dropped 
below the embryo-water freezing point. The embryo would be buffered to a certain degree 
against sudden drops in temperature by its ability to supercool. However, cooling rates 
of air in mid-latitude habitats tend to be slightly slower than 5 °C h“  ̂ (Lowe, Lardner 
and Halpern, 1971) and soil surface cooling rates in Britain tend to be slower still (Long 
Ashton Microclimatology Section, unpublished results). These rates lie in the critical 
range between those causing embryo nucléation and death and those allowing sufficient 
water migration to prevent death (Fig. 3). The fate of the seed therefore depends on both 
the cooling rate and its duration and the rate at which water can leave the innermost 
cells o f the embryo. This latter factor is likely to be influenced by several seed characters, 
such as the number of cell layers in the embryo and endosperm, seed size and the surface 
area to volume ratio; small seed size and a high surface area to volume ratio favouring 
seed survival at faster cooling rates.

It has been shown here and by previous workers (Juntilla and Stushnoff, 1977) that 
both black and white seed-coated L. sativa seeds are capable of suriving rapid 
temperature drops to at least —10 °C when fully imbibed. The present authors have also 
shown that for the white-seeded cultivar this is so under the most hostile conditions likely 
to prevail in nature (Table 2). The white-seeded cultivar is also capable of freeze- 
dehydrating to give further freezing tolerance and the results of Stushnoff and Juntilla 
(1978) in which partially hydrated seed cooled at 4 °C h~̂  to —20 ®C survived, suggests 
this is true of cv. Grand Rapids. Although this extreme freeze tolerance ability is likely 
to be of little value to L. sativa which is probably of Mediterranean origin (Thompson, 
Cox and Sanderson, 1979; Lindqvist, 1960). L. serriola L., its closest relative (Lindqvist, 
1960), is native to Northern Europe and many of its seeds remain ungerminated on the 
soil surface during the winter (Marks and Prince, 1979). Since the two species have almost 
identical seed structure (Lindqvist, 1960), it is likely that the same freeze tolerance
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mechanisms operate in and are of value to L. serriola. This contention and the possibility 
that similar mechanisms operate in other species with different seed structures is currently 
being investigated.
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Summary

The viability o f samples o f surface dry, fully imbibed Pinus sylvestris seeds, after exposure to subzero temper
atures ( —5 to — 20°C) was higher than that o f  samples exposed either in wet sand to simulate stratification 
conditions, or partially or completely embedded in ice. The ability o f the perisperm-embryo-endosperm 
complex to supercool ( —5 to —21°C) when isolated from ice, and o f the testa to retard ice growth by 
virtue o f its microporous structure, were considered important factors in this increased survival. It is sug
gested that the mortality o f  seeds frozen in wet conditions is due to the restrictive effect o f the encasing 
ice preventing outward expansion during freezing, leading to deformation o f the inner layers of the testa 
and inoculative nucléation o f the perisperm-embryo-endosperm complex. Samples o f surface dry imbibed 
seed maintained 50% viability even when exposed to —8 +  2°C for seven days. Stratification o f surface 
dry imbibed seed in sealed containers at 5 +  1 °C for seven days increased the rate and uniformity o f  
germination but not the final value.

Résumé

Dégâts de gel pendant la stratification: mécanisme et protection dans les semences de Pinus sylvestris

La viabilité d’échantillons de semences de Pinus sylvestris complètement imbibées, sèches en surface, était 
supérieure, après une exposition à des températures en dessous de zéro ( —5 à — 20 °C), à celle d’échantillons 
exposés soit dans du sable humide pour simuler les conditions de stratification, soit partiellement ou complè
tement inclus dans de la glace. L’aptitude du complexe périsperme-embryon-endosperme à résister à des 
températures très basses ( —5 à —27 °C) quand il est isolé de la glace, et celle des téguments à retarder 
la cristallisation de la glace grâce à sa structure microporeuse, étaient considérées comme des facteurs impor
tants de cet accroissement de survie. On suggère que la mortalité des semences congelées en conditions 
humides est due à l’effet contraignant de l’enveloppe de glace qui empêche la dilatation externe pendant 
la congélation, entraînant une déformation des couches internes des téguments et une formation de noyaux 
d’inoculation au sein du complexe périsperme-embryon-endosperme. Des échantillons de semences imbi
bées, sèches en surface, conservaient une viabilité de 50% même quand ils étaient exposés à —8 +  2°C  
pendant sept jours. La stratification de semences imbibées, sèches en surface, dans des récipients étanches 
à 5 +  1 °C pendant sept jours augmentait le taux et l’uniformité de la germination, mais pas la valeur 
finale.

Zusammenfassung

Frostschàden wàhrend der Stratifikation: Mechanismus und Schütz bei Pinus sylvestris-tSamen
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Die Lebensfahigkeit von Proben oberflachentrockener vollkommen eingequellter Samen von Pinus sylve
stris war, nachdem sie Temperaturen unter Null ( —5 bis -  20°C) ausgesetzt waren, hoher als die von Pro
ben, welche entweder in feuchtem Sand zur Simulierung der Stratifikationsbedingungen oder teilweise oder 
vollig in Eis eingebettet angesetzt waren. D ie Fahigkeit des Perisperm-Embryo-Endosperm-Komplexes zu 
überkühlen ( —5 bis - 2 1  °C), wenn es vom Eis isoliert ist, und der Testa, das Eiswaehstum zufolge ihrer 
mikroporosen Struktur aufzuhalten, wurden als wichtige Faktoren bei diesem hoheren Überleben angese- 
hen. Es wird vermutet, daB die Sterbliehkeit von bei feuchten Bedingungen gefrorenen Samen eine Folge 
des beschrankenden EinBusses der Eisumgebung ist, welche eine Ausdehnung nach auBen wàhrend des 
Gefrierens verhindert und dabei zur Deformation der inneren Schichten der Testa und der anregbaren 
Kembildung des Perisperm-Embryo-Endosperm-Komplexes fiihrt. Proben von oberflachentrockenen ein- 
gequellten Samen behielten zu 50% ihre Lebensfahigkeit auch wenn sie 7 Tage lang Temperaturen von 
— 8 bis ±  2°C ausgesetzt waren. Die Stratifikation von oberflachentrockenen eingequellten Samen bei 
5 ±  1 °C 7 Tage lang in verschlossenen Behaltem erhohte die Geschwindigkeit und die Einheitlichkeit 
der Keimung, aber nicht den Endwert.

Introduction

The seeds of many species of gymnosperms require a period o f moist, cold storage 
(stratification) before they will germinate, e.g. some species of Abies, Juniperus, Larix, 
Picea, Pinus, Pseudotsuga, Thuja (USDA, 1948), and for many others, although not 
essential, a period of stratification increases and hastens subsequent germination re
sulting in greater uniformity of seedling establishment (USDA, 1948; Wareing and 
Phillips, 1970). It has therefore been recommended that a stratification treatment 
should be given before the germinabilities of seed samples o f these species are tested 
(ISTA, 1976). During routine testing of Pinus sylvestris L. seed it has been noticed 
that seed damage can occur if the cold chamber temperature should fall, even tempo
rarily, low enough for ice to form (A. Gordon, personal conununication). The appar
ent frost sensitivity of P. sylvestris seed was of some interest in view of the considerable 
degree of low temperature tolerance exhibited by the seeds of some angiosperm species 
(Juntilla and Stushnoff, 1977; Keefe and Moore, 1981). The low temperature tolerance 
of Lactuca seed involves the ability of the embryo to supercool, the endosperm to 
act as a nucléation barrier and the movement of water leading to freeze desiccation 
of the embryo (Keefe and Moore, 1981). These aspects together with the microscopic 
structure of the testa were therefore investigated in imbibed Pinus sylvestris seed in 
order to determine why this seed is sensitive to low temperature and if alternative 
methods of storage at low temperature could be used to avoid the risk of frost damage 
in this species.

Materials and Methods

Clonal seed of Pinus sylvestris from the Cawdor estates, Nairnshire was obtained from 
the Forestry Commission in 1978. Seed were imbibed 25 or 50 per 9 cm glass petri 
dish, at 5 ±  1 °C for 48 +  2 h on a single sheet of Whatman No. 1 filter paper soaked 
with approximately 5 ml o f glass distilled water and constantly illuminated by a tung
sten filament lamp. The mean moisture content, determined by weighing before and
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after drying to constant weight at 105 °C, was 53.9 ±  3.0%, expressed as a percentage 
of the seed dry weight.

Before use imbibed seeds were surface dried by placing the filter paper supporting 
them, seeds upwards, onto a dry filter paper and leaving them to air dry for 30 s.

Sample viability was determined by recording the number of seeds showing a 2 
mm protrusion of the radicle through the testa within four weeks after sowing on 
Whatman No. 1 filter paper moistened with distilled water at 20 °C under constant 
illumination from warm white fluorescent lamps. Preliminary experiments showed 
that seeds which chitted in this period following freezing treatments produced normal 
seedlings.

Differential thermal analysis and controlled cooling treatments were carried out 
using the equipment described by Keefe and Moore (1981). This comprised chiefly 
a temperature controlled methanol bath capable of achieving linear cooling rates, into 
which were immersed glass vials fitted with copper/constantan thermocouples for tem
perature monitoring and differential thermal analysis. In cooling treatments for viabi
lity tests, seed samples were held in either lidded polyethylene embedding capsules 
(as used in electron microscopy) held in the bottom of freezing vials or directly in 
the bottom of freezing vials. For longer term exposures polyethylene capsules were 
held in lidded glass vials in a chest freezer at — 8 + 2 °C.

Some samples were inoculated at 0 °C with ice crystal nuclei to prevent supercooling. 
This was carried out by means of a nucléation wick of damp cotton thread leading 
from the sample to an ice crystal in the bottom of the freezing vial.

Moist sand was prepared using 10 g BDH acid washed fine sand (mesh 40-100) 
mixed with 1.5 ml glass distilled water.

The three layered testa was removed by squeezing the seed gently between finger 
and thumb until the testa gave way along the line of weakness through which the 
radicle emerges during germination. The two halves of the shell-like sarco/sclero testa 
together with the papery endotesta were then removed using blunt forceps. The re
maining perisperm-endosperm-embryo complex is referred to as a ‘shelled’ seed.

Scanning electron microscopy was carried out on Cambridge Instruments Stereo- 
scan S4 using accelerating voltages of 10-20 kV. Specimens were gold coated with 
a Polaron Sputter coater (AU). Where necessary, freeze drying was carried out with 
an Edwards P S. Tissue Freeze Dryer Model EPD3.

Results

When fully imbibed P. sylvestris seeds were mixed with moist sand to simulate stratifi
cation conditions, and exposed to subzero temperatures for a short period (one hour), 
sample viability was considerably reduced. A 75% loss of viability was observed even 
at relatively high subzero temperatures ( —5 “C) and mortality increased further at 
lower temperatures (figure 1). Partial or complete immersion of the seeds in pure water/ 
ice increased mortality at each temperature, whereas seeds which had been surface

487



p. D. K EEFE A N D  K. G. MOORe

0)O)0)O)
10)2 <D 
CL

100

75

50

25

0

- 1 00 - 5 - 1 5 -20
Temperature °C

Figure 1. Viability o f imbibed Pinus sylvestris seed following one hour exposure to the temperatures indicat
ed under various conditions.
□  Surface dry seed held in embedding capsules.
A  Surface dry seed in moist sand held in embedding capsules with nucléation wicks.
A  Seed held in water filled embedding capsules with nucléation wicks.
■  Seed held partially (less than 50%) immersed in water/ice supported on filter paper in the bottom of 
glass vials. Each point determined from 4 x 25 seed.

dried after imbibition showed considerably less mortality. At high subzero tempera
tures ( — 5 °C) the surface dry seed suffered less than 20% loss o f viability, although 
in these seeds mortality increased at lower temperatures (figure 1).

The freezing o f imbibed seeds at subzero temperatures was investigated by means 
of differential thermal analysis which enables the occurrence o f freezing events within 
one or a group of seeds to be recorded as exotherms, and related to the sample tempera
ture at which they occurred. (Burke, Gusta, Quamme, Weiser and Li, 1976).

Individual, imbibed, surface dry-seeds gave a single exotherm at a temperature 
within the range —5 to —21°C  (figure 2a, c). Samples o f several intact surface dry 
seeds in contact with each other produced an exotherm for each seed over the same 
temperature range, the majority o f exotherms occurring between —20° and — 25°C 
(figure 2f). This indicates that the seeds are capable of supercooling, and that when 
surface dry, the freezing of one seed does not cause inoculative freezing of another
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Figure 2. Specimen differential thermal analysis traces o f fully imbibed Pinus sylvestris seeds cooled at 
20°Ch a. single intact seed with exotherm occurring at low temperature; b. single shelled seed with exo
therm occurring at low temperature; c. single intact seed with exotherm occurring at high temperature; 
d. single shelled seed with exotherm occurring at high temperature; e. single shelled seed with nucléation 
wick; f. ten intact seeds showing typical range and distribution o f exotherms; g. five shelled seeds showing 
typical grouping o f exotherms.

in contact with it. The loss of viability of seeds cooled at 20 °Ch“  ̂ as for differential 
thermal analysis (figure 3) occurred over the same temperature range as that in which 
exotherms were recorded suggesting that seed freezing and mortality occurred to
gether.

Isolation of the endosperm-perisperm-embryo complex from the testa did not affect 
supercooling of individual seeds, the exotherms occurring between — 5 °C and — 27 °C 
as in intact seeds (figure 2b, d). However when groups of shelled seed were placed 
in contact, all the seeds in the sample froze at approximately the sarhe temperature 
(figure 2g), suggesting that in the absence of the testa the formation of ice within 
one seed was able to induce the freezing of the other seeds in the sample. The suscepti
bility of the perisperm-embryo-endosperm complex to inoculation by external ice was 
demonstrated by differential thermal analysis of the shelled seed in the presence of 
a nucléation wick. Exotherm production began slightly below 0 °C and all detectable
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Figure 3. Viability o f samples o f imbibed surface dry Pinus sylvestris seed taken during cooling at 20°Ch~k 
Each point determined from 2 x 2 5  seed.
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Figure 4. Viability o f imbibed Pinus sylvestris seed following exposure to — 5°C whilst submerged in water/ 
ice for various time periods. All seeds were completely embedded in ice by the time the first sample was 
taken. Each point determined from 1 x 50 seed in 3 ml glass distilled water/ice.
•  Intact seed.
A  Shelled seed.

freezing had ceased above — 5 C (figure 2e). It would appear that the perisperm-em
bryo-endosperm complex is capable o f supercooling but can be readily inoculated 
by external ice. Hence in the intact surface-dry seed the testa may be considered to 
have the effect of isolating the perisperm-embryo-endosperm complex from external 
ice sources.

The greater mortality of intact seed frozen in the presence o f surface water indicates 
that the testa serves this function less effectively when very wet. When intact imbibed 
seeds were subjected to a temperature o f — 5 °C whilst encased in ice, seed viability 
fell progressively and rapidly (figure 4) although some individuals survived for periods
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in excess of one hour (figure 1). Under those conditions shelled seeds were killed within 
15 minutes (figure 4). This suggests that when encased in ice the testa can only delay 
inoculation of the supercooled perisperm-embryo-endosperm complex.

In an attempt to elucidate the structural features which contributed to the behaviour 
of the testa as a temporary nucléation barrier, both frozen and non-frozen seed were 
examined by scanning electron microscopy.

The testa was composed of three layers (terminology after Singh and Johri, 1972) 
none of which possessed pores visible to the unaided eye. The outer layer (sarcotesta) 
was approximately 0.05 mm thick, composed of slightly flattened, closely interlocking 
cells with porous cell walls (pore diameters 0.3 -  Ifim) and covered on its outer surface 
by a continuous cuticle. The middle layer (sclerotesta) was fused to the sarcotesta 
and composed of several layers of very flattened, closely interlocked cells. In contrast 
to the sarcotesta this layer appeared completely non-porous with the cells of one layer 
overlying the gaps between cells on the underlying layer. The inner layer (endotesta) 
was not tightly fused with the two outer layers but formed a papery sheet between 
the outer ‘shelf of the sarco- and sclero-testas and the perisperm-embryo-endosperm 
complex. Its two to three layers of cells were very flattened and in contrast to the 
sarco- and sclero-testas the whole tissue was structurally weak. Again this tissue ap
peared completely non porous.

The testa of air dry seeds remained unaffected either by imbibition or by periods 
of exposure to low temperature. Imbibed surface dry seed subjected to — 10°C over
night (a non-fatal treatment for many of the seeds) showed extensive disruption of 
the sarcotesta. The cells were forced apart and in some areas heaved away from the 
surface of the testa. Cuticular cracking was also observed, but no damage to the sclero
testa was apparent in these seeds.

The beneficial effects of surface drying in reducing seed mortality during short expo
sures to subzero temperature suggested that the use of surface dry seeds might be 
an effective means of reducing the risk of freezing damage during stratification.

Samples of seed stratified by imbibing, surface drying and then holding at low tem
perature (5 + 1 °C) in sealed containers for seven days gave significantly (p =  0.01) 
higher germination after two weeks incubation at 20°C than untreated seed samples, 
although the final percentage germination after four weeks was approximately the 
same (90%) for both stratified and unstratified seed. Stratification of surface dry seed 
in sealed containers at — 8 +  2°C caused only 50% loss of viability even after seven 
days exposure (table 1).

Discussion

The results presented here confirm that under the conditions prevailing during normal 
stratification seeds of P. sylvestris are very sensitive to subzero temperatures.

Various experiments were carried out to elucidate the way in which imbibed P. 
sylvestris seeds freeze and to enable comparison to be made with the only other species
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Table 1. The viability o f imbibed surface dried Pinus sylvestris seed, following exposure to —8 +  2°C  
for various periods. Each value determined from four replicates o f 25 seeds held in polythene embedding 
capsules. Control sample held at 5 +  1 °C.

Time (hours) Percentage germination

24 43
72 42

144 43
168 48
168 control 92

which has been investigated in detail, Lactuca sativa L. (Keefe and Moore, 1981).
These experiments showed that as in L. sativa seed mortality is concurrent with 

seed freezing and that in the absence of free external water the imbibed seeds supercool, 
individual seeds freezing spontaneously within a temperature range characteristic of 
the seed. In P. sylvestris the majority o f seeds froze in the range — 20°C to — 25 '̂C, 
a greater degree of supercooling than was found previously on surface dry imbibed 
seeds of L. sativa (Keefe and Moore, 1981). Since L. sativa can tolerate prolonged 
exposure to subzero temperatures, the failure of P. sylvestris seeds to survive even 
high subzero temperatures cannot be accounted for by any inability to supercool.

When the testa is removed from P. sylvestris seed, the perisperm-embryo-endosperm 
complex which remains is able to supercool if external sources of ice nuclei are absent, 
but shows inoculative freezing in the presence o f ice, or if seeds in contact with it 
freeze. This pattern is quite distinct from L. sativa in which the supercooled embryo- 
endosperm complex is able to remain in contact with ice apparently indefinitely with
out the occurrence of inoculative freezing (Keefe and Moore, 1981). It suggests that 
in P. sylvestris any barrier to ice inoculation exists only within the testa complex whilst 
in L. sativa the endosperm forms a barrier to nucléation by external ice and the testa 
plays no part in regulating freezing.

The ability of structures to act as nucléation barriers, despite continuous water chan
nels connecting a zone of ice and a zone of supercooled water at the same temperature, 
is believed to rest on the diameter of the water channels involved (Salt, 1963; Haynes, 
1968). In water channels smaller than O.Ol/i diameter the freezing point of water is 
considerably depressed (Salt, 1963; Mazur, 1966).

This phenomenon is thought to be involved in the effect o f cell membranes as nucléa
tion barriers (Mazur, 1963; 1966) and has been proposed for endosperm cell walls 
of L. sativa (Keefe and Moore, 1981) and for insect cuticle (Salt, 1963).

Scanning electron microscopic examination of P. sylvestris testa showed that com
paratively large pores were present in the structure of the sarcotesta. Thus, it is unlikely 
that this layer is responsible for the ability of the testa to act as a nucléation barrier. 
The sclerotesta and endotesta had no pores which could be discerned at the resolution 
of the microscope although channels of molecular dimensions must presumably have
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been present to permit imbibition. It is possible therefore that both of these layers 
may contribute to the testa nucléation barrier. Scanning electron microscopic exami
nation of surface dry seeds cooled to — 10°C, which revealed extensive disruption 
of the sarcotesta indicative of ice formation within it, but no damage to the inner 
layers, supports this view.

At temperatures well above the average spontaneous nucléation temperature of 
isolated shelled perisperm-embryo-endosperm complexes, P. sylvestris seeds with an 
intact testa in contact with water do not remain unfrozen for long. Freezing of the 
perisperm-embryo-endosperm complex by spontaneous nucléation would be very in
frequent at these temperatures (Salt, 1963) and the evidence suggests that seed mortali
ty at these temperatures is due to inoculative nucléation through the testa, which takes 
place progressively and comparatively rapidly as shown in figure 4.

This suggests that unlike the L. sativa endosperm the nucléation barrier in P. sylves
tris fails when the seeds are even partly encased in ice. This could be explained if the 
nucléation barrier in P. sylvestris lacked the mechanical strength of the L. sativa en
dosperm. When surface dry P. sylvestris seeds are frozen the expansion associated 
with the freezing of the water in the testa is probably accommodated by outward 
movement without breaking the nucléation barrier. However in regions of the testa 
encased in ice outward movement would be prevented and ice would grow inwards, 
breaching the nucléation barrier and seeding the supercooled perisperm-embryo-en
dosperm complex within.

The results showed consistently that a small percentage of seeds could survive em
bedding in ice for an hour (figure 1). It may be that the strength of the nucléation 
barrier varies within the population and in these seeds it is strong enough to resist 
deformation even when encased in ice.

It is hoped that the results reported here may be of use to foresters, nursery men 
and seed testers in evolving stratification procedures using either surface dry seed or 
substrates with low free-water levels to reduce losses due to frost in early sown seed 
and other situations where environmental temperature control is unreliable.
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A B ST R A C T

Low temperature tolerance was investigated in the imbibed seed of 15 seed lots comprising seven cultivars of 
Lactuca sativa L. During rapid cooling (20 °C h“ )̂ some seeds of all seed lots survived to —16 ®C but none 
to —20 ®C. The majority of seed lots retained over 50 per cent viability above —14 ®C due to isolation of the 
embryo from external ice by the endosperm, and subsequent embryo super-cooling. Certain seed lots, including 
all three seed lots of cv. Tom Thumb, showed high mortality at temperatures above —10 °C. Correlation of 
mortality with the formation of external ice suggested that the endosperm is not an effective nucléation barrier 
in these seed lots.

Survival to —20 °C was increased at slower cooling rates (6 to 1 °C b~ )̂ due to freeze desiccation of the 
embryo, but seed lots varied considerably in their tolerance of specific cooling rates. A  model to explain this 
variation was developed incorporating (1) seed lot super-cooling limit temperature, (2) the rate at which freeze 
dehydration of the supercooled embryo took place, (3) the moisture content at which nucléation (at —20 ®C) 
was no longer certain and (4) the .initial equilibrium moisture content of the fully imbibed seed. Factors (1), 
(2) and (3) were found to be relatively constant, but low (or artificially reduced) seed moisture content was 
closely correlated with high survival at natural cooling rates. Seed size fractions of similar moisture content 
from a single cultivar showed that more small seeds survive cooling at 3 h~  ̂ to — 20 ®C than larger seed.

Seed with pierced endosperms or ineffective nucléation barriers were capable of surviving to at least —10 °C 
if cooled slowly (1 °C h“ )̂ but were killed by rapid (20 ®C h“ )̂ cooling.

Key words: Lactuca sativa L., lettuce, seed germination freezing tolerance, super-cooling.

IN T R O D U C T IO N

The ability of imbibed and germinating seeds of several species to survive exposure to 
sub-zero temperatures has been recognized for some time (Ventskevich, 1958; Splitt- 
stoesser, 1979) and more recently, attempts have been made to clarify the mechanisms 
whereby this sub-zero temperature tolerance is achieved. At relatively high rates of 
cooling (20 h“ )̂ imbibed seeds of Lactuca sativa cv. Grand Rapids were found to
survive temperatures, above —16 ±  2 °C by reason of the super-cooling of the embryo to 
this temperature limit, super-cooling being conditional upon the structural integrity of 
the endosperm envelope (Juntilla and Stushnoff, 1977). Later work confirmed these 
findings in another lettuce cultivar, Great Lakes, and showed that at slower cooling rates 
(4 °C h~̂  or less) freeze desiccation of the embryo took place as water moved from the 
super-cooled embryo to. form ice in the perisperm, enabling the seed to survive 
temperatures below —25 °C (Keefe and Moore, 1981).

The present work was carried out primarily to investigate the extent to which a range 
of cultivars of L. sativa varied in their survival of slow and fast cooling regimes, and to 
see if variation occurred between seed lots of the same cultivar. Recent work (Roos and 
Stanwood, 1981) has shown that variation occurs in the very low sub-zero temperature 
tolerance of seeds of different lettuce cultivars at low moisture content, but it is not known
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if the imbibed seeds vary in their tolerance to freezing temperatures. Since the critical 
cooling rate tolerance in cv. Great Lakes (4 ®C h“  ̂ or less, Keefe and Moore, 1981) is 
similar to estimates of the maximum soil surface cooling rate in Britain, variation in the 
rate of cooling which can be tolerated could be a particularly important factor 
determining seed survival in frozen soil.

The work reported describes the variation in freezing tolerance within and between 
a group of lettuce cultivars, and experiments carried out to determine the causes of the 
variation.

M A T E R IA L S  A N D  M E T H O D S  

Seed, imbibition and surface drying

Seed of 14 of the lettuce cultivars detailed in Table 1 was obtained from local retail outlets 
immediately prior to use. Seed of any given cultivar were obtained from at least two 
different producers, each seed lot being given a code letter for brevity of identification 
in the text. The seed of Great Lakes (O) is from the same seed lot used in previous work 
(Keefe and Moore, 1981).

Seed described as fully imbibed was kept in 9 cm glass Petri dishes on a single sheet 
of Whatman No. 1 filter paper soaked with approximately 4 ml glass distilled water for 
48 h at 5 ±  1 °C in a cold room constantly illuminated by a tungsten filament lamp. Under 
these conditions seed moisture content reached a constant value by 24 h and remained 
at that level until 72 to 96 h after which germination began. Seeds of lower moisture 
contents were prepared similarly but using shorter imbibition periods (0 5 to 8 h) 
followed by surface drying and equilibration in sealed containers at 5 ±  1 °C for the 
remainder of 48 h.

Before use, the imbibed seeds were surface dried by placing the filter paper supporting 
them, seeds upwards, on to a dry filter paper and leaving them to dry in air for 30 s. 
Partially hydrated seeds were not surface dried after equilibration.

Moisture contents and seed dry weight

Moisture contents were determined by weighing before and after drying at 105 °C for 
48 h and are expressed as a percentage of the seed dry weight.

Viability tests

In the majority of seed lots viability was determined by recording the number of seeds 
producing a radicle and root hairs within 48 h after sowing the samples on Whatman 
No. 1 filter paper moistened with 4 ml of distilled water, in 9 cm Petri dishes at 20 °C 
under constant illumination from warm white fluorescent lamps. In samples maintained 
for longer periods at 20 the number of competent seedlings formed was equal to the 
number which had produced root hairs after 48 h incubation. Incompetent seedlings in 
which the hypocotyls and/or cotyledons were severely damaged were found only in slowly 
( < 6 ° C h “ )̂ frozen samples.

Both seed lots of cv. Winter Density were dormant under conditions of the standard 
viability test. These seed lots were therefore held at 5 ±  1 °C for 7 days (International Seed 
Testing Association Rules 1976 Appendices) followed by a further 48 h at 20 °C, and 
viability was then assessed by the number of competent seedlings produced.

The viability of the original seed lots are expressed as percentage germination values 
(Table 1). The viability of seed lots subjected to various freezing regimes are expressed 
as a percentage of the germination of untreated seeds, and are termed * percentage 
survival’ values.
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T a b l e  1. Equilibrium moisture content, seed dry weight, initial viability, seed coat colour 
and cultivar descriptions of 15 seed lots of lettuce

Cultivar
Producer

code

Equilibrium 
moisture 
content 

(percentage 
dry weight)*

Initial
viability

(%)f

Mean weight 
oven dry 

single seed 
(mg)î

Seed coat 
colour

Cultivar
description

Great Lakes 0 105-2 94 0 76 White Crisphead
Great Lakes C 125-7 77 111 White Crisphead
Webbs Wonderful s 110-9 95 5 0 9 0 White Cabbage
Webbs Wonderful c 99-1 94 0-98 White Cabbage
Winter Density J 94 9 90 0-99 White Semi-Cos
Winter Density c 112-9 87 5 0-94 White Semi-Cos
Lobjoits Green Cos H 90-8 94 092 White Cos
Lobjoits Green Cos s 94-9 965 0-82 White Cos
Salad Bowl J 105-8 82 5 0-95 Black Loosehead
Salad Bowl T 98 3 97 087 Black Loosehead
All the Year Round C 120-6 89 5 109 Black Cabbage
All the Year Round s 113-1 90 1-06 Black Cabbage
Tom Thumb c 869 92 0-95 Black Cabbage
Tom Thumb T 83 0 95 5 1-02 Black Cabbage
Tom Thumb H 96-8 92 093 Black Cabbage

* Figure determined from four replicates of 50 seeds after imbibition for 48 h at 5 °C. 
t  Determined from eight replicates o f 25 seeds.
Î Determined from four replicates of 50 seeds.

Low temperature treatments

Controlled cooling was carried out by means of a methanol bath capable of being 
programmed to provide linear rates of cooling (Keefe and Moore, 1981). Differential 
thermal analysis (DTA) was carried out on seed samples held within glass freezing vials 
fitted with copper/constantan thermocouples as previously described (Keefe and Moore, 
1981). The effects of temperature regimes on viabihty were determined using seed samples 
held in lidded polyethylene embedding capsules or in small envelopes of aluminium foil 
held in the bottom of freezing vials. Some samples were inoculated with ice nuclei (to 
prevent super-cooling) by means of a nucléation wick of damp cotton thread leading from 
the sample, through the wall of the container, to an ice crystal in the bottom of the freezing 
vial.

Seed size fractionation

Seed size fractions were obtained by shaking a sample vigorously in a series of two 
brass sieves with square mesh of apertures 1270 and 850 pm  side respectively, for 10 min.

Freeze desiccation

The movement of water into the pericarp during freezing was estimated by measurement 
of seed moisture content after centrifugation to remove pericarp water, as described 
previously (Keefe and Moore, 1981).
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Fig. 1. The pattern of survival associated with decreasing sample temperature in fully imbibed seeds 
of various lettuce cultivars cooled at 20 ®C h*‘ with nucléation wicks. The shaded area encompasses 
the range of survival patterns shown by seed lots cv. Winter Density (J), (C); cv. Lobjoits Green Cos 
(S), (H); cv. All the Year Round (C), (S); cv. Webbs Wonderful (S) and cv. Great Lakes (O). 
Individual survival patterns: A , cv. Tom Thumb (H); # ,  cv. Salad Bowl (J); Q , cv. Tom Thumb 

(C); ■ ,  (T); □ ,  cv. Great Lakes (C). Each point determined from four replicates of 25 seed.

RESUL TS

Loss of viability during rapid cooling

Seed viability was measured in all cultivars during rapid cooling (20 °C h"̂ ) to various 
temperatures down to — 18°C. Samples were fitted with nucléation wicks to initiate 
freezing of pericarp water above — 5 °C and avoid the effects of random freezing.

In the majority of cultivars, over 80 per cent of the seeds survived cooling to — 5 °C, 
and over 50 per cent retained viability until —14 °C. Below this temperature, survival 
decreased rapidly, and few seeds survived to —18 °C (Fig. 1, shaded area). This pattern 
is essentially similar to that reported previously for cv. Great Lakes (Keefe and Moore, 
1981) and cv. Grand Rapids (Juntilla and Stushnoff, 1977). As in this work, indicated 
that the mortality was associated with secondary exotherms due to spontaneous freezing 
of the super-cooled embryo.

In contrast to this general pattern, a few seed lots exhibited substantial mortality at 
approx. —5 to —10 °C, temperatures well above the embryo super-cooling limit (Fig. 
1). This was particularly evident in all three sources of cv. Tom Thumb. Further 
examination of this cultivar showed that the temperature at which mortality occurred 
was linked to the temperature at which the pericarp water froze, both occurring at higher 
sub-zero temperatures when the seed was inoculated with ice than when freezing occurred 
by random nucléation (Fig. 2).

Effect of slow cooling on viability

All seed lots were cooled at various slow rates (1 to 6 °C h~̂ ) to -  20 °C, a temperature 
low enough to kill rapidly cooled seed samples (20 °C h“ )̂ completely. At a cooling rate 
of 1 °C h~̂  all seed lots exhibited more than 80 per cent survival, but at faster rates 
significant (F = 0 01) variation occurred both within and between cultivars [Fig. 3(a>-(g)]- 
Cultivar Tom Thumb (T) showed the greatest tolerance of more rapid cooling rates, 80
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F ig .  2, The survival of samples of fully imbibed seed of lettuce cv. Tom Thumb (H) cooled at 20 °C h“  ̂
with (□ )  or without (■ )  nucléation wicks. Each point determined from eight replicates of 25

seeds.

per cent of the seeds surviving cooling at 2 °C and 10 per cent surviving 6 °C h“  ̂[Fig. 
2(b)]. At the other extreme, cv. All the Year Round (C) showed less than 10 per cent 
survival after cooling at 2 °C h“  ̂and no seeds survived cooling rates faster than 3 °C h"̂  
[Fig. 3(d)].

In order to determine the reasons for the variation between seed lots in their ability 
to survive different cooling rates, a number of experiments were carried out to investigate 
possible causative factors.

Effect of seed size on survival at low cooling rates

A sample of cv. Great Lakes (O) separated by sieving into large, medium and small 
seeds and cooled to —20 showed significant (P =  0 01) differences in survival only 
at 3 °C h“  ̂[Fig. 3(h)]. At this cooling rate few (8*5 per cent) large seeds survived. Medium 
sized seeds showed intermediate survival (23 per cent) and small seeds survived in greatest 
numbers (37 1 per cent). All the size fractions had similar moisture contents (101-5 to 
102-8 per cent) which therefore could not have been responsible for the differences in 
survival.

Determination of the mean oven-dry seed weights of the various seed lots showed that 
they did differ significantly within the range 0-76 to 1-11 mg (Table 1). However, no 
correlation could be found between the survival of the seed lots after cooling at 3 °C h“  ̂
to —20 ®C and their seed dry weight.

Comparison of freeze-desiccation rates

Since it is known that the enhanced survival of seeds at slow cooling rates is due to 
freeze-desiccation (Keefe and Moore, 1981) it is possible that seed lot differences in 
cooling rate tolerance could be due to differences in their rate of freeze desiccation.

Four seed lots showing differences in fully imbibed moisture content, seed size and 
cooling rate tolerance were cooled at 3 ®C h“  ̂ to —15 °C. Moisture contents at 0 and 
— 15°C were determined after centrifugation. Seed lots with initially high moisture 
content lost more water than lots with initially low moisture content but at —15 °C they 
still had the higher moisture content values (Table 2).
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Fig . 3, The effect of cooling rate on the survival o f fully imbibed lettuce seed of various cultivars after 
cooling to —20 ®C with nucléation wicks, (a) Q , cv. Great Lakes (O); # ,  (C). (b) □ ,  cv. Tom Thumb 
(H); O , (T); # ,  (C). (c) O , cv. Webbs Wonderful (C); # ,  (J). (d) O , cv. All The Year Round (S); 
# ,  (C). (e) O , cv. Salad Bowl (J); # ,  (T). (f) 0 »  cv. Lobjoits Green Cos (H); # ,  (S). (g) O , cv. 
Winter Density (J); # ,  (C). (h) □ ,  cv. Great Lakes (O), large seed, mean seed weight 0 95 mg; A , 
intermediate seed, mean seed weight 0-84 mg; ■ ,  small seed, mean seed weight 0 68 mg. Each point 
determined from four replicates o f 50 seeds. The letter s [(b)-(e), (g)] indicates that the difference 
between two points at a given cooling rate is significant P =  0 01. In (h) the only significant difference 

at a given coohng rate is between large and small seeds at 3 “C h r'.

T a b l e  2. The change in moisture content of initially fully imbibed seed offour lettuce 
cultivars due to freeze desiccation during cooling at 3 ®C h~̂

Cultivar

Moisture content Percentage 
loss in 

moisture 
contentAtO°C

After cooling at 
3 “C h-i to - 1 5  °C

Great Lakes 113 7 + 4 7 85 4 + 4  0 24-9
Lobjoits Green Cos 89 8+ 1 2 726 +  2 8 19 2
Winter Density 96 2 +  2 0 78 4 +  5 8 18 5
Tom Thumb 84-0 ±3-7 71 8 ± 2 2 14 6

Moisture contents were determined from four replicates of 50 seeds after centrifugation (Keefe and Moore, 
1981).
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Effect of seed moisture content

The equilibrium moisture content of the various seed lots after imbibition at 5 °C 
differed quite appreciably (Table 1). In all cultivars, the source with the highest 
equilibrium moisture content showed the least survival after slow cooling to — 20 °C (Fig. 
3). Examination of these data shows clearly that the variation between seed lots and 
cultivars could be accounted for largely by this variation in moisture content [Fig. 4(b), 
open symbols]. When seed of a single cultivar (Great Lakes, O) was brought to a range 
of different moisture contents before being subjected to slow cooling, the relationship 
between moisture content and survival was similar to that followed by the various 
cultivars and seed lots tested previously [Fig. 4(b) closed symbols].

When seeds which had been brought to a range of moisture contents were rapidly cooled 
(20 °C h“ )̂ to —20 °C, all seeds with over 75 per cent moisture content were killed, 
irrespective of the cultivar. Survival increased with decreasing moisture content, but even 
at 35 per cent moisture content, only half the seeds survived [Fig. 4(a)].

70 90
Dry weight

20 30 40 50
Fresh weight 

Percen tage moisture content

55

Fig. 4. The relationship between initial moisture content and (a) survival o f seed samples of lettuce 
cv. Great Lakes (O), #  ; cv. Tom Thumb (H), O ; cv. Lobjoits Green Cos, (H) A ; and cv. All the 
Year Round (S), □ ;  cooled at 20 ®C h"' to —20 “C with nucléation wicks. Viability for each point 
for Great Lakes (O ) determined from four replicates of 25 seeds and for other cultivars from four 
replicates of 50 seeds. All moisture contents determined from four replicates of 50 seeds, (b) Survival 
of samples of lettuce seed cooled at 3 ®C h"' to —20 °C with nucléation wicks. ■ ,  cv. Great Lakes 
(O ), ■> fully imbibed seed of the other 14 cultivars. Viability and moisture content determined from 
four replicates of 50 seed. Moisture contents are expressed both as percentage o f seed dry weight and 

percentage of seed fresh weight on the upper and lower scales respectively.
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Fig. 5. The effect of cooling rate on the survival o f fully imbibed seeds of lettuce cv. Tom Thumb 
(H) cooled to —10 °C with nucléation wicks. Each point determined from four replicates of 50

seeds.

Anomalous behaviour in Tom Thumb

In previous experiments it was observed that in the presence of external ice, samples 
of cv. Tom Thumb and two other seed lots suffered considerable mortality at high sub-zero 
temperatures ( —10°C) during rapid cooling (Fig. 1) whereas samples cooled slowly 
(1 ®C h“ )̂ in the presence of external ice retained almost complete viability even to 
—20 ®C (Fig. 3). Further examination of this phenomenon in Tom Thumb (H) showed 
that mortality at high sub-zero temperatures was indeed dependent upon cooling rate, 
survival being higher the slower the cooling rate in the range 6 to 1 °C h~' (Fig. 5).

Survival o f pierced seeds

Seeds of Great Lakes (O) and Tom Thumb (H) which had been pierced through the 
endosperm in the region of the cotyledons with a fine hypodermic needle survived to 86 
and 94 per cent respectively. Apart from a small lesion where the needle pierced the 
cotyledons no damage to the seedling was observed. Samples of rapidly cooled (20 h“ )̂
pierced seeds were completely killed.

D IS C U S S IO N

Previous work on two cultivars of lettuce (Juntilla and Stushnoff, 1977 ; Keefe and Moore, 
1981) demonstrated that three factors were of particular importance in the tolerance of 
sub-zero temperatures by Lactuca seeds—super-cooling by the tissues of the embryo, the 
ability of the endosperm to act as a barrier to inoculative ice nucléation and the migration 
of water from the super-cooled embryo resulting in freeze desiccation. The results 
presented enable the significance o f these components to be re-evaluated in the context 
of a wider range of lettuce cultivars.

The endosperm nucléation barrier

In most seed lots subjected to rapid cooling, although DTA showed that perisperm 
ice formation always occurred above — 5 °C, the majority of seeds survived to temperatures 
above —14 °C presumably because the endosperm prevented inoculative freezing of the 
embryo (Juntilla and Stushnoff, 1977; Keefe and Moore, 1981). Nevertheless some seeds 
were always killed at high (>  —10 ®C) sub-zero temperatures, and in some seed lots 
(notably of cv. Tom Thumb) the mortality was considerable. The induction of perisperm
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freezing by means of a nucléation wick showed that the death of Tom Thumb seeds at 
high sub-zero temperatures was linked with the formation of ice in the perisperm. This 
suggests that the endosperm may fail to isolate the embryo from nucléation in a significant 
proportion of the seeds of this cultivar. Similar behaviour in a smaller proportion of Great 
Lakes seed was interpreted previously (Keefe and Moore, 1981) as due perhaps to 
harvesting damage. Its occurrence in all seed lots of cv. Tom Thumb suggests that there 
may be a genetically determined component in this cultivar, such that the endosperm 
may be incompletely sealed or may be congenitally weak and prone to harvesting 
damage. It is of interest to note that in Pinus sylvestris seed the inner layers of the testa 
constitute a weak nucléation barrier which fails to prevent inoculative nucléation of the 
perisperm-endosperm-embryo complex if the seed becomes embedded in ice (Keefe and 
Moore, 1982).

The present work shows that the importance of the endosperm in preventing mortality 
at the temperature of pericarp freezing is dependent upon the rate of cooling. Seeds with 
an ineffective nucléation barrier, either due to the particular characteristics of the cultivar 
or due to deliberate piercing of the endosperm were nevertheless capable of tolerating 
sub-zero temperatures providing the cooling rate was slow. The ability of the embryo 
to survive under these conditions probably results from the formation of extracellular 
ice within the embryo, the cell walls and membranes preventing inoculative freezing of 
the embryo cells themselves. Olien (1969) has reported similar rate-associated phenomena 
during freezing in the crown of winter barley but the mechanisms involved require 
clarification.

Embryo super-cooling

The super-cooling limit (lower temperature for seed survival during rapid cooling) was 
remarkably uniform throughout all seed lots. This limit represents the minimum 
temperature to which an embryo may be cooled without spontaneous freezing (Keefe 
and Moore, 1981). The spontaneous freezing which terminates the super-cooled state in 
pure water is initiated by the formation of an ice crystal nucleus which appears when 
the random movement of hquid water molecules results in their arrangement in an ice 
lattice of a certain size. This is a chance event, the probability being dependent on the 
volume of water involved, whilst the critical lattice size required becomes smaller the 
lower the temperature (Chalmers, 1959). Small drops of water approximately the same 
size as lettuce seeds readily super-cool to —25 °C (Salt, 1970). Since the super-cooling 
limit was considerably higher than this value, it seems likely that an endogenous 
nucleator within all lettuce seeds was responsible for initiating freezing. Substances 
capable of acting as nucleators are though to possess a crystalline structure and lattice 
spacing which resembles that of ice and can induce freezing at a temperature which is 
characteristic of the nucleator (Hallet, 1968). As the temperature approaches this 
characteristic temperature, the probability of freezing increases rapidly, becoming almost 
certain within ±0-25 °C of the characteristic temperature (Vali, 1971). The tightly 
defined, distinct temperature ranges over which freezing of super cooled leaf tissues 
(Kaku, 1975), Lactuca seed (Keefe and Moore, 1981 and the present work) and Pinus 
seed (Keefe and Moore, 1982) take place are consistent with the operation of nucleators 
within these tissues.

Measurement of the survival of Great Lakes achenes equilibrated to different moisture 
contents before rapid cooling to a temperature (—20 °C) below the super-cooling limit, 
showed that mortality was considerably reduced at moisture contents below 40 per cent 
(Fig. 4). This presumably represents a moisture content at which the amount of water 
which is not involved in molecular hydration shells is so small that the probability of 
ice nucleus formation within it begins to be affected. It is convenient to term the moisture
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content at which spontaneous nucléation at any given temperature is no longer certain, 
the ‘critical moisture content’ (CMC) for the temperature. It is however, important to 
note that freezing can still occur at this moisture content although at lower temperatures 
(Juntilla and Stushnoff, 1977).

Freeze desiccation

Considerable variation was found in the survival of the various seed lots after slow 
cooling at different rates to a temperature below the super-cooling limit. Previous work 
(Keefe and Moore, 1981) demonstrated that the survival of slowly cooled, intact Great 
Lakes seed was due to freeze desiccation of the embryo, and it seems likely that the 
variation between cultivars in tolerance of different cooling rates may also be related to 
differences in their freeze desiccation behaviour.

Survival of an initially fully imbibed seed, after cooling to a temperature below its 
super-cooling limit would depend on the loss of sufficient water by freeze desiccation to 
bring the embryo down to a moisture content at least as low as the CMC for that 
temperature. The time required for this to take place in any individual seed would depend 
upon the amount of water which was present, in excess of the CMC, and the rate at which 
water would leave the embryo under the influence of the vapour pressure gradient 
between the super-cooled embryo and the frozen perisperm. These factors, in determining 
the time required for the seed to reach its CMC would effectively dictate the maximum 
cooling rate which could be tolerated by the seed.

This model identifies a number of distinct components of the freeze desiccation process 
which could be responsible for variation between seed lots in their tolerance of slow 
cooling rates; (1) the super-cooling limit; (2) the CMC; (3) the rate of water movement 
during freeze desiccation; (4) the initial moisture content of the imbibed seed.

It has been noted earlier that the super-cooling limit is very similar in all lettuce seed 
lots examined, thus the first factor is ruled out.

No significant (P =  0-01) differences were found in the relationship between seed 
moisture content and the survival of rapid cooling [Fig. 4(a)] even when seed lots differing 
considerably in their tolerance of slow cooling rates were compared. This suggests that 
the CMC is probably not markedly different in the various seed lots either.

The use of a centrifugation technique (Kéefe and Moore, 1981) to remove perisperm 
water enabled freeze desiccation of the embryo during slow cooling to be directly 
estimated. This revealed that the embryo moisture contents of the seed lots tended to 
fall at fairly similar rates during freeze desiccation, the seed lots with high initial moisture 
content losing water slightly more readily than those with lower initial moisture content. 
Since these seed lots with high initial moisture contents tended to be more susceptible 
to slow cooling rates, rather than less, the rate of moisture loss during freeze desiccation 
clearly could not be responsible for the variation in tolerance between the lettuce seed 
lots.

The remaining component, initial seed moisture content, showed a close relationship 
with the ability of the seed to survive slow cooling to a temperature below the super-cooling 
limit [Fig. 4(b)] irrespective of whether the seed moisture content was artificially 
controlled, or represented the equilibrium moisture content of the fully imbibed seed of 
a particular lot. It would seem that given a constant super-cooling limit, constant CMC 
and constant rate of water movement, the maximum rate of cooling which can be 
tolerated is determined by the amount of water which is initially present, and this seems 
to be the major factor controlling variation between lettuce seed lots.

The reasons for seed lot differences in equilibrium moisture content are not clear. It 
is important to note that after imbibition for 48 h at 5 °C the seed moisture content 
remains virtually constant for at least another 48 h, thus it represents a fairly stable
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condition in the imbibed seed, although at normal temperatures in the light it would be 
followed rapidly by germination. Hegarty (1978) has reported evidence that variation 
occurs in the moisture content of individual seeds within a seed population of calabrese 
and wheat. The fully imbibed values observed in the present work varied in the range 
83 0 to 125*7 per cent yet differences within a cultivar did not exceed 20 per cent, which 
may suggest that some genetic control of seed equilibrium moisture content may occur.

Although seed moisture content accounts for the major variation between lettuce seed 
lots, it may not be the only factor affecting tolerance of slow cooling rates. In the single 
seed lot tested (Great Lakes O) seed size fractions of similar moisture content showed 
a clear relationship between seed size and survival of intermediate cooling rates. It seems 
probable that the enhanced tolerance shown by the smaller seeds in a particular seed 
lot is due to the shorter path length over which water movement would take place during 
freeze desiccation, and differences of this nature could have been responsible for the minor 
deviation of individual seed lot values from the line relating initial moisture content to 
survival in Fig. 4(b).

The present study has identified a number of factors which may affect the survival of 
seeds in frozen soil. In L. sativa, the overriding variable is the initial moisture content 
of the imbibed seed, but in other species variation in other components may be important. 
The work has shown the importance of relatively slight differences in cooling rate, and 
has illustrated the need for a better understanding of the nature of nucléation barriers 
in plant tissues.

Although the experients reported have been confined to seeds the results have provided 
a conceptual basis with application to further investigations on super-cooling and freeze 
desiccation not only in seeds, but also in other systems such as overwintering buds (Sakai, 
1979).
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Errata : p.380 line ending "86 and 94 per cent respectively" should
continue : "after cooling at 1°C h“  ̂ to -20 C with nucléation
wicks".

Fig.4(b) caption : The square symbol which represents "fully
imbibed seed of the other 14 cultivars" should be an open square.


