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his is a very interesting and timely

book on seed physiology as it
applies to agriculture. The range of top-
ics is broad, but they fit neatly under
several general headings: (1) the rela-
tionship between seeds and the soil
in which they are planted, and strate-
gies to improve seed performance in
the field; (2) behavior of seeds in the
field, emphasizing problems associated
with dormancy, and lack of dormancy;
(3) problems associated with seeds that
can and cannot be stored in the dry
state; and (4) the uses of commercially
important seeds in an industrial con-
text and the factors that influence their
quality.

Several of these topics have not been
comprehensively reviewed in recent
times, making this an important and
valuable addition to the seed literature.
There is much to be learned from the
chapters, as might be anticipated given
the quality and expertise of the authors.
The reviews related to seed behavior are
particularly interesting since this area
has rarely been covered in other books
on seeds. Each chapter contains a very
complete set of references, which is a
useful guide to further reading. Many of
the chapters will be extensively quoted
for years to come.”

J. Derek Bewley, PhD
Professor of Botun;/
University of Guelph, Canada
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More pre-publication

REVIEWS, COMMENTARIES, EVALUATIONS . . .

4“ Seeds are the beginning and the
end of most agricultural prac-
tices. The ways in which seeds func-
tion—their physiology, biochemistry,
molecular biology, and genetics—are
critically important for agricultural
success. But it is not only their use to
humankind that makes seeds impor-
tant objects for study; their biological
properties, as agents for transmitting
the legacy of one generation to the next,
have long stimulated the intellect and
investigative zeal of scientists.

The editors have judiciously chosen
areas that reflect all of seed biology and
have compiled an expert, authoritative
team of seed scientists to write about
them. This text brings together an excit-
ing collection of articles covering virtu-
ally all of seed physiology important to
agriculture, from seed germination, seed
performance, and seedling establishment
to dormancy, weed seeds, storage and
longevity, and quality of cereals and
oilseeds. The information is up to date,
complete, and comprehensive. The book
should attract and satisfy agricultural-
ists, seed scientists, and workers and
students in related areas of biology. I
warmly recommend this absorbing com-
pendium for your study.”

Michael Black, PhD
Emeritus Professor,
King’s College, University of London, UK

a“ As the title indicates, Handbook of

Seed Physiology: Applications to Ag-
riculture updates several areas of seed
biology and physiology related to the
agricultural and industrial use of seeds.
The book is divided into four sections
that cover germination and crop estab-
lishment, the effects of seed dormancy
in crop production and quality, seed
longevity and conservation, and fac-
tors associated with seed quality and
industrial uses of seeds.

This book covers a significant por-
tion of current research related to the
quality of seeds for both propagation
and utilization. There is a good mix of
physiological, genetic, biochemical, and
modeling approaches that are applied
to seed development, dormancy, ger-
mination, and composition. The inte-
gration of various levels of organiza-
tion to understand how seeds behave
in agricultural situations is an overall
theme of the book. The coverage in
these chapters offers enough detail for
the book to be used in graduate courses
in these topics, and also allows experts
to update their knowledge of the cur-
rent status of related fields.”

Kent J. Bradford, PhD

Professor, Department of Vegetable Crops,
Director, Seed Biotechnology Center,
University of California, Davis




More pre-publication
REVIEWS, COMMENTARIES, EVALUATIONS . ..

4“ "I"his text is comprised of thirteen

chapters on such topics as soil
physics and tillage, seedbed prepara-
tion, grain quality for (human) food
and (animal) feed, crop emergence and
establishment, seed improvement, dor-
mancy, and storage. This text is a valu-
able and worthwhile contribution to the
literature on seed physiology. Indeed,
the Handbook of Seed Physiology: Applica-
tions to Agriculture delivers one’s expec-
tations from the title.

The book’s value is in the breadth of
topics, authored by respective experts
in their fields, directed toward the agri-
cultural applications of this knowledge,
and brought together in one volume.
This book is an excellent route into
what one might term seed agronomy
for applied physiologists. It will be par-
ticularly valuable for master’s courses
and other postgraduate teaching.”

Richard Ellis, BSc, PhD

Professor of Crop Physiology,

Head of the School of Agriculture,

Policy and Development,

The University of Reading, Reading, UK
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Preface

Seeds have always caught the attention of both plant physiologists and
agriculturists. Plant physiologists have been attracted by the multiplicity of
processes that take place in such a small organ (i.e., desiccation tolerance,
reserve deposition and utilization, dormancy, and germination); agricultur-
ists, in turn, have been well aware from the beginning that the establishment
of the “next crop” and the quality of their end product depend largely on
“seed performance.” Considerable progress has been made in recent de-
cades in the field of seed physiology. The advancement made in some topics
of this discipline is now sufficient to suggest approaches toward solving
practical problems. On the other hand, attempts to solve these problems of-
ten raise issues or suggest approaches to more fundamental problems.

This book is a collection of chapters dealing with different aspects of
seed physiology, each one having strong implications in crop management
and utilization. The book has been divided in four major sections: (1) ger-
mination in the soil and stand establishment; (2) dormancy and the behavior
of crops and weeds; (3) seed longevity and storage; and (4) industrial qual-
ity of seeds. Each section is composed of chapters dealing with specific as-
pects of an agricultural problem. Each chapter covers the most recent find-
ings in the area, treated at a basic level (physiological, biochemical, and
molecular level), but depicting the way in which that basic knowledge can
be used for the development of tools leading to increase crop yield and/or
improved industrial uses of the grain.

Section I addresses different aspects of crop germination and establish-
ment. The physics of the seed environment, together with seed behavior in
the soil in relation to seedbed preparation, are described in an introductory
chapter of this section. The rest of the section is devoted to discussing seed
responses to temperature and water availability, modeling crop emergence,
breeding for germination at low temperatures and water availability, and
suggesting techniques for improving crop germination performance in the
field.

Section II covers dormancy problems in crop production. The first two
chapters consider problems derived from the lack of control we have on the
timing of exit from dormancy in grain crops: preharvest sprouting and the
persistence of dormancy until the next sowing or seed industrial utilization.
In Chapter 7 the termination of dormancy and the induction of germination
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is analyzed at a physiological and molecular level, mainly on the basis of
the knowledge accumulated for two model species: tomato and Datura
ferox. The section is completed with a chapter on dormancy in weedy spe-
cies and the possibility of considering it in the generation of predictive
models of weed emergence.

Section III presents an update in the field of seed longevity and conserva-
tion. The section is divided in two chapters dealing with orthodox and recal-
citrant seeds, respectively.

Section IV considers aspects related to the industrial uses of seeds. The
section has been divided in three chapters: one considering cereal grain
quality for flour production, another dealing with industrial quality of oil
crops, and a third devoted to discussing the development of good malting
quality.

We attempted to give this book a different scope than other valuable
works published recently in the area of seed biology. For example, the book
Seed Biology and the Yield of Grain Crops, written by Dennis Egli (CAB
International, 1998), covers only limited aspects of seed biology related to
crop production (namely, those related to the determination of grain weight).
On the other hand, the book Seeds: Physiology of Development and Germi-
nation, written by J. Derek Bewley and Michael Black (Plenum Press,
1994), is an excellent textbook on seed biology but is not focused on crop
production. Similarly, the comprehensive Seed Development and Germina-
tion, edited by Jaime Kigel and Gad Galili (Marcel Dekker, 1995), sets the
state of the art in seed science, without paying particular attention to the ap-
plication of basic knowledge for the resolution of agricultural problems.
The books Seeds: The Ecology of Regeneration in Plant Communities, ed-
ited by Michael Fenner (CAB International, 1992), and Seeds: Ecology,
Biogeography, and Evolution of Dormancy and Germination, written by
Carol and Jerry Baskin (Academic Press, 1998), discuss aspects of seed bi-
ology with the aim of understanding ecological processes. Seed Quality:
Basic Mechanisms and Agricultural Implications, edited by Amarjit S.
Basra (The Haworth Press, 1995) and Seed Technology and Its Biological
Basis, edited by Michael Black and J. Derek Bewley (Sheffield Academic
Press, 2000) are most closely related to this work; however, our book ad-
dresses aspects that are not covered in either Seed Quality or Seed Technol-
ogy (i.e., dormancy of crops and weeds, models for predicting crop germi-
nation in the field, etc.).

We would like to thank all the authors who have contributed to this pro-
ject. We are also indebted to our editorial assistant Juan Loreti who carried
out very fine work. Our colleagues Antonio J. Hall and Maria E. Otegui
acted as reviewers for some of the chapters and made comments and sug-
gestions that greatly improved them.



SECTION I:
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AND STAND ESTABLISHMENT






Chapter 1

Seedbed Preparation—The Soil Physical
Environment of Germinating Seeds

Amos Hadas

INTRODUCTION
Germination Processes in Seeds

Among the stages of the plant life cycle, seed germination and seedling
establishment are the most vulnerable. The term germination includes se-
quences of complex processes that lead to the initiation of growth in the qui-
escent embryo in the seeds, seedling development, and emergence from the
soil. During seed germination, various stored substrates are reactivated, re-
paired if damaged, and transformed into new building materials necessary
for the initial growth of the embryo, its subsequent growth, and seedling es-
tablishment in its natural habitat (Koller and Hadas, 1982). To initiate the
array of processes, the condensed, insoluble stored substrates must first be
hydrated and then hydrolyzed to their basic forms before they can be repro-
cessed. The processes necessary to hydrate and reactivate enzymes, cell
membranes, and cell organelles require much more respiratory energy than
is required to maintain the dry seed (Bewley and Black, 1982).

The necessary sequential order of this complex array of processes, some
of which may occur simultaneously and others in a serial, interdependent
order, must be maintained to ensure its culmination in measurable and irre-
versible growth. To achieve this, the processes must be properly controlled,
probably by endogenous growth regulators (Khan, 1975; Taylorson and
Hendricks, 1977). Many of the metabolic events that are known to occur
during germination may differ in their timing, both among the various or-
gans of a particular seed and among seeds of different species (Mayer and
Poljakoff-Mayber, 1989; Bewley and Black, 1982; Hegarty, 1978). More-
over, the transitions from one activity to another must be triggered by events
that occur only when the appropriate thresholds, dictated and timed by en-
dogenous regulators and/or varying environmental conditions, are reached.

3
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The latter include environmental factors such as water availability, aeration,
temperature, nutrients, and allelopathy caused by external toxins, e.g.,
allelochemicals (Currie, 1973; Come and Tissaoui, 1973; Koller and Hadas,
1982; Bewley and Black, 1982; Martin, McCoy, and Dick, 1990; Corbineau
and Come, 1995; Bradford, 1995; Kigel, 1995).

Environmental Conditions

Proper germination of seeds and seedling emergence and establishment
are critical processes in the survival and growth cycle of plant species in
general. This is especially true in agriculture, since these processes deter-
mine uniformity, crop stand density, degree of weed infestation, and the ef-
ficient use of the nutrients and water resources available to the crop and ulti-
mately affect the yield and quality of the crop (Hadas, 1997; Hadas, Wollf,
and Rawitz, 1985; Hadas et al.,1990). Seed germination and stand estab-
lishment are especially critical under marginal environmental conditions.
Under arid conditions (i.e., infrequent wetting, wide temperature fluctua-
tions, and high evaporation rates), germinating seeds have to obtain their
water from the rapidly diminishing soil water reserves and must overcome
hardening soil seals formed at the soil surface. Many arid zone soils tend to
slake upon wetting and then during the subsequent drying form hard crusts
that impose mechanical obstacles to seed emergence and stand establish-
ment, cause improper aeration, or lead to high-temperature injuries. Espe-
cially susceptible to these crusting conditions are minute seeds or seeds that
are close to the soil surface, where the decrease of soil water content and the
increase of soil seal resistance are fastest.

Where favorable ecological conditions prevail, other factors may decide
the success or failure of an agricultural crop. Among these are seed devel-
opment processes on the parent plants (Fenner, 1991; Gutterman, 1992),
soil temperature (Probert, 1992), sensitivity to light (Scopel, Ballare, and
Sanchez, 1991), seed burial, and depth regulation during dispersion and
wetting (Koller and Hadas, 1982). Overgrazing, compaction caused by ve-
hicular and animal traffic, irregular spatial dispersion and placement depth
of seeds, and inadequate seedbed preparation are among adverse environ-
mental factors. Obviously, knowledge of the specific physiological require-
ments of the various species of seeds and their physical interrelations with
their environment, including climatic conditions, are of the utmost impor-
tance in ensuring successful seed germination and stand establishment.

This chapter is devoted to analyzing the soil physical environment of
germinating seeds with the final aim of establishing the basis for optimiza-
tion of seedbed preparation. To achieve this aim, the chapter has been struc-
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tured in the following way: the first and second sections briefly analyze the
environmental requirements for seed germination (i.e., water, temperature,
aereation, and soil mechanical aspects) and the physics of the soil environ-
ment, respectively; the third section gives a characterization of seedbed at-
tributes; the fourth section briefly discusses the biophysics of water uptake
by seeds and seedlings; and the fifth section describes the physics of water
movement from the soil matrix toward the germinating seed. Finally, and on
the basis of all elements described in previous sections, the possibility of
modeling seedbed attributes for optimization of stand establishment is dis-
cussed in the sixth section.

ENVIRONMENTAL REQUIREMENTS
OF GERMINATING SEED

Seeds are self-contained units, in contrast to the plants that develop after
germination, due to the materials stored in the seeds. Environmental re-
quirements for germination are fewer and simpler than those for whole-
plant development, so germination is relatively independent of the environ-
ment for a considerable period of seedling development. This assumption is
based on the observation that a seedling does not photosynthesize; there-
fore, it requires neither light (except for regulatory or triggering functions)
nor CO, for its proper development until the seedling breaks through the
soil surface. Nevertheless, other environmental factors are needed, such as
water, temperature, and oxygen.

Water Requirements

The effects of soil water on germinating seeds are difficult to define in bi-
ological terms, since soil water content and soil water potential are interde-
pendent with soil constituents, their concentrations, and the scale and direc-
tion (draining or wetting) of the processes (Collis-George and Lloyd, 1979;
Marshal et al., 1996). Water uptake by seeds is a prerequisite for proper ger-
mination, and under normal conditions, water uptake from the moist soil
depends on the properties to water of the seed and the soil (Hegarty, 1978;
Koller and Hadas, 1982).

The amount of water required by a seed for germination itself is very
small. Water flow from the soil into the seed is driven by the water potential
differences between the seed and the soil and is controlled by the soil con-
ductivity to water. The total water potential of a dry seed, \¥,,,, is very low
compared to that of the soil, and the seed can draw water rapidly from the
soil it comes in contact with. The driving force, water potential gradient, de-
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fined as (AY =¥, — ¥,,;)/distance, is very large at the onset of imbibi-
tion and decreases as the imbibing seed reaches the required hydration
level. Whether the amount of water taken up will suffice for germination de-
pends on the water energy status of the seed and the adjacent soil total water
potential, ¥, ;, (Koller and Hadas, 1982; Hadas, 1982; Bradford, 1995).
Greater amounts of water are required for seedling development in the later
part of the seedling growth than during the hydration stages because of the
requirements of the radicles and root hairs (Hadas and Stibbe, 1973).

Species and cultivars may differ markedly in their water requirements for
germination, and these differences have been attributed to the various en-
demic soil water regimes to which they were adapted (Bewley and Black,
1982; Koller and Hadas, 1982) and the differing soil physical conditions en-
countered during germination.

Temperature Requirements

Temperature affects both the soil properties with respect to water and the
biological activity of seeds. Soil temperature varies greatly, both diurnally
and seasonally, and is dependent on soil moisture, structure, layering, and
soil color, as well as the site aspect and latitude (Marshal et al., 1996; van
Wijk, 1963). The various effects of temperature on the rate of germination
and the total germination have been discussed extensively (Mayer and
Poljakoff-Mayber, 1989, Chapter 2). For germination to occur, the tempera-
ture of the seed environment should fall within a favorable, species-specific
range.

Cardinal temperatures for germination are the base, maximum, and opti-
mal temperatures, which are, respectively, the temperature below or above
which no germination will occur and at which the faster germination rate is
observed (see Chapter 2 in this book). Favorable temperature ranges, spe-
cific germination-enhancing conditions of diurnal or seasonal thermal peri-
odicity, induction of secondary dormancy, and the combined effects of wa-
ter stress and temperature vary among species (Kigel, 1995; Hegley, 1995;
Benech-Arnold and Sanchez, 1995). Germination is greatly affected by the
interactions between temperature, water potential, and water flow in the soil
and by variations in the Q,, factors of the effective seed biological activity
rates (Allrup, 1958; Bewley and Black, 1982; Meyer and Poljakoff-Mayber,
1989). The adverse effects of moisture stress on germinating seeds intensify
as temperatures rise (McGinnies, 1960; Evans and Strickler, 1961) and may
persist beyond the germination stages and extend into emergence and seed-
ling growth stages through their strong effects on radicles and rootlet
growth.
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Aeration (Oxygen and CO,) Requirements

The aeration regime (i.e., rates of gaseous exchange) greatly affects soil
biological activity and the competition for oxygen with germinating seeds.
However, their effects are complex and are difficult to define in biological
terms (Currie, 1973; Collis-George and Lloyd, 1979). Such a definition re-
quires knowledge of the interrelationships between complex diffusion pro-
cesses (in air-filled pores in water films) that control oxygen supply and dis-
sipation of respiratory and decomposition by-products (CO,, N,, NO,, H,S,
ethylene, methane). Oxygen is required in germination as a terminal elec-
tron receptor in respiration and other oxidative processes of a regulatory na-
ture (Roberts and Smith, 1977). Low oxygen availability reduces or even
prevents germination in most species (Morinaga, 1926; Bewley and Black,
1982; Corbineau and Come, 1995). Oxygen supply to support the metabolic
activity becomes decisive at a very early stage in germination, and oxygen-
requiring metabolic activity is detected at an early stage of germination, in-
dicated by a sharp rise in the respiration rate of seeds (Meyer and Poljakoff-
Mayber, 1989). Another rise in respiration marks the beginning of the
growth stage and radicle emergence. In between is a short period of con-
stant respiration rate and oxygen consumption. Very often a conflict devel-
ops between oxygen supply and water supply to germinating seeds, which
arises from the very low solubility and diffusivity of oxygen in water. Oxy-
gen supply is greatly affected by the thickness of the water film covering the
germinating seed and the hydrated seed coat (Come and Tissaoui, 1973), es-
pecially in seeds that have a swollen mucilaginous cover with very low
diffusivity to oxygen (Heydecker and Orphanos, 1968; Witztum, Gutter-
man, and Evenari, 1969). Nevertheless, a few species, such as aquatic
plants, are able to germinate under reduced oxygen or even anoxic condi-
tions (Rumplo et al., 1984; Taylor, 1942). Seeds rich in fatty or starchy stor-
age substances stop germinating when the oxygen level falls below 2 percent
and lower, respectively (Al-Ani et al., 1982, 1985). Oxygen requirements
increase with soil temperature and under light and/or water stress (Smoke
et al., 1993; Gutterman, 1992).

Low CO, concentrations have been found to stimulate germination but
may at times affect it in combination with ethylene (Corbineau and Come,
1995). Oxygen requirement and effects of oxygen and CO, concentrations
on germination are rather complex and may be not fully understood (Bewley
and Black, 1982; Meyer and Poljakoff-Mayber, 1989; Come and Cor-
bineau, 1992).

Good aeration and gaseous exchange attained in well-structured, aggre-
gated soil beds greatly assist germinating seeds, since the CO, and ethylene
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produced can easily diffuse out of the soil so that seed dormancy and germi-
nation retardation in CO,-sensitive species are relieved (Bewley and Black,
1982; Corbineau and Come, 1995). The depth distributions of oxygen,
CO,, and ethylene concentration depend on soil temperature, soil air-filled
porosity, and the exchange, consumption, and production of these gases
(Smith and Dowdell, 1974; Marshall, Holmes, and Rose, 1996). Soil crust-
ing and compaction may have deleterious effects on gas exchange and, in
turn, on seed germination (Richard and Guerif, 1988a,b).

Soil Mechanical Impedance

Soil is a porous material made of particles of varied sizes and origins that
form a matrix which exhibits a degree of resilience under mechanical stress,
described as mechanical strength. Soil strength is a compound manifesta-
tion of soil mechanical properties (cohesion, angle of internal shear, com-
pressibility) and depends on soil density, constituents, water content, and
soil structure (Gill and van den Berg, 1967; Marshall, Holmes, and Rose,
1996). It increases with increasing bulk density (soil slaking, shrinking, and
compaction) and decreases with increasing water content. Soils low in or-
ganic material or high in silt fractions tend to deform plastically and to com-
press easily, and to form seals under the impact and slaking action of rain-
drops or under instant flooding by water or irrigation (Marshall, Holmes, and
Rose, 1996). Soil seals—thin, dense soil crusts—impede the germination
and emergence of seedlings by restricting gaseous exchange and infiltration
of water and by imposing a mechanical obstruction to emerging seedlings,
or by any combination of these effects. Germination and final emergence
are reduced as the seal strength increases and/or as the moisture content de-
creases (Arndt, 1965a,b; Richards, 1965; Hanks and Thorp, 1957; Hadas
and Stibbe, 1977).

Adverse effects on seed germination and seedling development similar
to those of seals are caused by soil compaction (Hadas, 1997; Hadas,
Larson, and Allmaras, 1988; Hadas, Wolf, and Rawitz, 1983, 1985; Hadas
etal., 1990). Increased soil strength is reflected not only in soil resistance to
root proliferation, seed swelling, or tuber expansion, but also in restricted
seedling emergence due to soil seals (Marshall, Holmes, and Rose, 1996).
Nevertheless, under arid or semiarid situations, where soil moisture condi-
tions are marginal, some soil compaction over the sown seeds has been
found to improve germination and emergence (Hudspeth and Taylor, 1961;
Dasberg, Hillel, and Arnon, 1966) and has been adopted as a common agro-
nomic practice.
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SOIL ENVIRONMENT—PHYSICAL ASPECTS

Soil is seldom an ideal environment, and it can be quite hostile to germi-
nating seeds and emerging seedlings. Yet soils form the natural habitat in
which most seeds germinate and the environment with which they interact
and with which they establish themselves successfully, provided that the
soil system and its constituents meet their requirements.

The Soil—A Three-Phased System

Soil is a three-phased system comprising solids (predominantly miner-
als, e.g., weathered primary parent materials, secondary particles—mainly
clays—and organic matter), liquid (water and dissolved salts), and gases
(a mixture in varying proportions).

The Solid Phase

Soil Constituents and Texture

The solid phase consists of (1) primary particles derived from the
nonweathered rocks and deposits from which the soil is developed; (2) sec-
ondary minerals (clays) that are electrically charged, derived from weath-
ered primary particles (Marshall, Holmes, and Rose, 1996); and (3) organic
materials that consist of fully and partly decomposed organic residues and
plant parts such as roots, fungal mycelia, and decomposed fauna.

Soil Structure

Solid soil particles of various origins, properties, and sizes, mixed in var-
ious proportions, define the textural soil types (e.g., sandy soils, clay soils).
The solid soil particles are spatially arranged in various skeletal matrices
that exhibit certain structural hierarchies (Tisdall, 1996; Tisdall and Oades,
1982; Hadas, 1987b; Dexter, 1988). These hierarchies are made of struc-
tural subunits of various sizes, in a variety of spatial arrangements, and have
complex pore networks within and between the particles. In these pores, air
and soil solution are found in varying proportions. The structural hierarchy
follows a general pattern in which the smallest basic units, clay domains or
tactoids (1 to ~20 um in size) made of clay particles, are joined together by
cation bonds, electrical attraction, and/or organic cements. These domains
combine with larger particles and organic cementing substances to form
microaggregates (50 to 200 pm in size) which, in turn, form larger units and
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so on (semi- and macroaggregates, clods, and blocks). The larger the soil
unit is the coarser are its pores and the greater the number of interunit fis-
sures. These structures recall the internal arrangement of smaller, denser
units encapsulated in larger, more open ones (Tisdall and Oades, 1982;
Oades and Watts, 1991). The pores are smallest in diameter within the do-
mains and largest among the largest structural units. Soil structures, formed
under natural conditions by wetting and drying, freezing and thawing, and
swelling and shrinking cycles, or formed artificially by tillage operations,
show great variability (Dexter, 1988, 1991; Marshall, Holmes, and Rose,
1996; Hadas, 1997).

Soil structure determines both total soil porosity and pore size and con-
nectivity distributions. Intraparticle cohesion and interparticle adhesion are
largest within and between the clay domains, and both decrease as the size
and complexity of the structural units increase, because of the diminishing
number of interparticle contact points and the increasing number of fissures
and cracks. The structural stability of such a complicated matrix depends
greatly on moisture content (which weakens cementing bonds and electri-
cal attraction), internal stresses (caused by swelling, water surface tension,
entrapped air pressure, and overburden), and external loads (vehicular traf-
fic and animal tracking). Under these stresses soil structures will deform,
fail, or collapse (slaking, compaction, seal forming) if the bonding forces
(cohesion and adhesion) are weaker than the loads imposed on the structure
(Hadas, 1987b; Dexter, 1988; Marshall, Holmes, and Rose, 1996). Both
pore volume fraction and pore size distributions are closely related to water,
thermal, and aeration regimes, as well as to the soil mechanical properties
of natural soil environments or artificially produced seedbeds. Soil struc-
tural changes in response to climatic conditions (rain, freezing, and thawing
events) or human activities (irrigation, tillage operations, compaction)
cause great variations in soil density, total soil porosity, and pore size distri-
bution and thus affect the water, thermal, and aeration regimes and soil
strength (Marshall, Holmes, and Rose, 1996; Hadas, 1997).

Obviously, soil structure and its stability are of great importance to seed
germination. Seeds may fall into natural fissures and cracks or be sown in
between crumbs formed by tillage. Some may germinate; others may be en-
trapped by unstable, slaking structures or within fissures closed by swelling
soil and their germination may be delayed or inhibited, or they may reenter
secondary dormancy (Egley, 1995).

Soil Mechanical Behavior, Soil Crusts, and Soil Compaction

Soil mechanical behavior is determined by the intra- and interparticle
bonds (cohesion and adhesion, respectively) which become stronger as the
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spacings between soil particle and unit diminish (i.e., as soil density in-
creases). These forces are manifested in soil resistance to shear by tillage
implements, compressibility under vehicular loads, impedance to penetra-
tion by fine needles, and tensile resilience. Soil impedance affects seed wa-
ter uptake, thus, in turn impairing seed germination and stand establish-
ment. Seed mechanical resistance can also diminish stand establishment by
affecting elongation of radicles and roots and the emergence of coleoptiles
and hypocotules through soil crusts (Bowen, 1981; Hadas and Stibbe, 1977;
de Willingen and van Noordwijk, 1987; van Noordwijk and de Willingen,
1991; Unger and Kaspar, 1994; Marshal et al., 1996). Soil structure disinte-
gration and slaking caused by fast soil surface wetting (because of low soil
structural stability, raindrop impact, fast wetting, and implosion by en-
trapped air) and the subsequent formation and densification of soil seals re-
duce water infiltration and aeration. These crusts greatly impede seedling
emergence, and this impedance increases as they become denser and drier
(Bolt and Koening, 1972; Hadas and Stibbe, 1977; Dexter 1988; Bradford
and Huang, 1992; Morin and Winkler, 1996).

Soil compaction results in soil densification caused either by shrinkage
or external loads. Compaction, therefore, reduces the total soil porosity,
pore size, gaseous exchange, and water infiltration, and increases soil im-
pedance to penetration, impairing water spatial distribution and restricting
seed germination and seedling establishment (Bowen, 1981; Hadas, Larson,
and Allmaras, 1988; Gupta, Sharma, and De Franchi, 1989; Unger and
Kaspar, 1994; Horn et al., 1994). Complete alleviation of an impaired soil
physical environment depends on the processes that led to that impairment.
The deleterious effects of crusts are rather easily alleviated by delicately
fragmenting the newly formed crust, but complete rehabilitation of proper-
ties of compacted soil is almost impossible; great energy inputs are required
to break up the dense soil into a favorable seedbed. Such efforts usually re-
sult in coarser seedbeds, improper stands, and lower yields (Hadas, Wollf,
and Rawitz, 1983, 1985; Hadas et al., 1990; Wolf and Hadas, 1984).

Water Regimes In Soils
Water Content

In an air-dry soil, a minute amount of water is adsorbed on soil particles
(hygroscopic water content), whereas in a saturated soil the pore system is
completely filled with water. The water-filled volume fraction of the soil,
termed the volumetric soil water content, 0,,, varies widely, especially in the
upper soil layer. These variations depend on climatic and environmental
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conditions (e.g., rain, evaporation, drainage, vegetation, and human activity
(irrigation). Integration of 6,, with respect to depth gives the total water
amount held in the soil to a given depth. Periodic integration of 6,, with re-
spect to soil depth leads to estimates of the soil water balance, i.e., the
amounts of water added to or withdrawn from a given soil volume. Quanti-
tative predictions of water movement into, within, and out of the soil can be
derived from knowledge of the soil water energy status, i.e., the soil water
potential, ‘¥, ;, the water transport properties of the soil, and the appropri-
ate physical equations governing water movement in soil.

Soil Water Potential

Various forces act on water adsorbed or held in the soil pores (e.g., gravi-
tational, hydrostatic, matric forces derived from soil surface-water-air inter-
actions, osmotic forces, and swelling forces derived from soil clay-water in-
teractions). The influence of each of these forces, or their combinations, on
soil water is given by the amount of work that must be done when a minute
amount of water is transferred from a reference pool of water to the soil.
That amount of work is termed the soil water potential (Kutilek and Niel-
sen, 1994; Marshall, Holmes, and Rose, 1996).

The soil water potential, ¥, is the algebraic sum of the several specific
soil water potentials derived from the various forces acting on soil water. It
is given in Equation 1.1, where ‘I’g, ‘-Pp, Y, ¥, and ¥ are the gravita-
tional, hydrostatic, envelope (overburden, mechanical constraint), matric
(derived from the adsorbed, interfacial soil-air-water tension), and osmotic
soil water potential components, respectively. The gravitational and hydro-
static components (¥, and V) can be ignored when one deals with germi-
nating seeds affected by a small volume of nonsubmerged, moist soil sur-
rounding them (Equation 1.1a).

Yu=Y, +¥, +¥, +¥, +¥ (1.1)

P
Y =¥, +¥, +¥, (1.1a)

SOl

When a soil is either saturated or submerged in pure water, ¥, has neg-
ative values relative to pure water under the same conditions. In practical
terms it means this water uptake by seeds or roots from unsaturated soil is
carried out at the expense of metabolic energy. The osmotic component,
Y ., varies with salt concentrations and compositions, clay content, and
clay type and requires a semipermeable membrane separating the soil water
from the seed cells. The matric component, ‘¥, , exists in unsaturated soils
and depends on water content, soil pore size, distributions, and soil struc-
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tural stability. The relationship between 6,, and ¥, is known as the soil
characteristic or retention curve. Assuming the soil pores resemble bundles
of capillary tubes (Marshall, 1958, 1959), the first pores that will be drained
under minute matric forces will be the large ones (the interaggregate pores,
or fissures and cracks). As '¥,, decreases, the smaller pores drain, with the
narrowest pores (in the clay domains in which water is held by very strong
matric forces) draining last. Upon wetting, the filling order of pores with
water is the reverse of the draining order. Soil water characteristics curves
are not unique and depend on the way they were obtained, either by drain-
ing a saturated soil or by wetting an unsaturated or an air-dry soil (Kutilek
and Nielsen, 1994; Marshall, Holmes, and Rose, 1996). This phenomenon
is called soil water characteristic hysteresis. The measured ¥, for a given
6,, will be lower for the draining characteristic curve than for the wetting
one. This discrepancy results from irregular pore cross sections, bottlenecks
connecting pores of differing radii, and smaller wetting angles than at drain-
ing (Kutilek and Nielsen, 1994; Marshall, Holmes, and Rose, 1996). In
practical terms, this means that a seed embedded in a moist soil will start
imbibing at a given value of ¥,,, which will decrease instantaneously be-
cause of the abrupt change from wetting to draining characteristics. These
variations in '¥,, will be further aggravated if the seeds are placed in aggre-
gated beds in which wide hysteretic variations are to be expected and are
partly explained by the pore exclusion principle (Amemiya, 1965; Mar-
shall, Holmes, and Rose, 1996).

Swelling Soils and Collapsed Soil Structure Matric Potential

During fast wetting, the soil structure deteriorates and breaks down
(slakes), the structural fragments are reorganized, and, as in the case of clay
soils, the soil undergoes volume change upon wetting or drying. In these
cases, the pore system and the water characteristics of the soil change (Mar-
shall, Holmes, and Rose, 1996). Upon draining, swollen or slaked soils re-
main saturated, although an appreciable volume change may be observed
and ¥, becomes negative. Thus, seeds embedded in swollen or slaked soil
may be subjected to oxygen deficiency during germination. Seeds germi-
nating under external load or caught in a drying clay or compacted soil may
be adversely affected by the confining pressure the external load or shrink-
ing material may exert on them, reducing their ability to take up water and
germinate (Collis-George and Williams, 1968; Hadas, 1985).
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Water Movement in Soils

Water is forced to move in soil when there is a driving force resulting
from a water potential gradient between two points in the soil or between
seed and soil water. The rate of movement depends on the prevailing water
potential gradient and the water conductivity of the matrix in which water
movement occurs (e.g., seed or soil). As the water moves, the water content
of a given soil volume may be depleted, remain unchanged, or increase. A
general quantitative description of water flow, which accounts for water
content variations (law of conservation of matter) that account for water po-
tential and water content variations, is given in Equation 1.2, where g, is the
instantaneous water flux and K is the soil water conductivity. In saturated
soil it will be termed the soil hydraulic conductivity, K, and in an unsatu-
rated soil it is termed the soil capillary water conductivity, K(6,,). K, de-
pends on the soil pore-size distribution, pore connectivity, and the total wa-
ter content, whereas K(6,,) depends on soil pore-size distribution and pore
connectivity within the water-filled soil volume fraction,

8/0x(q,,) = 06,,/0t = BIOX[K(D,)OW,,,/ox] = 8/6x[D(8,,)80,,/0x] (1.2)

where (00,,/0t) is the time variation of the volumetric water content and
D(,,) = K(6,)[0Y,,(6,,)/00,,] is the soil diffusivity to water, and [0¥(6,,)/06,,]
is the specific water yield or specific water capacity (Kutilek and Nielsen,
1994; Marshall, Holmes, and Rose, 1996). In aggregated beds K| increases
with increasing aggregate size, but as the soil matric potential decreases
K(8,,) increases as the aggregate size decreases (Amemiya, 1965).

As water is removed from an unsaturated soil, 0,, may change, some-
times causing changes in ‘¥, and ¥, ; and in the soil capillary conductivity
to water, K(0,,). These changes depend on the water amounts taken up and
in which mode (wetting or drying). Solutions for Equation 1.2, derived for
particular cases, e.g., water flow to seeds or roots, will be given and dis-
cussed in the following.

Temperature Effects on Soil Water Characteristics
and Transport in Soils

Soil water properties, i.e., water characteristics, conductivity, and diffus-
ivity, are temperature dependent. Water characteristics are affected mostly
by temperature because of changes in water surface tension and volume
changes of entrapped air bubbles. The soil water matric potential decreases
as the temperature increases, but changes observed in dry or saturated soils
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were smaller than those in moist to wet soils (Taylor and Stewart, 1960;
Chahal, 1965). Water conductivity and diffusivity are affected by tempera-
ture-related changes in water viscosity and vapor diffusion, condensation,
and evaporation in pores (de Vries, 1958, 1963). Temperature gradients
cause water, in both liquid and vapor phases, to move from high to lower
temperature zones in the soil (Philip and de Vries, 1957).

In moist soils the diurnal temperature wave will tend to reduce soil water
loss to the atmosphere during the day by forcing the water to follow the heat
wave into the soil. During the night the direction of water movement is re-
versed and losses to the atmosphere increase for a few days (Hadas, 1975)
while the water is in the soil surface layer. Diurnal variations in water con-
tents due to deposition and evaporation of water vapor condensation have
been observed (Rose, 1968; Hadas, 1968; Jackson, 1973) and affect germi-
nation, as suggested by Collis-George and Melville (1975) and Wuest,
Albrecht, and Skirvin (1999).

Soil Thermal Regime

The radiant energy, intercepted at the soil surface, governs the thermal
regime of the soil. Its measure depends on latitude, land slope and relief,
soil color, and vegetative cover (van Wijk, 1963). A rather small amount of
the intercepted radiative energy heats the soil; a fraction of it is reflected,
another fraction is reradiated as infrared radiation, a fraction directly heats
the air in contact with the soil surface, and the rest is dissipated as latent heat
by evaporating soil water. The soil heat flux, G, depends strongly on the
thermal properties of the soil, namely soil heat capacity and thermal con-
ductivity, which vary with soil texture, structure, bulk density, and water
content (Buckingham, 1907; van Duin, 1956; van Wijk, 1963; de Vries,
1963).

Diurnal and annual radiation patterns result in diurnal and annual heat
waves. The amplitude and phase shift of the diurnal wave strongly influence
germinating seeds through (1) variations in Q,,,* the rate of biological pro-
cesses; (2) changes in the level of the competition for available oxygen with
the surrounding microbiota; (3) changes in soil water properties (osmotic,
matric and potentials, water conductivity, and diffusivity); and (4) coupled
thermal, liquid, and vapor transport processes, vapor condensation, and
evaporation (Philip and de Vries, 1957; de Vries, 1963; Hadas, 1968;
Kutilek and Nielsen, 1994).

*Q1o: a factor for the change in reaction rate for a 10°C temperature increase
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Volumetric Heat Capacity

The volumetric heat capacity of a soil, C, depends on the volumetric con-
tents of the soil constituents, and their specific heat capacities and can be
calculated from the sum of the respective products (the volumetric content
of each soil constituent by its specific heat capacity). The greater the volu-
metric water and/or the solid fractions, the greater the soil volumetric heat
capacity (de Vries, 1963). A larger volumetric heat capacity means that a
greater amount of heat will be required for a given temperature increase of
a given soil volume. In practical terms this means that a dry seedbed with a
low volumetric heat capacity will tend to reach high temperatures during
the day and low temperatures in the later part of the night. Such fluctuations
expose young seedlings to risks of sun scorching during the summer and of
frost damage in the early spring. These variations can be greatly moderated
by increasing the volumetric heat capacity by increasing 0,, through irriga-
tion and/or by compacting the soil.

Thermal Conductivity

The soil thermal conductivity, A, depends strongly on soil constituents,
i.e., the solids, air, and water. Whereas air is a poor conductor, the solid par-
ticles and water are good conductors; the heat conductivity of soil solids is
four to five times greater than that of water, which is in turn about three or-
ders of magnitude greater than that of air. In saturated soils and air-dry soils
only two constituents contribute to A, i.e., solids and water and solids and
air, respectively. The thermal conductivity of a moist, unsaturated soil de-
pends on all three constituents and can be calculated from their volume
fractions, particles shape, and their respective thermal conductivities, as
suggested by de Vries (1963), or it can be measured (van Wijk, 1963). The
soil thermal conductivity increases as the solids and water volume fractions
increase, due to better interparticle contacts.

Heat Transfer

The generalized heat transport relationship in soils is derived from Fou-
rier’s law, G =—A dT/dx, in which G is the soil heat flux, d7/dx is the temper-
ature gradient, and A is the effective thermal conductivity. Under natural
conditions in which the temperature of the soil surface varies constantly, the
general heat transfer that takes account of temperature changes with time
(law of energy conservation) is given, for a certain depth z, in Equation 1.3,
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in which (07/0¢) is the rate of temperature change with time at a given point
in the soil,

(0T/ot) = 0/0z[Mpc(0T/0z)] = 0/02[x0T/0z7] (1.3)

where (027/072) is the rate of change of temperature gradient with respect to
distance, A is the effective thermal conductivity, pc is the volumetric heat
capacity, and k¥ = A/pc is the thermal diffusivity of the soil (Marshall,
Holmes, and Rose, 1996).

Diurnal and Annual Temperature Cycles in Soils

Although the diurnal and annual heat waves appear as a single, com-
pound wave, it is possible to distinguish between the cycles by assuming the
soil surface temperature to follow two different sinusoidal waves. The soil
temperature dependence on time, #, and depth, z, for a homogeneous soil is
given in Equation 1.4, where 7(z, ¢) is the soil temperature, » = 27/t T is the
period (day, year), and A, and A, are the amplitude and mean temperature
at the surface, respectively (Carslaw and Jaeger, 1959; Kirkham and Powers,
1972).

T(zt) = A,, + Agexp — {(0/2x) 12z} sin{of — (0/2x) 12z} (1.4)

The exponential term signifies the decay with depth of the temperature
amplitude, and the argument of the sine term yields the lag between the
times at which maximal or minimal temperature is reached at the soil sur-
face and at depth z. The diurnal wave penetrates to a depth of 15 to 35 cm,
and the annual wave to as much as 6 m, depending on the soil thermal prop-
erties. Normally, sown seeds are confined to the shallow layer below the soil
surface, where they will be subjected to temperature amplitudes almost
equal to those at the soil surface with a minimal time lag. Seeds sown into
an aggregated seedbed may be scorched by extreme midday temperature
amplitudes during the summer or be exposed to freezing hazards during late
autumn and early spring. Kebreab and Murdoch (1999a) reported that in-
hibitory effects of temperature on germination were more evident under
fluctuating than under constant temperatures; they found that the effect of
high temperatures on germination was greatly influenced by the amplitude
and thermoperiod of fluctuating temperature (Kebreab and Murdoch, 1999b;
Stout, Brooke, and Hall, 1999).
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Temperature Cycles in Layered Soils and Seedbeds

The temperatures around seeds are greatly affected by the aggregate size
distribution, water content, and the existence of soil seals. Under natural sit-
uations, the soil thermal properties vary with time and soil depth; therefore,
the heat wave becomes more complex with depth, and this is especially true
in seedbeds in which great variations in soil structure and layering exist
within short horizontal and vertical distances. These variations result in
large temporal and spatial variations of A, pc, and «; therefore, the thermal
regimes of these soils cannot be predicted by simplified analytical equa-
tions as given previously (Hadas and Fuchs, 1973). Peerlkamp (1944), van
Duin (1956), and van Wijk and Dirksen (1963) developed analytical models
for predicting the changes in soil temperature in layered soils. However,
where the soil properties and structure vary continuously, the analytical so-
lutions fail and predictions of changes in soil temperature in layered soils
require the use of computers and complex computer programs. Neverthe-
less, some conclusions can be drawn from the previous analysis. When an
aggregated bed or a layer of dry soil lies over dense, moist soil, the soil sur-
face temperature fluctuations will show increased amplitudes and the heat
wave penetration will be shallower. This theoretical finding supports the
practice of using dry mulches on the soil, either to keep the soil cooler in the
summer or insulate it from cold in the late autumn.

Temperature Dependence of Q,, Coefficient

The diversity in the effects of temperature on germinating seeds caused
by variations in the O, coefficient of enzymatic reactions is rather compli-
cated. O, varies between 1.5 and about 3 for productive and synthesis reac-
tions (which means that for each 10°C rise in temperature, the reaction rate
increases by a factor of 1.5 to 3) and may be as high as 6 for denaturization
processes (Voorhees, Allmaras, and Johnson, 1981). The Q,, biological re-
action rate coefficient, defined by R;/R,—Q,,[(T2-T1/10)] is derived from a
nonlinear relationship and its accumulated effect under fluctuating temper-
atures may be greater by 15 to 40 percent than that calculated from the Q,,
value for the constant, mean temperature. This explains why seeds under a
fluctuating temperature regime germinate faster then those under the con-
stant mean temperature.

Aeration Regime

Water-free voids in the soil matrix contain mixture of gases, the propor-
tions of which change with depth, temperature, root and microbial activity,



Seedbed Preparation—The Soil Environment of Germinating Seeds 19

water content, and void connectivity. Gaseous exchange occurs through air-
filled pores and across water films. When the soil is air-dry the pore volume
is air filled and free exchange is possible, whereas in a saturated soil, al-
though the pores are water filled, some air bubbles are entrapped. Near the
soil surface the soil air composition is very similar to that of the outer atmo-
sphere (~79 percent N,, 21 percent O,, 0.03 percent CO,, and other gases)
(Marshall, Holmes, and Rose, 1996). Normally, the oxygen concentration
decreases with soil depth while the concentrations of CO, and ethylene in-
crease. During gaseous exchange, oxygen moves into the soil while CO,
and ethylene move out of the soil. This exchange combines mass exchange
driven by soil temperature and/or barometric pressure-related soil-air ex-
pansion, wind gusts at the surface, air displacement by rain or irrigation wa-
ter, air entry resulting from soil desiccation, and gaseous diffusion. Diffu-
sion is the most important gaseous exchange process in soils (Buckingham,
1904; Rommel, 1922; Marshall, Holmes, and Rose, 1996). Wind-generated
air turbulence, which enhances diffusive exchange, is most effective in ag-
gregated soil, where the gas exchange flux can be as high as 100 times the
molecular diffusion flux, provided there are no seals (Farrell, Greacen, and
Gurr, 1966; Farrell and Larson, 1973). For germinating seeds found next to
the surface, oxygen supply by molecular movement, i.e., diffusion through
the soil surface and within the air-filled soil pores, is of great importance.
Seeds take up oxygen only after it has crossed the water films surrounding
them under optimal situations, or after it has passed through water films,
water-filled pores, or even saturated seals when adverse conditions prevail.

Molecular diffusion is described by the first Fick equation, in which the
instantaneous oxygen flux, ¢g,, is driven by the oxygen gradient, dC/dx, and
Defis the effective soil-air diffusion coefficient (Equation 1.5).

Qo = ~D,pdCldx (1.5)

In a medium such as soil, in which diffusion may occur only through in-
terconnected air-filled pores or water films, D,, equals a complex mean
weighted value combining its value in water D,, and the effective continu-
ous air-filled pore volume fraction (Buckingham, 1904; Currie, 1961, 1983,
1984; Currie and Rose, 1965; Marshall, Holmes, and Rose, 1996). Various
simple relationships have been derived for the D, /D,;,, e.g., D,/D,;,= b6,
(Pennman, 1940), or as power functions of 6, (Marshall, Holmes, and
Rose, 1996). These relationships point out the wide variations in D,, with
0,,- (volumetric air content). Greenwood (1975) and Wesseling (1974)
have shown that for a volumetric water content 6,, < 0.10 or 0.12, respec-
tively, pore connectivity disappears and diffusion will occur only through
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the water in the soil pores. The oxygen diffusion coefficient in water is
smaller than that in air by a factor of 104; therefore, it may well be that the
oxygen supply rate to germinating seeds imbedded between moist soil
crumbs in a well-prepared seedbed is controlled only by the water film cov-
ering the seeds. However, the O, supply in compacted or sealed soil will be
reduced, because of the low porosity and high water content, respectively.
The degree of impairment will be greater if, in addition to the factors just
mentioned, the temperature is high, so that high biological activity will be
enhanced (Glinski and Stepniewski, 1985; Glinski and Lipiec, 1990).

SEEDBED PREPARATION, CHARACTERIZATION
OF SEEDBED ATTRIBUTES, AND SEEDBED ENVIRONMENT
CONDITIONS AND SEED GERMINATION

The seedbed is the finely tilled, loose topsoil layer especially prepared to
ensure fast, uniform germination and emergence into which seeds are sown
(Keen, 1931; Slipher, 1932). Seedbed preparation requires a sequence of
tillage operations aimed at fragmenting the bulk soil, manipulating the dis-
turbed soil structure and improving soil tilth; it provides favorable air,
water, and heat regimes and reduces mechanical resistance to seed germina-
tion, emergence, and root development (Slipher, 1932). Great importance is
given to specifying and then attempting to produce a desired seedbed
(Braunack and Dexter, 1989a,b; Dexter, 1991; Hadas, 1997); nevertheless,
all the great effort, labor, and equipment invested in producing a specified
seedbed may be wasted. The seedbed may, under optimal conditions, com-
plete its usefulness within few days after sowing, once seedlings are estab-
lished, but under the impact of adverse weather the soil structure may fail or
collapse because of fast wetting and drop impact. As a result, the failed
structure may impose mechanical constraints on seed germination and
stand establishment.

Seedbed Preparation and Seedbed-Characterizing Indices

A bulk soil structure that has settled during previous seasons has to be
fragmented and modified by one or more tillage operations and rearranged
into a seedbed made of layers of aggregates that vary in their size ranges
(Ojeniyi and Dexter, 1979a,b; Hadas and Shmulewich, 1990). Purposely
modifying a soil bulk structure to form a desired seedbed is always a matter
for compromises, aiming to minimize the risks of failures of seed germina-
tion, emergence, and stand establishment under anticipated future weather
conditions, soil structure variations, and resultant seedbed environmental
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conditions, while reducing energy and labor investments. For each combi-
nation of soil, soil structure, structural stability, local climate uncertainties,
and crop, several possible compromise solutions exist, derived by trial-and-
error procedures (Hadas, 1997; Hadas, Wolf, and Meirson, 1978; Hadas,
Wolf, and Stibbe, 1981; Unger, 1982).

Under arid conditions, the establishment of a uniform stand requires
good seed-soil-water contact to ensure rapid water uptake and seedling
emergence and to avoid the effects of fast soil-surface drying and crust
hardening (Hillel, 1960; Hadas, 1997; Hadas and Stibbe, 1977). These re-
quirements dictate a seedbed made of small, fine aggregates with narrow
size distribution, so as to ensure good seed-soil contact and low evaporative
losses (Russel, 1973; Hadas, 1975; Hadas and Russo, 1974a,b). However, a
finely aggregated seedbed presents increased crusting hazards upon wetting
and drying (Hadas, 1997). Under wet conditions, improved drainage, aera-
tion, and enhanced soil warming in cold regions are sought, which stimulate
efforts to produce coarse tilth and to shape the soil surface as ridges or
benches to improve drainability and increase air-filled porosity. However,
these latter benefits will be balanced by reduced heat capacity and thermal
conductivity, which increase the risks of enhanced temperature variations
near and at the soil surface in hot regimes, or even those of freezing in cold
regimes (van Duin, 1956; van Wijk and Dirksen, 1963).

Soil Tillage and Seedbed Formation

Tillage implements exert external stresses on the soil bulk causing it to
fail in several different modes (brittle, shear, compressive, and plastic defor-
mation), depending on initial soil conditions (bulk density, water content
and existing fissures, cracks, root channels), tillage implements, type, and
modes of operation. The extent, mode, and fineness of soil failure or frag-
mentation determine the need for further tillage work and ultimately the
quality of the produced seedbed.

Field soils that are compacted and tilled periodically consist of neatly ar-
ranged soil clods, macroaggregates, and blocks, differing in their size den-
sity and crack networks (Hadas, 1997). When tilled, soil units are separated,
torn, or fragmented and moved sideward and upward. In dry soils, several
tillage implements are applied sequentially to fragment the soil and pro-
duced the desired seedbed tilth (Hadas, Wolf, and Meirson, 1978). The
number of tillage passes required diminishes as soil water content nears that
of the plastic limit water content, which is approximately that of wilting
point in many soils (Dexter, 1988, 1991; Hadas and Wolf, 1983; Hadas,
Wolf, and Meirson, 1978). Current knowledge of soil fragmentation pro-
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cesses is very limited; therefore, exhaustive tillage trials are required to ob-
tain the resulting soil fragmentation data (Dexter, 1977; Koolen, 1977,
Hadas, Wolf, and Meirson, 1978; Hadas and Wolf, 1983; Gupta and Larson,
1982; Perdok and Kouwehoven, 1994; Guerif et al., 2001; Young, Craw-
ford, and Rappoldt, 2001). The total inputs of energy and labor in tilling
soils depend on (1) soil conditions and constituents (density, water content,
fissures, pores and failure plane nets, surface energy of soils), (2) types of
implements used, and (3) the soil structure fineness required (Gupta and
Larson, 1982; Hadas, 1987a, 1997; Hadas and Wolf, 1983; Hadas, Wolf,
and Meirson, 1978; Wolf and Hadas, 1987; McPhee et al., 1995; Royten-
berg and Cheplin, 1995; Perfect, Zhai, and Belvins, 1997). It becomes obvi-
ous that any proposed seedbed preparatory procedure must be based on a
huge database and must be formulated along a delicately balanced, com-
pound probabilistic approach. That approach has to account for (1) annual
and seasonal weather variability; (2) known probabilities of attaining the
right tilth by using the right implements in the proper order and the best pos-
sible soil conditions; (3) soil tilth stability and probability of seedbed failure
caused by weather events, traffic, etc.; and (4) known characteristics and
behavior patterns of seed lots. In the light of the complexity of the processes
involved, our current knowledge gaps, and our inability to assess the proba-
bilities of the various system components, such an approach eludes us and
any simple seedbed modeling and forecasting of its properties is precluded
(Hadas, Wolf, and Meirson, 1978; Hadas, Larson, and Allmaras, 1988;
Kuipers, 1984; Lal, 1991; Hadas, 1997; Guerif et al., 2001).

In order to standardize seedbed preparation, some physical indices, char-
acterizing the preferred soil seedbed structure to be obtained, have to be de-
fined, tested, and accepted as recognized and official indices. Suggested
physical determinations of seedbed characteristics have appeared and have
been discussed in the literature. The characteristics addressed included total
porosity, aggregate size distribution, shear strength, infiltration rate, sorp-
tivity, aggregate stability to water and wind abrasion, and resistance to pen-
etration (Russell, 1973; Hadas and Russo, 1974b; Tennent and Humblin,
1987; Braunack and Dexter, 1989a,b; Thurburn, Hansen, and Glenville,
1987; Christiansen, Foley, and Glanville, 1987; Collis-George and Lloyd,
1979). The procedures to determine these indices have also been described
(Hadas, Wolf, and Meirson, 1978; Tennent and Humblin, 1987; Braunack
and McPhee, 1991), but so far none of the indices have been recognized as
official indices, probably because their determinations are cumbersome and
demand much time and labor, and once determined they may change in an
instant by rainfall, irrigation, or traffic.
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Seedbed Aggregate Size Distribution and Seed Germination

The most commonly used seedbed-defining index is the size distribution
of the aggregates found at the seed placement depth. Russell (1973) has
suggested that a seedbed consisting of aggregates larger then 0.5 mm but
smaller then 5.0 to 6.0 mm will provide the ideal conditions for seed germi-
nation and emergence. In general, smaller aggregates reduce soil water
evaporation and soil drying (Holmes, Greacen, and Gurr, 1960; Farrell,
Greacen, and Gurr, 1966; Kimball and Lemon, 1971; Hadas, 1975). Nasr
and Selles (1995) used two logistical models to predict wheat seed germina-
tion and concluded that final emergence rates were negatively affected by
seedbed density and aggregate size. Beds made of 0.5 to 3.0 mm aggre-
gates, 3.0 to 10.0 cm deep, were reported to maintain minimal water losses
(Hillel and Hadas, 1972; Hadas, 1975). These seedbeds have to be prepared
prior to soil wetting (Hillel and Hadas, 1972; Allmaras et al., 1977). Hadas
and Russo (1974b) stated that a seedbed should consist of aggregates
smaller than one-fifth to one-tenth of the seed size if seed-soil contact is the
governing factor in water uptake and is crucial to seed germination. These
recommendations seem to be right for medium to large seeds but fail when
small seeds placed next to the soil surface are considered (e.g., celery, car-
rots, sugar beet). Under these situations, soil water content, aggregate size
distribution, and good seed-soil contact are the germination controlling fac-
tors (Hadas and Russo, 1974b); frequent irrigation keeps the soil moist, im-
proves seed-soil contact, and reduces the mechanical impedance of seals
that may be formed.

Soil Surface Relief—Ridged Seedbed

Shaping the seedbed into ridges is a common practice for overcoming
poor stand establishment on poorly drained soils or under low spring tem-
peratures. Sowing on ridges enables the seedbed temperature on ridges to
rise by 2 to 3°C above that of a flat seedbed, which promotes emergence in
wet, cool regions (Spoor and Giles, 1973; Gupta et al., 1990). Ridging im-
proves the utilization of winter-stored soil water by summer field crops and
allows sowing a few days earlier than on flat seedbeds and thus enables
crops to avoid pests (Hadas and Stibbe, 1973; Tisdall and Hodgson, 1990).
However, yields on a flat seedbed may be the same as or higher than yields
on ridges.
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WATER UPTAKE BY SEEDS AND SEEDLINGS

Water uptake by seeds is an essential step toward rehydration of seed tis-
sues and initiation of the metabolic processes in seeds, and the minute
amounts of water required for germination depend on the seed genome and
its individual constituents. The various organs (e.g., embryo, cotyledons)
and tissues differ in their internal physical structure, biochemical proper-
ties, and chemical composition; therefore, they may differ in their water re-
tention, distribution, and swelling properties (Stiles, 1948; Bewley and
Black, 1982; Koller and Hadas, 1982).

Water uptake by dry seeds is characterized by three phases, controlled by
one of of the following factors: (1) the seed properties with respect to water
(e.g., seed water potential, diffusivity to water), (2) the soil-water properties
(e.g., soil-water potential, diffusivity, and conductivity to water of the soil
around the seed), and (3) the hydraulic properties of the seed-soil interface.

The initial phase in water uptake, the imbibition phase, is characterized
by a saturation kinetics pattern, depending on soil-seed contact, seed com-
position, and the seed coat geometry and properties (Hadas, 1982). The sec-
ond phase, the transition phase, is characterized by a low to negligible water
uptake rate. The third phase, the growth phase, is characterized by a rapid,
exponential increase in the water uptake rate, accompanied by the emer-
gence of the radicle. The first two phases are observed in dead, inert, and vi-
able seeds alike, whereas the growth phase is unique to viable, germinating
seeds.

The Imbibition Phase

The imbibition phase, usually considered to be a passive one, starts with
entry into the seed of water, which is distributed in crevices, cracks, and
flaws in the seed cover and tissues and is absorbed by the seed colloids. Wa-
ter uptake rate measurements toward the end of this phase have shown these
rates to be temperature dependent and accompanied by observed increases
in respiration rate and light sensitivity in some seed species (Pollock and
Toole, 1966; Taylorson and Hendricks, 1972; Tobin and Briggs, 1969;
Karssen, 1970; Berrie, Paterson, and West, 1974). These observations sug-
gest that water uptake during imbibition is not passive at all but instead be-
comes an active process at a rather early stage of this phase. The end of the
imbibition phase is generally marked by an asymptotic approach to a final
water gain. The rate of approach to the final value of water gain and its value
depend on soil water potential, soil hydraulic properties, and seed composi-
tion (Hadas, 1982; Bradford, 1995).
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The Transition Phase

During the transition phase, also known as the pause phase (Haber and
Luippold, 1960), the seed moisture content, respiration rate, and apparent
morphology remain unchanged. Nevertheless, a variety of metabolic pro-
cesses are activated (Koller and Hadas, 1982), and differences in activity
levels of processes and the order of their occurrence have been observed
among seeds of various species and among seeds differing in their hydra-
tion levels (Hegarty, 1978). Therefore, any adverse environmental condi-
tions may lead to redrying of the seeds, so water stressing them and affect-
ing their hydration levels may impair, retard, or even inhibit germination. If
no damage resulted, no dormancy was induced, and no inhibitory processes
were triggered, germination of these seeds upon rewetting would be en-
hanced due to the high concentrations of unused metabolite accumulated
prior to drying (Boorman, 1968; Koller, 1970). These are the basis for seed
priming, a technique known also as “chitting” (Hegarty, 1978) (see Chap-
ter 4).

According to Bradford (1995), the transition phase can be considered as
germination, as its duration influences the initiation time and the extent of
radicle growth. Dormant seeds have been observed to reach the transition
phase and to remain in it for long durations that extend to weeks or more be-
fore germination (Powell, Dulson, and Bewley, 1984; Bradford, 1995).

The Growth Phase

The growth phase starts with an increased respiratory rate, the initiation
of cell division, and extension of the embryonic radicle cells and ends with
radicle protrusion. The renewed water uptake rate depends on the water po-
tential of the soil, adaptation of the seed water potential to soil environmen-
tal conditions, and the seed-soil contact properties (Hadas and Stibbe, 1973;
Hadas, 1982; de Miguel and Sanchez, 1992; Ni and Bradford, 1992; Brad-
ford, 1995). As pointed out earlier, the distinction between the phases is an
arbitrary partitioning of the continuous, sequential order of processes that
leads to germination. Actually, all the processes are interdependent and the
interrelationships between them suggest that each phase greatly depends on
the preceding phases, water uptake rates, and total water uptake (Hadas,
1977a; Hegarty, 1978).

In order to generalize the observations and conclusions brought up previ-
ously and to model germination in various seed-substrate systems, it is nec-
essary to quantitatively define the physical properties of the substrate (e.g.,
soil) and the seed and their interactions. Practically, fulfillment of such a re-
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quirement is almost impossible; instead, one reverts to simple indices or
characteristics such as critical seed hydration level or critical water poten-
tial (Hunter and Erickson, 1952).

It is generally accepted that to germinate, a seed must reach a minimal
water content known as the critical hydration level, defined as the minimal
amount of water taken up by a seed that will induce germination (Hadas,
1970; Koller and Hadas, 1982). It does not reflect the water distribution
among the seed components, nor does it have an absolute value since it de-
pends on the water uptake rate, variations in external soil water content,
temperature, and seed adaptation to variations in these factors (Koller and
Hadas 1982; Hadas 1982). The amount of water gained by the seed is the
weighed mean water gains by the various parts of that seed. Blacklow
(1973) has reported that whole corn seeds gained 75 percent of their initial
weight, whereas the embryos, which form only 11 percent of the seed’s
weight, gained 261 percent, and the endosperm, which forms most of the
seed mass, gained only 50 percent. The critical hydration level concept, de-
veloped for completely immersed seeds, fails in cases of partial seed wet-
ting which occur when the wetted seed volume includes only the embryo
and the adjacent storage tissues (Hydecker, 1968, personal communica-
tion).

Critical water potential is defined as the external water potential value at
or below which seeds cannot reach their critical hydration level. Fully im-
bibed seeds can germinate and start growing even when the substrate or soil
water potential is still decreasing and is far below that critical value
(McDonough, 1975; Bradford, 1995). Hunter and Erickson (1952) deter-
mined critical water potential values of —1.25, -0.79, —0.66, and —0.35 MPa
for corn, rice, pea, and clover seeds, respectively. Values of —1.52, —0.7,
—-1.2, —0.6, and —0.35 MPa were reported for sorghum, cotton, chickpea,
pea, and clover seeds, respectively, by Hadas (1970), Hadas and Stibbe
(1973), and Hadas and Russo (1974a,b). These values were determined un-
der static equilibrium water potential conditions. In practical situations, in
which external water potential varies with water uptake, soil evaporation, or
drainage, these values may change as well. Computed critical water poten-
tial values of —1.4, -2.0,-0.45, —1.1, and —1.5 MPa, for corn, sorghum, clo-
ver, cotton, and chickpeas were reported for dynamic situations and perfect
seed-soil-water contact by Hadas (1970), Hadas and Stibbe (1973), and
Hadas and Russo (1974b). The values obtained for corn indicate that cotton,
chickpea, sorghum, and corn seeds can probably germinate at lower critical
water potentials than those observed for equilibrium conditions by Hunter
and Erickson (1952) and Hadas (1970).
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SEED-SOIL WATER RELATIONSHIPS

Water transport of water into, within, and out of the soil domain and into
the imbibing seed depends on the soil water potential gradients and water
transport properties (conductivity and diffusivity to water) of the various
seed-soil system components (Marshall, Holmes, and Rose, 1996; Koller
and Hadas, 1982; Hadas, 1982).

The water potential of dry seeds is extremely low compared to that of
moist soils (Hegarty, 1978; Hadas, 1982). Seeds brought into contact with a
moist soil will start taking in water at once, at a rate that depends on the wa-
ter potential gradient between the seed and the soil. The seed water poten-
tial will increase in accordance with seed water characteristics, external wa-
ter potential, seed storage materials, and ambient temperature (Mayer and
Poljakoff-Mayber, 1989). Water will move first from the soil and then to the
seed, and as the water uptake proceeds, water will be depleted from the soil
farther away from the seed. The rate and degree of depletion will depend on
the water flux into the seed and hydraullic properties of the soil-seed inter-
face (Collis-George and Hector, 1966; Phillips, 1968; Hadas, 1969, 1970,
1982; Hadas and Russo, 1974a,b; Hadas and Stibbe, 1973; Shaykewich and
Williams, 1971; Williams and Shaykewich, 1971). Changes in soil water
content will induce changes in water potential gradients and water conduc-
tivity, and the seed water potential and diffusivity to water will change as
well (because of seed metabolism and reconditioning of the seed mem-
branes and seed coat).

Seed Water Potential

Air-dry seeds have an extremely low water potential, ¥, ,, ranging be-
tween ~—50 and —100 MPa (Hegarty, 1978), but as the seed imbibes water,
the water content of the seed organs and its water potential increase. Since
the seed organs differ in their constituents and structure, their specific water
potential characteristics will differ; nevertheless, the measured seed water
potential, ¥, reflects equilibrium water potential of the whole seed. The
total water potential of a cell, ¥,,;, in each of the seed organs equals the
algebraic sum of the various water potential components, as given in Equa-
tion 1.6, where Y ., W, co Vi co and Wy . are the total, osmotic,
matric, and turgor water potentials of the cells.

lPcell =Y le, cell t lPT cell (1 6)

os, cell —
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The osmotic cell water potential, ¥ ., reflects the osmotic potential
contributions of the various cell constituents. It changes as the germination
processes progress and adapt to the changing ¥, near the seed. The seed
matric water potential, ¥, ., reflects the matrical forces imposed on the
cell water content by the cell wall structure and neighboring cells. The
turgor component, V.. .., represents the counterpressure exerted by the
stressed elastic cell wall structure in response to the ' ., and the swelling
pressures of hydrated proteins and cell organelles. In general, ¥, has a
negative value except in fully turgid cells. By changing the concentrations
of its constituents and by modification of its membrane activity and selec-
tivity, a cell can regulate its water potential and its water uptake or loss.
Therefore, the ¥,,, changes during the various germination phases and as
an adaptive response to varying environmental conditions, e.g., soil salinity
or soil drying (Hadas and Stibbe, 1973), ¥ .., may well also change when
the seed membranes leak to the environment (Simon, 1974; Hegarty, 1978).

Specific Effects of Y ,Y , and Y, on Seed Germination

The two important soil water potential components, ¥,, and ¥, are di-
rectly involved in water transport to germinating seeds. Seeds have been re-
ported to respond equally to equal changes in these two components, pro-
vided their membranes were intact and fully active (Ayers, 1952; Richards
and Wadleigh, 1952; Hadas and Russo, 1974a; Manohar and Heydecker,
1974; Collis-George and Sands, 1962). Biological systems differ in their
tissue permeability to water and salts and in their susceptibility to salt toxic-
ity (Uhvits, 1946; Collis-George and Sands, 1959; Wiggans and Gardner,
1962; Bewley and Black, 1982; Meyer and Poljakoff-Mayber, 1989). Small
reductions in soil matric potential were observed to affect germination to a
greater extent than equal or even greater reductions in the soil osmotic po-
tential (Uhvits, 1946; Ayers and Hayward, 1948; Collis-George and Sands,
1959; Wiggans and Gardner, 1962; Collis-George and Hector, 1966; Wil-
liams and Shaykewich, 1971; Hadas and Stibbe, 1973; Hadas and Russo,
1974a,b). This difference in response is due to the fact that a slight change
in ¥, involves a change in soil water content, with corresponding reduc-
tions in both soil conductivity to water and seed soil contact (Sedgley, 1963;
Collis-George and Hector, 1966; Hadas, 1970; Hadas and Russo, 1974a,b).
An obvious corollary to that is that the critical water potential cannot al-
ways be taken as the sum of these two components when germination in soil
is considered. The reason for this is that the presence of selective mem-
branes will exclude salts from the water taken in by the seed and leave them
outside the seed, so that ‘¥, ; will increase and will not be directly measured.
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Values cited for critical water potential were determined under constant po-
tential laboratory conditions; therefore, they might differ from those pre-
vailing in real situations.

In natural situations, wetting of the soil by precipitation or irrigation will
increase 0,, and ¥, , decrease ¥, and improve environmental conditions
for germinating seeds as long as aeration is not impaired. However, reduc-
tion in 0,, because of evaporation will decrease both ¥, and ¥, and may
enforce changes in ¥, and reduce the rate and final extent of germination
(Hadas, 1976, 1977a,b). These responses will be further aggravated if seed-
soil contact is impaired as well.

The possibility that the matric soil water potential affects germination by
its direct contribution to the soil effective mechanical stress was examined
by Collis-George and Hector (1966) and by Collis-George and Williams
(1968). Their data suggested that the mechanical effective soil stress re-
stricts seed swelling or even inhibits embryo development. Others (Hadas,
1970, 1977b; Shaykewich, 1973) found that under natural situations, nor-
mal stresses induced in seedbeds are too small to confine seeds or to impair
their germination. A dry seed initially develops swelling pressures of up to
~400 MPa, but upon completion of imbibition the pressure decreases to
~0.1 MPa (Shaykewich, 1973). These values far exceed the normal soil
stresses found in the field to be around 0.12 to 0.34 MPa (Williams and
Shaykewich, 1971; Hadas, 1985). Observed poor germination in com-
pacted soils and next to traffic lanes, or of seeds entrapped in shrinking soil,
can result from greater mechanical constraints than those described earlier
and imposed on the seeds.

MODELING SEED GERMINATION
AND SEEDBED PHYSICAL ATTRIBUTES

Any attempt to model seed germination should address the relationships
between the time course of seed germination, germination rate, final germi-
nation percentage, time lag in germination initiation, and the external fac-
tors affecting germination singly or in combination. Moreover, the model
parameters should be quantifiable, have relevant biological significance,
and be based on measured seed germination time patterns. Models should
provide some forecasting capabilities. Determination of the relevant model
parameters requires proper experimental procedures carried out under con-
ditions that closely resemble actual conditions and that are aimed at mini-
mizing uncertain results. Chapter 3 is fully devoted to analyzing existing
germination models that account for changes in both germination rate and
germination percentage in relation to environmental variables, mainly tem-
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perature and water availability. However, for completeness, modeling seed
germination under field conditions should include quantification of the
changing seedbed properties, the complex spatial and temporal variations
in the soil structure, and the seed reactions to these variations. The final part
of this chapter discusses quantifying the variables involved in these pro-
cesses and developing models on the basis of such quantifications to com-
plement germination models such as those described in Chapter 3.

Modeling Water Flow in Seed-Soil System and Germination

The dynamics of water uptake by seeds can be quantitatively calculated
by applying solutions of Equation 1.2, the pertinent water potential gradi-
ents and water conduction properties, and the appropriate boundary and ini-
tial conditions to the system under considerations (e.g., determination of
D,,.,)- In most reported experimental determination of seed water uptake
data, the experimental procedure used precluded dynamic forecasting based
on water flow. Furthermore, they do not permit any distinction to be made
between specific effects on seed germination and those of changes in water
potential components, conductivity or diffusivity to water, and seed-soil
contact area. Water transport within the seed and from the soil to the seed
can be simplified by (1) assuming seeds to resemble spheres or cylinders
and (2) using water contents and mean weighted diffusivities to water as the
flow equation parameters for solving Equation 1.2, (Phillips, 1968; Hadas,
1970; Hadas and Stibbe, 1973; Hadas and Russo, 1974a,b). This choice be-
tween using variations in water content and using mean weighted diffus-
ivities to water allows one variable (¥, or ¥',,;) to be dropped and simpli-
fies computational complexities (Crank, 1956). Water flow from the bulk
soil toward a germinating seed involves (1) water flow in the soil toward the
seed surface, (2) flow across the soil-seed interface, (3) flow across the seed
coat, and (4) flow into the seed itself (Phillips, 1968; Hadas, 1970, 1982;
Koller and Hadas, 1982; Hadas and Russo, 1974a,b). To estimate water
flow in each subsystem of the seed-soil system, Equation 1.2 has to be
solved for each of the system components by using the specific boundary
and initial conditions and the particular properties with respect to water
(e.g., those of the seed, seed coat-soil, seed-soil interface)

Seed and Soil Diffusivities to Water
Several procedures, based on solving Equation 1.2 for the proper bound-

ary and initial conditions, were used to calculate the seed mean diffusivity
to water (for details see Phillips, 1968; Hadas, 1970; 1982). Reported seed
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diffusivity data for various seeds range from 1.5 x 10-5 to 1.6 x 103 m?/day
(Phillips, 1968; Hadas, 1970; Shaykewich and Williams, 1971; Ward and
Shaykewich, 1972; Hadas and Russo, 1974b). The reported values of soil
diffusivity to water range between 4 x 104 and 5 x 107 m?/day for air-dry to
near-saturated soils (Bruce and Klute, 1956; Rijtema, 1959; Kunze and
Kirkham, 1962; Doering, 1965; Amemiya, 1965). The values for soils are
higher than those reported for seeds. Hadas (1970) has shown that the seed
radius increases as the amount of imbibed water increases. If seed swelling
during imbibition tests for determining seed diffusivity to water was ne-
glected, D, was found to increase with increasing seed mean water con-
tent (Phillips, 1968; Hadas, 1970; 1976, 1977a; Hadas and Russo,1974b;
Ward and Shaykewich, 1972; Shaykewich and Williams, 1971). Collis-
George and Melville (1975) used a solution of Equation 1.2 that accounted
for seed swelling and found that the mean diffusivity of wheat seeds to wa-
ter was 74 m2/day, a value which was practically the same as that reported
by Ward and Shaykewich (1972), who used the simplified solution to Equa-
tion 1.2. Using reported data of soil diffusivity to water, Hadas (1970)
showed that for a seed which maintains a low water potential and an active
metabolic system, the soil can provide water to the seed at a greater rate
than that observed experimentally. These calculations strongly suggest that
seed water uptake and germination are controlled by seed coat imper-
meability apart from the low seed diffusivity to water.

Seed Coat and Seed-Soil Interface Diffusivity to Water

Water flow from the soil into a seed crosses the soil-seed interfacial zone,
which consists of the seed coat and the seed-soil contact zone. Seed-soil
contact is seldom perfect; therefore, a restriction is imposed on water flow
from the soil into the seed. Seed coats vary in their permeability to water
and may be impermeable, partially permeable, fully permeable, or even
conditionally permeable in cases in which coat permeability varies in spots
around the seed.

Seed Coat Permeability to Water

In general, seed coats are nonuniform in shape and roughness and pres-
ent especially differentiated zones such as micropyle, hilum, chalaza, and
areas covered with either hydrophilic or hydrophobic materials (Werker,
Marbach, and Mayer, 1979). These variations in seed coat features (e.g.,
structure, ports of water entry) and properties affect seed coat permeability
to water, seed water uptake rate, and seed-soil contact impedance to water
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flow (Christiansen and Moore, 1959; Manohar and Hydecker, 1974; Stone
and Juhren, 1951; Quinlivan 1971). Morris, Campbell, and Wiebe (1968)
reported seed coat permeability values ranging from 1.8 x 105 to 4.4 x 10-5 m/
day for detached snapbean seed coats. Hadas (1976) calculated seed coat
diffusivity to water ranging from 3 x 10! to 3 x 102, 2.5 x 10-! to 6 x 100,
and 9 x 102 to 1.5 x 109 m2/day for chickpea, pea, and vetch seeds, respec-
tively. The lower values were for low seed coat hydration and increased
with increasing coat hydration. Seed coat diffusivities to water, being much
lower than those of a whole seed, may be considered to restrict imbibition.
However, a decrease in water content, soil water conductivity, or seed-soil
contact area, combined with low seed coat diffusivity to water, may restrict
seed imbibition to a great extent (Dasberg and Mendel, 1971; Hadas, 1970;
Hadas and Russo, 1974a; Williams and Shaykewich, 1971; Ward and
Shaykewich, 1972).

Seed-Soil Interface Geometrical Configuration

The geometrical configuration of the seed-soil interface zone depends on
a combination of seed coat surface properties, seed dimensions, and soil
structure around the seed (Koller and Hadas, 1982; Hadas, 1982). Seeds
placed on the soil surface or buried in a moist soil have partial contact with
the soil particles; these contact points are few and of small area, thus their
number and total area become negligible for seeds lying on the soil surface.
The smaller the soil units are relative to the seeds, the greater the number of
contact points and the total contact area will be (Hadas and Russo, 1974b;
Hadas, Wolf, and Meirson, 1978). When these contact points are wetted
with water, the contact area increases because water films and water collars
form around the contact points; their shape and dimensions depend on the
relative sizes of the seeds and the soil particles and on the water content
(Collis-George and Hector, 1966; Hadas and Russo, 1974a,b). If the seeds
are coated with a hairy cover, contact will be minimal unless the hairy cover
is removed or the soil is compacted around the seeds. The wetted contact ar-
eas may be contiguous with impermeable sections of the seed coat, render-
ing these areas ineffective in transporting water to the imbibing seed. Some-
times, a minute contact point that touches a permeable area, identified as a
port of entry (e.g., chalza, micropyle), can adequately supply the water
needed by the imbibing seed (Berggren, 1963; Hyde, 1954; Manohar and
Hydecker, 1974; Spurny, 1973). Most seeds, other than those sown in agri-
cultural areas, once dispersed come to rest on the soil surface or fall into
cracks, and their germination depends on: (1) enhanced seed-soil contact
area because of soil surface roughness (Winkle, Roundy, and Box, 1991);
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(2) wet priming (Finch-Savage and Pill, 1990); (3) swollen mucilaginous
seed coats (Koller and Hadas, 1982); or (4) specific built-in burial mecha-
nism (Gutterman, Witztum, and Evenari, 1967; Koller and Hadas, 1982;
Meyer and Poljakoff-Mayber, 1989; Young and Evans, 1975).

Impedance to Water Flow Across the Seed-Soil Contact Zone

Under natural conditions, the hydraulic properties of the seed-soil con-
tact zone vary during imbibition because of changing soil water content and
seed-soil contact area. Moreover, these variations cannot be directly mea-
sured. Trials aimed at determining the effects of ¥, ; and soil water conduc-
tivity on seed water uptake and germination have been carried out in porous
substrates, soil plugs on sintered glass, or other materials. Either water flow
was found to be restricted to a segment of the seed surface or the seeds were
mechanically confined so that their swelling and imbibition were inhibited
(Collis-George and Sands, 1959, 1962; Collis-George and Hector, 1966;
Dasberg, 1971). The data interpretation in these studies was criticized by
various researchers, who pointed out that the experimental procedures led
to the observation of the combined effects of soil water content, soil me-
chanical stresses, water conductance, and seed-soil interface on germina-
tion (Hadas, 1970; Hadas and Russo, 1974a; Sedgley, 1963). Hadas and
Russo (1974a,b) developed and used a procedure to enable determination of
the separate effects of each of the water potential components, capillary
conductivity to water, and seed-soil contact on seed germination. Their ex-
perimental results led to the conclusion that seed-soil contact impedance to
flow increases with the decreasing seed wetted area, soil conductivity to
water, or both. Contact impedance to water flow for a given size of seed and
for a given ¥,, increases with increasing coarseness of the soil texture,
structure, or both. The final germination percentage was not affected by ei-
ther \¥,,; or K(0,,), as long as '¥,,; was higher than ¥, (Hadas and Russo,
1974a,b).

The model derived by Hadas and Russo (1974b) furnished a correlation
between seed-soil water contact impedance and either wetted percentage of
seed surface area or K(6,). Solutions of Equation 1.2, with the appropriate
boundary and initial conditions for each part of the soil-seed system, en-
abled prediction of water uptake time courses that agreed well with data ob-
tained in the laboratory and in small field plots. Those preliminary predic-
tion capabilities prompted Hadas (1977a) to attempt to extend the model by
correlating the predicted or measured imbibition time with the transition
phase duration and final germination percentage. Good agreement was at-
tained by using the extended model to predict the final germination and
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compare the forecast values with observed ones. These models, which have
a physical basis, were found to be too cumbersome and unsuitable for prac-
tical application and their further refinement was abandoned.

These models, although not practical themselves, suggest some practical
applications, namely that proper seedbed preparation which decreases the
proportion of large-sized soil crumbs in the seedbed can control potential
decreases in water uptake, rate of germination, and final germination per-
centage (Currie, 1973; Hadas, Wolf, and Meirson, 1978). Many seeds swell
during imbibition, and the swollen seed imposes compacting forces on the
particles around it, thus improving its contact with the soil and reducing
seed-soil contact impedance. Concurrently, water uptake reduces soil water
content next to the seed surface, while mechanical constraints and imped-
ance to flow may increase. The combined effect of the two contrary trends
may cause: (1) no change in the seed-soil interface impedance and, there-
fore, no delay of germination (Hadas, 1970, 1977b); (2) the effects of reduc-
tion in water content and water conductance to be greater than the effects of
reduction in seed-soil contact impedance, thus impairing germination; or
(3) the effects of reduced impedance to flow to be greater than those of re-
duced water content and conductance, so that water flow to the seed will not
be restricted. It is obvious that the swelling of seeds lying on the soil surface
will not compact the soil underneath, but rather will reduce their contact
area, so that increased impedance to flow, reduced water uptake, and de-
layed germination are to be expected.

Under saline conditions, observed contact impedance effects may be
partially obscured by the accumulation of excluded salts at the seed surface,
which will reduce water uptake, germination rate, and final germination
percentage, even though no changes in impedance to flow occurred (Hadas,
1970, 1976; Williams and Shaykewich, 1971).

The current knowledge of seed behavior during germination and their re-
sponses to changes in the soil environment has improved our understanding
of the required conditions and properties of a seedbed. Although the various
approaches to forecasting seed water uptake are, at best, good approxima-
tions, they do provide methods to be followed when planning seedbed prep-
arations (Hadas and Russo, 1974a,b). It is evident that the crucial factors in
seedbed preparation are control of the seed-soil contact area and the imped-
ance to flow across the interface. This statement is based on the observa-
tions cited in the previous paragraphs. However, to date, the results of direct
measurements of soil environmental conditions and of germination behav-
ior have been either inconsistent or incomplete; therefore, we are left with
large knowledge gaps which can be attributed to many factors. Probably the
most important factors are (1) the extreme complexity of the soil system, in-
cluding soil structure, stability, and hydraulic properties, and (2) theoretical
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aspects and experimental difficulties in the microscale analysis of flow
around and into a seed and across the seed-soil interface.

Modeling Seedbed Structure: Temporal and Spatial Evolution
of Seedbed Physical Properties

Any modeling effort aimed at characterizing seedbed physical properties
and configuration has to rely on several criteria of soil structure characteris-
tics and their spatial and temporal variations from initial preparation until
seedling establishment. Such an endeavor first requires analytical presenta-
tion or modeling of the soil structure architecture, the physical properties
derived from that architecture, the temporal and spatial evolution of soil
structure changes, and the concurrent changes in the physical properties.
Moreover, those procedures must be applied at various scales: soil structure
stability must be considered at aggregate or subaggregate size, seed size,
and on larger scales for a field stand (Hadas, 1997; Guerif et al., 2001).

In a detailed review Letey (1991) stated that soil structure does not lend
itself to quantification. His statement was based on his recognition of the
complexity involved in quantifying the heterogeneous soil structure. Tre-
mendous knowledge gaps exist between what can be technically or experi-
mentally obtained and the information and kind of data required for theoret-
ical analysis. Young, Crawford, Rappoldt (2001), following Dexter (1988),
who stated that spatial heterogeneity = spatial variability = soil structure,
came to the conclusion that an explicit account of the heterogeneity inher-
ent in the soil physical architecture has until recently been beyond experi-
mental and theoretical insight.

These observations on the current state of the art indicate that special ef-
forts are required to extend, improve, and create experimentally obtained
databases which will yield empirical relationships between aggregate size,
water regime, and structural stability. From these relationships, estimates of
physical properties could be derived by means of currently existing models,
operated at minute time and space steps. Taking heat, water, and air to be the
major environmental factors involved in seed germination forecasting, the
models chosen must be based on physical laws and must combine mass and
energy fluxes and conservation principles. Moreover, although the numeri-
cal procedures will be complex, hard to follow, and difficult to handle, these
models need to be validated. Partial efforts have already been made. Gupta
and colleagues (1991) examined models used for predicting soil bulk den-
sity, water retention and conductivity, thermal conductivity, heat capacity,
and gaseous diffusion with respect to their adaptation to fractured and com-
pacted soils, and their critical examination identified shortcomings of the
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models. They pointed out knowledge gaps that require further research and
indicated the difficulties to be expected in closing these gaps. Models of si-
multaneous heat and water transport have been developed for homogeneous
soils (Nasser and Horton, 1992; Mullins et al., 1996), mulched soils or two-
layered soils (Bristoe and Campbell, 1986), heterogeneous soils (Chung
and Horton, 1987; Hares and Novak, 1992), and for ridged seedbeds
(Benjamin, Ghaffarzadech, and Cruse, 1990; Gupta et al., 1990) and gas-
eous exchange (Richard and Guerif, 1988a,b). However, these models will
have to be modified to include temporal changes in soil structure and the re-
sulting variations in the physical properties.

Modeling soil fragmentation on the basis of soil dynamics, classical soil
mechanics, and critical state theory, in an effort to predict the final soil
structure, is only partly possible (Hettariachi, 1988), yet none of these mod-
els nor their extensions enable prediction of soil structure and seedbed tilth
(Hadas, Larson, and Allmaras, 1988; Hadas, 1997). This statement is still
valid (Guerif et al., 2001). These observations show that modeling of soil
fragmentation is still a rather remote goal whose attainment will require tre-
mendous efforts and much time.

CONCLUDING REMARKS

Timely, fast, and uniform seed germination, emergence, and final stand
attainment are crucial for a successful crop and high yields, yet many field
studies lack crucial information. Seeds deposited or sown respond individu-
ally to the microenvironment surrounding them. To specify the favorable
soil physical properties, chemical constituents, microbiological population
activity, and their interactions with one another and the climate would be an
insurmountable task, in light of our current knowledge. Moreover, the
microenvironment to which a seed responds tends to vary greatly and to
induce great spatial variability across the field. Agricultural experience sug-
gests that the soil physical properties are the major determinants of a suc-
cessful seedbed conducive to optimal seed germination and stand attain-
ment.

Although each seed reacts individually to its microenvironment, a field
consists of a wide range of microenvironments. Since stand establishment
under field conditions is our task, our approach to achieving that involves
understanding how seeds germinate under field conditions. When cereals or
grasses are considered, tillering is expected to correct the adverse effects of
a poor stand, but for other crops, reduced emergence and low stand unifor-
mity are associated with poor seedbed preparation (Perry, 1973; Hadas,
Wolf, and Rawitz, 1983; Hadas and Wolf, 1984; Hadas et al., 1990).
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There are great difficulties in tailoring recommended seedbeds, since
field conditions present a great variety of soil structure stability, climatic
uncertainties, and traffic history, all of which affect the performance of the
next crop. Field conditions are difficult to reproduce under laboratory con-
ditions, and, until recently, attempts to correlate laboratory studies (com-
plex as they may be) failed to create a reliable database for field perfor-
mance predictions. The material presented and discussed in the previous
chapters presents a small variety of studies carried out to resolve that com-
plex system and to furnish a reliable methodology for specifying the desired
seedbed and the means to produce it. It is obvious that greater effort should be
directed toward both the basic understanding of seed germination and the
search for proven methodologies for specifying the proper seedbeds and
recommending the means to achieve them.
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Chapter 2

The Use of Population-Based Threshold Models
to Describe and Predict the Effects of Seedbed
Environment on Germination and Seedling
Emergence of Crops

William E. Finch-Savage

INTRODUCTION
Importance of Seedling Emergence to Crop Production

Seed germination and subsequent seedling growth to emergence from
the soil are crucial steps in crop production. Although some field crops such
as cereals can compensate for low stands by tillering, in many crop species
no amount of effort and cost during plant growth can compensate for poor
seedling establishment. A wide range of biotic and environmental factors
interact with the potential performance of the seed lot to determine the suc-
cess of seedling establishment (Hegarty, 1984). This chapter will use popu-
lation-based threshold models to summarize current understanding of the
interaction between the seedbed environment and the seed population from
sowing to seedling emergence. The potential for these threshold models to
predict seedling emergence in the field will then be discussed while de-
scribing the construction of an example simulation. In order to see the rele-
vance and importance of the studies reviewed, it is necessary to briefly out-
line the consequences of nonoptimal seedling emergence in crops.

The timing, pattern, and extent of seedling emergence have a profound
impact on crop yield and market value (Finch-Savage, 1995). Only part of

I would like to thank my colleagues Hugh Rowse, Kath Phelps, and Richard Whalley
with whom I have collaborated over a number of years on crop establishment projects, in
particular Hugh Rowse for use of his unpublished work. I thank the U.K. Department for
Environment, Food and Rural Affairs (DEFRA) and, more recently, the Department for
International Development (DFID) who have funded these collaborations.
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the total biomass produced is harvested, and this component is crop and
market specific. This economic yield is often determined by the whole plant
population as a bulk weight per unit area, as in grain or sugar beet crops; in
many horticultural crops economic yield is determined by individual plants
within the population, for example, the number of plants within closely de-
fined size grades (e.g., carrots, onions) or the number of plants that “ma-
ture” at a single harvest (e.g., lettuce). The effects of seedling emergence on
economic yield are generalized in Figure 2.1. As the number of seedlings
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FIGURE 2.1. Schematic illustration of the effects of seedling emergence on mar-
ketable yield. Total yield increases asymptotically with increasing plant density
(a) while there is a concurrent decrease in the size of individual plants (b). The
uniformity of plant size at harvest determines the proportion of the crop in the
required size grades (c, - - - - nonuniform crop, uniform crop).
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emerging per unit area (crop density) increases, yield increases asymptoti-
cally (Figure 2.1a), but the size of individual plants decreases (Figure 2.1b).
Thus target populations need to be achieved to grow bulk crops cost-effec-
tively and to produce plants of the appropriate sizes for graded yields in hor-
ticultural markets. Crop density can also influence time taken to reach ma-
turity (e.g., onions, Mondal et al., 1986) and the uniformity of plants at
maturity (e.g., cauliflower, Salter and James, 1975). It is also commonplace
to oversow crops to avoid a limiting density, and this, under favorable con-
ditions, results in densities that are too high. This situation can produce
poor canopy structure which delays and reduces the uniformity of maturity.

Variation in the time to seedling emergence within the population can ac-
count for much of the subsequent variation in plant size during crop growth
to harvest (Benjamin and Hardwick, 1986; Benjamin 1990). The ranking of
seedling size at the end of emergence changes little with time, and in many
cases the difference between plants increases during growth (Benjamin and
Hardwick, 1986). Thus more uniform seedling emergence can result in a
greater proportion of the population falling within the required high-value
size grade or maturation period to increase crop value (Figure 2.1¢). Rapid
and predictable emergence following sowing is particularly important in re-
gions where season length limits yield (e.g., grain maize, Breeze and
Milbourne, 1981; sweet corn, Cal and Obendorf, 1972), where water re-
sources for irrigation are limited (Jordan, 1983), or when crops are grown in
a programmed sequence of sowings (e.g., lettuce, Gray, 1976). Rapid emer-
gence can also increase crop competitiveness with weeds emerging from
the soil seedbank and facilitate earlier application of herbicides when
weeds are more susceptible. Seedling emergence has an impact on many
other aspects of crop management and its cost-effectiveness, not least be-
cause many of the costs of production (e.g., fertilizers and disease and pest
control) are likely to be similarly independent of the success of seedling
emergence.

The time between sowing and seedling emergence can be conveniently
divided into the phase before and after germination. Although these effects
are confounded in most seedling-emergence studies, the two phases are
each uniquely affected by adverse seedbed conditions (Finch-Savage, 1995).
It is thought that the timing of germination can account for much of the vari-
ation in seedling emergence time (Finch-Savage and Phelps, 1993; Finch-
Savage, Steckel, and Phelps, 1998), whereas seedling losses and variation
in the spread of seedling emergence times within the population occur
largely in the postgermination growth phase (Hegarty and Royle, 1978;
Durrant, 1981; Finch-Savage, Steckel, and Phelps, 1998). Therefore, to pre-
dict the impact of seedbed environment on seedling emergence both phases
must be considered.
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Seedbed Environment

The seedbed environment provides a highly variable and often hostile
environment for seedling emergence from crop seeds and those in the weed
seed bank. For germination, most crop seeds require water, adequate tem-
perature, and a favorable gaseous environment. Dormancy has little impact
on seedling emergence of most commercial crops (Villiers, 1972; Maguire,
1984) but is a major factor in the emergence of weeds (Baskin and Baskin,
1998). For the weed seeds there are additional germination-promoting fac-
tors such as light and nitrate to consider (Hilhorst and Karssen, 2000).
Modeling nondormant crop seed germination is therefore less complex and
further aided because the crop seed is generally the same age and is sown at
a narrow range of depths into the soil, so the environment for germination is
more uniform within the population.

Crop seeds are sown close to the surface, and therefore soil water content
and temperature can vary widely. Reduced oxygen availability can also
have a major impact on germination and seedling emergence (Corbineau
and Céme, 1995). This occurs when there is excessive water in the seedbed
(e.g., Dasberg and Mendel, 1971; Hegarty and Perry, 1974; Perry, 1984), or
when a soil crust forms to seal the seedbed surface or engulf the seed (Rich-
ard and Guérif, 1988a,b). Sensitivity to oxygen partial pressure (pO,) dif-
fers among species, and linear relationships have been shown between ger-
mination rate and the logarithm of pO, (Al-Ani et al., 1985). This suggests
that a threshold model, as discussed in the following for temperature and
water potential, could be applied to this relationship. However, following
good seedbed preparation, the oxygen concentration in the soil atmosphere
in most cases does not fall below 19 percent (Richard and Boiffin, 1990).
Crust formation and limiting oxygen environments occur only intermit-
tently, and their effect can be minimized by good seedbed preparation
(Chapters 1 and 3), whereas the variable strength of soil through which
seedlings grow after germination is always a factor. The remainder of this
chapter will be concerned with the effects of the three ubiquitous seedbed
factors, water availability, temperature, and soil strength, that largely deter-
mine the patterns of germination and seedling emergence of crops observed
in the field.

IMBIBITION

Water uptake by the seed generally occurs in three phases: rapid initial
uptake, a lag phase with limited further uptake, and then a second phase of
rapid water uptake associated with radicle emergence (Bewley and Black,
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1994). Imbibition is identified with the first phase of water uptake and is re-
garded as a physical process, although metabolism is initiated before seeds
reach full moisture content. Initial water uptake is driven by matric forces
resulting from the hydration of cell walls, starch and protein bodies, etc. As
the physiological range of water contents is approached there is a greater
dependence on osmotic potential determined by the concentration of dis-
solved solutes. The rate of early water uptake can have a large negative im-
pact on seed viability and the success of seedling emergence. If imbibition
is too rapid, damage may be caused both directly and through a positive re-
lationship with chilling injury. The extent of this damage is directly related
to the integrity of the seed coat and other aspects of seed vigor (reviewed by
Woodstock, 1988; Vertucci, 1989; Finch-Savage, 1995).

Imbibition can have an important influence on the prediction of germina-
tion and emergence times when seeds are sown into dry soils or when the
contact between seed and soil is poor and therefore also likely to be variable
in the seed population. The seed coat and other tissues can also have an im-
portant regulating affect on water uptake (e.g., soybean, McDonald, Ver-
tucci, and Roos, 1988a) by controlling permeability. The movement of wa-
ter into the seed is driven by gradients of water potential between the seed
and the surrounding soil. Mechanistic models of imbibition have also been
developed based on water concentration (diffusivity theory) rather than wa-
ter potential gradients (hydraulic conductivity theory). This is a convenient
simplification that can be used in homogeneous environments. When con-
sidered as a whole, the flow of water through the soil and into the seed is not
a homogeneous system and is therefore considered here in terms of hydrau-
lic flow. In this case, the rate of water uptake, in simple terms, is governed
by the hydraulic conductivity of the seed and the soil and driven by the wa-
ter potential gradient between them.

A reduction in water potential of the surrounding soil will therefore re-
duce the rate of water uptake by the seed because the gradient between them
is less. However, the effect on rate is not directly proportional to changes in
the gradient as hydraulic conductivity is also altered. Hydraulic conductiv-
ity is a function of the permeability of the seed and surrounding soil, the ex-
tent of contact between them, and temperature (reviewed by Bewley and
Black, 1978; Vertucci, 1989). For example, rate of water uptake increases
with temperature (Vertucci and Leopold, 1983). The situation is further
complicated because there appears to be a wetting phase before hydraulic
flow is initiated and hydraulic conductivity changes as the seed swells dur-
ing imbibition (Vertucci, 1989). Soil water potential gradients may also
form at the interface with the seed, and the relative importance of vapor
transport of water to seed may be underestimated in many studies (Wuest,
Albrecht, and Skirvin, 1999). In addition, seed coatings that are now com-
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monly used in agriculture also influence imbibition (Schneider and Renault,
1997). Therefore, perhaps inevitably, seed imbibition under variable seed-
bed conditions is complex. Nevertheless, a number of models have been de-
veloped that make a range of different assumptions, and these have been re-
viewed in detail elsewhere (Hadas, 1970, 1982; Dasberg, 1971; Bruckler,
1983a,b; Bouaziz and Bruckler, 1989a,b; Vertucci, 1989; Schneider and
Renault, 1997; Chapter 1).

Additional points to consider are that the different chemical composi-
tions of seeds will affect the amount of water they take up; for example,
equilibrium moisture content at any given water potential will always be
greater in pea than soybean (Vertucci and Leopold, 1987). Equilibrium
moisture contents also differ among seed tissues, often with the embryonic
axis having a higher water content than the storage tissues (e.g., soybean,
McDonald, Vertucci, and Roos, 1988b; maize, McDonald, Sulivan, and
Lauer, 1994).

GERMINATION

The initiation of radicle growth at the end of the lag phase of imbibition
terminates germination sensu stricto, and therefore germination is generally
recorded when radicle growth is first observed. Following germination,
desiccation tolerance is lost progressively during growth of the radicle, in
most species, and so the initiation of growth is a critical step in the progres-
sion from sowing to seedling emergence. This critical step will occur at dif-
ferent times in each seed within the population, leading to a distribution of
germination times and the characteristic sigmoidal cumulative germination
curve. In agriculture, this spread of germination times can be very undesir-
able for the reasons described, but under natural conditions it presents a
good strategy to cope with the highly variable conditions of temperature
and water potential in the surface of the soil where seeds germinate. In the
absence of significant disease, the interaction of this characteristic seedlot
distribution of germination times with soil temperature and water potential
largely determines the timing of seedling emergence in crops. Understand-
ing this interaction and developing ways to model the outcome is essential
to developing effective crop establishment practices. Population-based
threshold models provide a useful framework for this purpose. Within these
models the rate of development, such as progress toward germination or
seedling growth, increases above a base (threshold) value for a given factor
(temperature, water potential, hormone concentration, etc.). Below the base
value, development ceases. The effect of the factor on rate of development
above the base is described by an appropriate mathematical function. In
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many cases this function is linear. The base values may differ among indi-
viduals in the population and are therefore important in describing differ-
ences in their response to the factor concerned. The bases that are likely to
have physiological importance (Welbaum et al., 1998; Meyer, Debaene-
Gill, and Allen, 2000; Bradford, 2002) can be determined either explicitly
by measuring the value at which development ceases or estimated implic-
itly in the case of linear relationships by extrapolation of the fitted line to
the intercept.

Threshold Models: Effects of Temperature and Water Potential

For the purpose of modeling germination of nondormant seeds it is gen-
erally assumed that seeds germinate in a set order and that this order is not
affected by germination conditions. Each seed can therefore be assigned a
value of G, which is the fraction of the population at which it germinates
(e.g., Gy Gsy and Gy, in Figure 2.2). The percentage of seeds that will ger-
minate as well as germination time and spread of times within the seed pop-
ulation are all greatly influenced by temperature (reviewed by Roberts,
1988; Probert, 2000) and water potential (reviewed by Bradford, 1990,
1995, 2002).

Temperature

Seeds can germinate over a wide range of temperatures, but maximum
percentage germination is typically reduced at the extremes of the range
(Labouriau and Osborn, 1984; Roberts, 1988; Probert, 2000). Individual
seeds within the population can therefore have different levels of tolerance
(thresholds) at both high and low temperatures. For any individual seed in
the population, germination rate, which is the reciprocal of germination
time, increases from a base to an optimum temperature above which it de-
creases to a ceiling temperature that indicates the limit of its tolerance
(Labouriau, 1970). In many cases this response to temperature can be de-
scribed by linear relationships where the base and ceiling temperatures are
defined by the intercepts on the temperature axis where rate tends to zero
(Figure 2.2a, Labouriau, 1970; Bierhuizen and Feddes, 1973; Garcia-
Huidobro, Monteith, and Squire, 1982a). A linear relationship at sub-
optimal temperatures has been shown for a wide range of species, for exam-
ple, many temperate vegetables (Wagenvoort and Bierhuizen, 1977), other
herbaceous species (Steinmaus, Prather, and Holt, 2000; Trudgill, Squire,
and Thompson, 2000), subtropical crops (Covell et al., 1986), range grasses,
and shrubs (Jordan and Haferkamp, 1989). At suboptimal temperatures a
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FIGURE 2.2. Schematic illustration of the effects of temperature (a) and water
potential at suboptimal temperature (b) on the rate of germination. G, (dotted
lines), G5 (dashed lines), and Gy, (solid lines) represent individual seeds in the
population at percentiles 10, 50, and 90, respectively. Germination rate in-
creases linearly with temperature above a base (T,). The slopes of these lines
are the reciprocal of the thermal times to germination (1/6 7). As temperature in-
creases above an optimum (Top,), rate of germination decreases to a ceiling
temperature (T,). Rate of germination also decreases linearly with water poten-
tial () to a base (V). Tpis common to all seeds in the population, but 1/6+, T,
and ¥}, vary among seeds in a normal distribution (c). For further explanation of
these parameters see the text.

heat sum (Feddes, 1972; Bierhuizen and Feddes, 1973; Bierhuizen and
Wagenvoort, 1974), more recently called thermal time (Garcia-Huidobro,
Monteith, and Squire, 1982a), approach can therefore be used to predict
germination time:

07,(G) = [T-T,(G)] (G) 2.1

where, 07;(G) is the thermal time to germination of percentile G, T is the
temperature, 7;,(G) is the base temperature, and #G) is the time taken for
germination of that percentile. In this context thermal times have been used
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most often to compare and predict time to 50 percent germination (Gs). In
many cases little variation in 7;(G) has been shown among individual seeds
within the population, and 7}, is therefore considered to be a constant al-
though T, differs greatly between species (Covell et al., 1986). Therefore,
thermal time to germination of a given percentile is constant, but each per-
centile requires different thermal times to complete germination. Germina-
tion rate 1/#(G) is linearly related to temperature, but with a different slope
for each percentile (e.g., Gy, G5, and Gy, in Figure 2.2a):

1/4(G) = (T-T,)/0;, (G) 2.2)

At supraoptimal temperatures the rate of germination declines in a series of
parallel lines (Figure 2.2a). The intercepts therefore differ in the population
and thus:

1/K(G) = [T, (G) - T/ 05 2.3)

where T, (G) is the ceiling temperature and 0, is thermal time. A natural
extension of the thermal time approach allows the description of germina-
tion times of the whole population at a range of suboptimal temperatures by
assuming 7}, is constant and using a distribution to describe variation in 0,
(G) (Covell et al., 1986; Ellis et al., 1986; Ellis, Simon, and Covell, 1987). If
variation in 07, (G) is normally distributed (Figure 2.2c) then probits can be
used:

1/t(G) = (T-T,,)/ {[probit (G) — K]c} (2.4)

where ¢ is the standard deviation of 0, (G) and K is a constant. At
supraoptimal temperatures 67, remains constant and variation in germina-
tion rate is accounted for by a normal distribution of 7, (G) (Ellis et al.,
1986; Ellis, Simon, and Covell, 1987) so that

1/1(G) = ({[K, — probit (G)]c} — T)/6, (2.5)

where G is the standard deviation of 7. (G) and K| is a constant. Other distri-
bution functions may be more appropriate to describe variation in thermal
time for other species (e.g., Washitani, 1985; Covell et al., 1986; Ellis and
Butcher, 1988). Equations 2.4 and 2.5 can be used to predict germination
rate at any constant temperature for all seeds in the population.

In this work Ellis and colleagues used repeated probit regression analy-
ses (Finney, 1971) of germination data from all the temperatures recorded
to determine the best fit (least residual variance) to the data. Bradford
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(1995) points out that a requirement of probit analysis is that samples at
each time point should be independent (Finney, 1971). However, in usual
practice, repeated measurements are made from a single sample to deter-
mine cumulative germination curves, rather than single measurements from
anumber of samples. Thus data do not conform to the criterion of independ-
ence. Bradford (1995) argues that for practical purposes, the results of the
two methods are identical (Campbell and Sorensen, 1979). He continues,
that although statistical comparisons based on probit analysis from cumula-
tive scored data are invalid, other procedures developed specifically for the
cumulative curve are available (Bliss, 1967). This same caveat applies
where the use of probit analysis is mentioned in the following.

Water Potential

As with temperature, the rate of progress toward 50 percent germination
has been shown to be linearly related to water potential (Hegarty, 1976).
Gummerson (1986) was the first to consider germination in hydrotime, a
scale analogous to thermal time that can be used to describe the response of
seeds to different water potentials. The wider relevance of this concept was
realized by Bradford who then developed and extended the use of hydro-
time to provide insight into a wide range of seed behavior. A full review of
the use of hydrotime is beyond the scope of this work but has been elo-
quently covered in detail elsewhere by Bradford and colleagues (Bradford,
Dahal, and Ni, 1993; Bradford, 1995, 2002). Here, hydrotime will be con-
sidered only in relation to its contribution to the prediction of germination
times for agricultural purposes.

The hydrotime (8) approach considers germination rate as a function of
the extent to which seed water potential exceeds a base water potential be-
low which germination will not occur. It is analogous to thermal time and
thus:

0y - [ - ¥, ()] 1(G) (2.6)
where ¥, (G) is the base ¥ below which germination of percentile G will
not occur. If 6 is a constant, then the time required for germination [#(G)]

of percentile G is inversely proportional to the amount by which seed ¥ ex-
ceeds its base water potential [¥,(G)]. By analogy to Equation 2.2:

1/(G) =¥ - Y, (G)] 16y 2.7)
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Figure 2.2b shows that unlike 7}, but like 7,, ‘¥, is thought to differ
among individual seeds in the population, and these differences result in the
difference in the time seeds take to germinate (Gummerson, 1986; Brad-
ford, 1990; Dahal and Bradford, 1990). ¥, is negatively related to germina-
tion rate, so slow-germinating seeds have the highest ‘¥, In this case the dif-
ference between seed ¥ and ¥, (G) is least, so hydrotime accumulates more
slowly (Figure 2.3). With 0, constant, differences in germination rate are
therefore determined solely by the variation in ‘¥, that approximates to a
normal distribution (Gummerson, 1986; Bradford, 1990; Dahal and Brad-
ford, 1990). As seed ¥ decreases W—¥', decreases and therefore hydrotime
accumulates more slowly and the whole population of seeds take longer to
germinate in clock time. When seed ¥ is reduced to less than its ‘¥, then it
will not germinate. Therefore in experiments with fixed water potentials
within the range of ¥, not all seeds will germinate. However, although the
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FIGURE 2.3. The influence of ¥;,(G) on the shape of the cumulative germination
curve at suboptimal temperatures in carrot. Values of T;, and V', are shown for
percentiles Gos, Gsp, and Gys. According to the basic hydrothermal time con-
cept, all seeds have the same Tj, but more rapidly germinating seeds have a
lower Wp(G) and so ¥ —W(G) is greater and therefore more hydrothermal time
(07) is accumulated per unit of clock time. As 6 7to germination is the same for
all seeds in the population (47 MPa °Cd), seeds with a lower ¥, will germinate
first when their accumulated 01 = 47 MPa °Cd. The shape of the cumulative
germination curve is therefore determined by the distribution of \¥;(G). (Source:
Data from Finch-Savage, Steckel, and Phelps, 1998.)
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seed will not complete germination and initiate radicle growth below ¥,
metabolism continues, and this has consequences for the timing of germi-
nation and therefore its prediction as discussed later in this chapter (section
Seed Advancement Below Base Water Potential).

The repeated probit analysis technique used by Ellis and colleagues
(1986) for thermal time was adapted by Bradford (1990) to describe the af-
fect of water potential on germination for the whole population of seeds:

Probit (G) = {Y - [0/ H(G)] — Y 1,(50)} / oy, (2.8)

where ¥, (50) is the median ¥}, and 8y, is the standard deviation of ¥}
among seeds in the population. Following this analysis time courses of ger-
mination at a range of water potentials can be mapped onto a common
hydrotime scale (Bradford, 1990, 1995; Dahal and Bradford, 1990; Ni and
Bradford, 1992, 1993; Bradford and Somasco, 1994).

Water Potential and Temperature

Gummerson (1986) developed a combined description of the response of
seeds to temperature and water potential in the theory of hydrothermal time.
According to this theory, rates in thermal time are proportional to water po-
tential and can therefore be described by an equation similar in form to
Equation 2.2:

1/04G)=[¥Y -Y,(G)]/ Oyr 2.9)

where 057 (hydrothermal time) is a constant. Gummerson (1986) combined
Equations 2.2 and 2.9 to give:

Our=[¥Y -Y,(G](T-T,) t(G) (2.10)

Consistent with the development of this theory, 047 and 7}, are assumed
constant and ¥, varies with (G). As pointed out by Gummerson (1986), it is
possible that these assumptions are not entirely correct and this will be dis-
cussed further in the section Further Development of Threshold Models.
Nevertheless, this approach has been shown to adequately describe germi-
nation curves produced in a wide range of combinations of constant temper-
ature and water potential (Gummerson, 1986; Dahal and Bradford, 1994;
Finch-Savage, Steckel, and Phelps, 1998; Roman et al., 1999; Shrestha
et al., 1999; Allen, Meyer, and Khan, 2000). Accepting these assumptions,
it is possible to describe the effect of suboptimal temperature and water po-
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tential of the whole population in a single equation by incorporating a suit-
able distribution (usually a normal distribution) of base water potentials
within the population (Gummerson, 1986; Dahal and Bradford, 1994;
Dahal, Bradford, and Haigh, 1993; Bradford, 1995). A form analogous to
Equation 2.8 gives:

Probit (G) = {[¥ — 0,7/ (T - T;) €G)] — ¥,(50)} / 6, (2.11)

The best fit to the model can be obtained by repeated probit regressions
varying the values of 6. Following this approach used by Bradford (e.g.,
Bradford, 1995), the time courses of germination at suboptimal tempera-
tures and water potentials can be mapped on to a common scale by multi-
plying time to germination [#(G)] by the factor {1 - [¥/¥},, (G)]} (T—T}).In
arange of tomato seed lots the hydrothermal time model accounted for 73 to
93 percent of the variation in radicle emergence timing across a range of
temperatures and water potentials (Cheng and Bradford, 1999).

To be useful for field predictions the hydrothermal time model must also
be able to describe the reduction in germination rate and nongermination
that occurs at supraoptimal temperatures. So far it has been assumed that the
five parameters [0 T}, ¥,(50), 6y, and the fraction of viable seeds (G,,)],
which can describe behavior of the whole seed population, are constant.
However, Bradford (1995) suggested that progressive loss of dormancy, as-
sociated with increased percentage germination and germination rate, in a
seed population may be related to a progressive decrease in ¥, (50). Chris-
tensen, Meyer, and Allen (1996) demonstated that changes in the germina-
tion time courses of Bromus tectorum seeds during after-ripening could be
fully accounted for by changes in ¥, (50). Therefore as the time in storage
(after-ripening) increased, the distribution of ‘¥, remained the same in the
seed population, but their water potential thresholds were reduced below
that of the ambient water potential to allow germination. As after-ripening
continued, their ¥, was further reduced below that of ambient levels and
germination rate increased. During thermoinhibition of lettuce (Lactuca
sativa) the reverse occurred and the water potential thresholds increased as
temperature approached the upper limit for germination (Bradford and
Somasco, 1994). In this case, thresholds shifted above ambient water poten-
tial preventing germination. Subsequently, other studies have shown that as
temperatures become supraoptimal and approach 7, the ¥, distribution
shifts progressively toward and above 0 MPa to reduce germination rate and
eventually prevent germination (Figure 2.4a; Kebreab and Murdoch, 1999;
Meyer, Debaene-Gill, and Allen, 2000; Bradford, 2002). In this way, germi-
nation time courses can be accounted for over the whole temperature range.
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FIGURE 2.4. Schematic representation of the relationship between ¥ ;,(50) and
temperature and their effect on the germination rate of percentile Gs¢. (a) ¥p(G)
initially remains constant as temperature increases above T;, however ¥, (G)
increases at temperatures above the optimum (T,), as in Equation 2.12, to
explain the reduction in germination rate. At T, germination is prevented as
Yp(G) increases above 0 MPa. (b) W ,(G) increases from the deviation tempera-
ture (T,) in advance of (T,p;) as in the temperature modification described for
Equations 2.15 and 2.16. In both situations, a and b, the distribution of ¥,(G)
around ¥ (50) remains the same and this results in the same distribution for T,
(Equation 2.6).

The distribution of ¥, accounting for variation in germination times within
the population remains the same, but above the optimum temperature (7,,,,),
VY, (G) increases linearly with T (Figure 2.4a). This in turn accounts for the
parallel decreases in germination rate above the optimum and the distribu-
tion of ceiling temperatures discussed in relation to Equation 2.3 (Figure
2.2a). Therefore, Equation 2.10 was modified by Bradford (2002) to ac-
count for the germination response to supraoptimal temperatures:

Our = [\u -v,(G),, +k (T -T,, )](T{]m -T,)(G) (212
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where k7 is a constant (the slope of the ¥,(G) versus T line when 7> T,,,))
and W;(G),,, is the threshold distribution at 7, This equation adjusts
5(G) o to higher values as T increases above T, Since the standard de-
viation of the ¥, (G) distribution is not affected, the ¥, values of all of the
seeds are adjusted upward by the same amount for each increment in 7'
above T, .. Equation 2.12 also stops the accumulation of thermal time at the

opt*
value equivalent to that accumulated at 7,,,,. Thus, temperatures above T,

opt*
do not contribute additional thermal timé:7 in the supraoptimal range. In-
stead, effects on germination are accounted for by the change in ¥, (G).

By combining Equation 2.10 for suboptimal temperatures and Equation
2.12 for the supraoptimal temperatures, seed germination time courses can
be described in hydrothermal time for all temperatures. Battaglia (1997)
uses an alternative, and more flexible, linear predictor technique based on a
similar conceptual framework that could incorporate responses to sub- and
supraoptimal temperatures as well as other factors. However, the linear pre-
dictor assumes that variation in germination rate results from the distribu-
tion of the factor threshold (base or ceiling). It therefore accommodates
Equations 2.3 (supraoptimal temperature) and 2.7 (water potential), but not
Equation 2.3 (suboptimal temperature) where base temperature is assumed
to be a constant.

Seed Advancement Below Base Water Potential

The models described previously have been used widely and success-
fully to describe data collected under laboratory conditions of constant tem-
perature and water potential. Within the hydrotime and hydrothermal time
models germination is arrested by water potentials that fall below ¥,. How-
ever, it is known from priming studies that metabolism continues below wa-
ter potentials which prevent the completion of germination and radicle
growth. After such a period of priming, germination is more rapid. The
models described earlier do not take account of this advancement. There-
fore under seedbed conditions where water potential varies above and be-
low ¥, germination time will be overestimated because no hydrotime or
hydrothermal time is accumulated below ¥,. In addition to priming, suc-
cessive wetting and drying of the seeds under field conditions can also sig-
nificantly advance germination (e.g., Wilson, 1973; Koller and Hadas,
1982; Hegarty, 1978; Allen, White, and Markhart, 1993; Adams, 1999;
Gonzdlez-Zertuche et al., 2001). Two approaches are currently being devel-
oped to account for seed advancement below ¥,

In the first approach, the concept of hydropriming time was developed
based upon the principles developed previously in this chapter (Tarquis and
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Bradford, 1992). During priming, seeds accumulate hydropriming time in
proportion to the difference between the water potential of the priming so-
lution and the minimum required for metabolic advancement to occur dur-
ing priming (*¥,,;,). In this treatment the solution is always below ‘¥';. For
lettuce, Tarquis and Bradford (1992) estimated that the median ¥, was —1.0
Mpa and ¥, was —2.4 MPa. A very similar ¥, ,, has also been estimated
for a range of tomato seed lots (Cheng and Bradford, 1999), but values be-
tween —5.0 and —8.0 Mpa were recorded for Elymus elymoides (Meyer,
Debaene-Gill, and Allen, 2000). In the model, germination rates after prim-
ing are assumed to increase linearly with any increase in accumulated
hydropriming time thus:

GRs)=GR+k (¥ -¥,,) 1, (2.13)

where GR5 is the median germination rate (1/ t5,) of primed seeds, GR; is
the initial median germination rate before priming, and ¢, is the duration of
the priming treatment at water potential ‘¥, and k is a linear proportionality
constant. (Tarquis and Bradford, 1992; Bradford and Haigh, 1994; Brad-
ford, 1995). However, in the seedbed, such advancement at water potentials
below ¥, will not occur at constant temperatures as they do in priming and
so this concept was extended to include accumulated thermal time as hydro-
thermal priming time (Bradford and Haigh, 1994; Bradford, 1995). In this
case germination rate after priming can be expressed as

GRs, =GR+ k! (T-T,,

) (Y- (2.14)

in min) tp

where T, is the minimum temperature at which a priming effect will occur

and k! is a proportionality constant. Hydrothermal priming time [(T - T,,;,)

(Y —¥,,ip) 1,] will accumulate in proportion to the extent by which ‘¥ ex-
ceeds \¥,,;,, and T exceeds T,,;,. Under laboratory conditions this approach

was able to describe the effect of priming on germination rates (Cheng and
Bradford, 1999; Meyer, Debaene-Gill, and Allen, 2000). In these priming
models, a single value for ¥, ;,, has been used, but it may vary within the
seed population with the effect of increasing variation in germination times.
Bradford (1995) speculates that in a situation where water potential varies
across the range of base and minimum water potentials hydrothermal and
hydrothermal priming time could be used additively in some form to predict
germination times.

A potential limitation to this approach was pointed out by Rowse,
McKee, and Higgs (1999) in that it necessarily predicts that the increase in
germination rate is proportional to 7,, whereas, in practice it tends to reach a
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maximum and then does not increase further with increased priming time.
Rowse, McKee, and Higgs (1999) have developed an alternative model that
can describe the effects of fixed and variable water potentials, both above
and below ;. The model is loosely based on the idea that for a seed to initi-
ate radicle growth its cells have to generate sufficient turgor pressure to ex-
ceed the yield threshold (Y) for growth. The model arbitrarily assumes that
Y remains constant and turgor is determined in the cells by changes in os-
motic potential and by changes in external water potential. Within the
model, values of osmotic potential are empirical and they are therefore
termed virtual (VOP) and assigned the symbol ¥',,. The model determines
seed advancement to germination by integrating changes in ‘¥, that are
proportional to the history of water potential experienced by the seed rela-
tive to minimum and base water potentials. The minimum (¥,;,) defines
the water potential below which there is no metabolic advancement (prim-
ing) and the base (‘¥,) defines the water potential above which radicle
growth can occur. According to the model, germination time for a given
constant suboptimal temperature [#(G, T)] and water potential can be deter-

mined by
1 v,(G)-Y
(G, T)= 1 (2.15)
Tl ke

where k (T) is the rate constant when ¥ = 0. To fit the model, ‘¥';, as in the
hydrotime model, is assumed to have a normal distribution. The VOP model
can be used in finite difference simulation to calculate changes in ‘¥, and
predict germination when ¥ varies thus:

dy , (G) 1 dt=ky(T)Y1=v /v, )W, (G)-Y —v,(G)]2.16)

The VOP model has now been extended to include temperature (Rowse,
personal communication). At temperatures where the germination rate is
proportional to (T'— T},), this is done by assuming that the rate constant is
proportional to hydrothermal time [e.e., the terms ky(7)(1 - ¥ /¥,,;,) in
Equations 2.15 and 2.16 are replaced by k(7/T,— 1)(1 - ¥/ ¥,,;,]. Experi-
ments on carrot and onion seed (Rowse, unpublished) have shown that
above a critical temperature (7,;) the germination rate ceases to be linearly
related to temperature (Figure 2.4b). This situation can be well accommo-
dated by assuming that ¥, changes so that for any seed fraction the effective
base water potential is given by ¥, + m(T — T,), where ¥}, is the uncor-
rected base water potential and m is a coefficient. Thus ¥}, increases at
higher temperatures as described for hydrothermal time (Equation 2.12);
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however, note that 7; is well below the temperature when the germination
rate is a maximum (Figure 2.4b). For carrot and onion the fitted values are
approximately 18 and 16°C, respectively, whereas maximum germination
rate occurred close to 25°C. Thus increase in rate due to 7— 7, between 7,
and the optimum is offset by an increase in ¥, reducing ‘¥ — ¥;,. In this way
a curved response results in contrast to that of hydrothermal time. Using this
approach the model can be used to predict germination in conditions that
vary above and below ¥, at the full range of temperatures. This same ap-
proach can also be used effectively to take account of supraoptimal temper-
atures in the hydrothermal time model (Rowse, pers comm).

The VOP model utilizes the concepts of base and minimum water poten-
tials developed in hydrothermal time models; however, it has a differential
formulation and does not assume that a seed must be in either a germinating
or a priming state (water potential is treated as a continuous variable above
the minimum water potential). Such a model is potentially very useful for
predictions under variable seedbed conditions but has yet to be tested on a
range of seed lots and conditions. In contrast, hydrothermal and hydrother-
mal priming time models have been tested and found to be descriptive on a
wider range of seed lots but do not lend themselves so readily to prediction
under variable conditions in their present form. The application of these
models for field prediction is considered in the next section.

Further Development of Threshold Models

The threshold models described previously provide a robust framework
in which to describe seed responses to the environment. Even though these
models are fitted empirically, the thresholds determined appear to have a
physiological basis. However, it is important to appreciate that at present
these models do not account for all seed behavior and further development
is necessary to incorporate sufficient flexibility to cover the extent of bio-
logical variability scientists have come to expect. Much of this variability
may result from interactions between W and T resulting in concurrent
changes in thermal and hydrotime parameters. In addition, physiological
adaptation occurring near both ¥, and 7, resulting in greater than expected
germination rates and percentage germmatlon may result from overlap of
what we now consider to be separate priming and germination processes.
As a greater range of species are investigated the discrete packaging of
these model components, although convenient, may cease to be appropri-
ate.

For example, the comprehensive data set and analysis conducted by
Labouriau and Osborn (1984) on tomato seeds shows linear relationships
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between germination rate and temperature in both sub- and supraoptimal
ranges. However, the optimum occurred over a range of temperatures be-
tween 25.9 and 29.5 rather than a sharply defined optimum at the conver-
gence of the two linear relationships as used by Garcia-Huidobro, Mon-
teith, and Squire (1982a) and Covell and colleagues (1986) for other
species. This plateau can be accommodated in a further development of the
thermal time model based on Gaussian curves which describes the germina-
tion response across both sub- and supraoptimal temperature ranges (Orozco-
Segovia et al., 1996). However, the optimum temperature can also differ
with water potential (Kebreab and Murdoch, 2000). Responses to both tem-
perature and water potential can be accommodated within the hydrothermal
time model by an increase in ‘¥, with temperature in advance of 7, .. In this
case, the increased rate of hydrothermal time accumulation resulting from
higher temperature (i.e., increase in 7 — 7},) as the optimum is approached
would be offset by a concurrent increase in ¥, (reducing ¥ — ¥,,). Data re-
ported for fully after-ripened seeds of Elymus elymoides (Meyer, Debaene-
Gill, and Allen, 2000) and observations in onion and carrot (Rowse, per-
sonal communication) can be explained in this way. For, example, in fully
after-ripened Elymus elymoides seeds, ¥, increased linearly with tempera-
ture (10 to 30°C), resulting in little difference in germination rates over this
range of temperature (Meyer, Debaene-Gill, and Allen, 2000). Kebreab and
Murdoch (1999) have also shown that in Orobanche aegyptiaca seeds the
underlying assumption of independance of ¥ and T effects within the cur-
rent hydrothermal time model is not valid, and they give examples of work
with other species where this is also the case. They found that ¥, varied
with 7, both above and below the optimum, and 7, varied with ¥ and devel-
oped a new and more general thermal time model that allows for the interac-
tion of temperature and base water potential (Kebreab and Murdoch, 1999,
2000). Alternatively, the approach described by Battaglia (1997) can incor-
porate complex factor interactions and test them for significance in affect-
ing the germination response. However, it has yet to be seen how well the
hydrothermal time model, freed from the constraints of fixed thresholds,
can account for the full range of seed responses to environment that are re-
ported in the literature. Other current concerns, such as nonlinear relation-
ships close to T}, outlined as follows, may also be reconciled in this way.
It is generally accepted that, when calculated by linear rate temperature
relationships, there is a single base temperature below which germination
of the whole population will not occur. Extrapolation of a linear relation-
ship covering suboptimal temperatures of 10°C and above indicates a single
base temperature in tomato (e.g., Dahal, Bradford, and Jones, 1990, and ref-
erences within). Yet Labouriau and Osborn (1984), for example, show that
percentage germination declines progressively over the range 10 to 6°C, in-
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dicating a range of thresholds within the seed population as seen in many
studies. If this apparent dilemma is considered in terms of residual dor-
mancy, expressed close to the base temperature, it could be accommodated
in a modeling approach developed for species with seasonal changes in the
range of temperatures which permit germination (Washitani and Takenaka,
1984; Washitani, 1987; Kruk and Benech-Arnold, 1998, 2000; Chapter 8).
In this approach, T}, is used to calculate rates in thermal time as described
previously, but seeds also have a lower temperature (7;) below which germi-
nation is prevented by dormancy. 7} is assumed to have a normal distribu-
tion within the population. Thus percentage germination declines over a
range of temperatures as 7}, is approached. In weed species, 7; and an equiv-
alent higher limit temperature (7},) can change during the season as temper-
ature changes to account for seasonal dormancy patterns. In genetically uni-
form crop seeds, produced without residual dormancy (i.e., 7,=T}), a single
base temperature may well be sufficiently accurate for predictions of germi-
nation, whereas in a seed lot from mixed populations or uncultivated spe-
cies this is less likely to be the case. In fact, a normal distribution of mini-
mum as well as maximum temperature thresholds is seen widely in the
literature (e.g., Grundy et al., 2000). In addition, consistent deviations from
the linear relationship between rate and temperature at suboptimal tempera-
tures can occur in some crop species close to 7}, This behavior can severely
affect the prediction of germination time at constant temperature close to
the base (Marshall and Squire, 1996; Phelps and Finch-Savage, 1997).
Kebreab and Murdoch (2000) and Grundy and colleagues (2000) have
developed separate modeling approaches to incorporate independent seed
to seed variation in both minimum and maximum temperature thresholds
within the general conceptual framework discussed here. These approaches
suggest that thresholds and rates can behave independently, so they involve
the separate determination of germination rates and final percentage germi-
nation. One advantage is that rate relationships within the threshold model-
ing approach are not constrained to be linear if this limits the precision re-
quired for field prediction (Grundy et al., 2000). Indeed, linear relationship
between temperature and development have often been shown to occur
within a limited temperature range only, and in many other biological sys-
tems rates are more often described by nonlinear relationships (Sharpe and
DeMichelle, 1977; Schoolfield, Sharpe, and Magnuson, 1981). The mathe-
matical approach adopted by Sharpe and DeMichelle (1977) closely fits ob-
served data and accommodates the linearity in response over a limited tem-
perature range that has been adopted in thermal time models. There is,
however, a practical disadvantage. The determination of bases explicitly (fi-
nal number that germinate) is time consuming, as germination inevitably
takes a considerable time under conditions close to temperature or water
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potential thresholds and there is considerable risk of achieving a poor esti-
mate by early termination of the experiment or the intervention of contami-
nation. If curved responses between germination rate and temperature and
variation in 7}, can be accommodated within the hydrothermal time model
by changes in V), these concerns could be eliminated. Further work is re-
quired to determine whether the hydrothermal time model can be suffi-
ciently flexible to accommodate the full range of seed behavior.

It is common knowledge that time spent below ¥, (e.g., Kahn, 1992) and
T, (Coolbear, Francis, and Grierson, 1984) can increase subsequent germi-
nation rates when seeds are placed above these thresholds. Progress above
and below these thresholds are not directly additive and there is not a clear
predictive relationship between hydrothermal and hydrothermal priming
time models (Cheng and Bradford, 1999), suggesting that they are separate
processes. There is no obvious reason to consider these processes as mutu-
ally exclusive. Indeed, seed characteristics can change in constant condi-
tions above ¥,; for example, there is evidence that extended incubation of
seeds between —0.5 MPa and ¥, results in a shift to lower values of ¥, (Ni
and Bradford, 1992; Dahal and Bradford, 1994). This adaptation at constant
low temperature may account for some observations of nonlinear behavior
close to the threshold in laboratory experiments. In variable field environ-
ments such prolonged exposure to a particular set of conditions is unlikely,
so field prediction may not be affected by this behavior.

Garcia-Huidobro, Monteith, and Squire (1982b) point out that for thresh-
old models developed from constant environments, several conditions need
to be satisfied before they can be used in variable conditions. These include
(1) the instantaneous rate of development should depend only on the current
conditions and not their history of exposure and (2) values such as thermal
time and base temperature should remain unaffected. In nondormant lentil
seeds, at least at suboptimal temperatures, there was no effect of thermal
history on germination rate and thermal time could be used to predict time
required for germination at alternating temperatures (Ellis and Barrett,
1994). However, when seeds have residual dormancy then there can be sys-
tematic deviation from predictions resulting from their history of exposure.
For example, exposure to alternating temperatures can have a positive effect
on rate of germination (Garcia-Huidobro, Monteith, and Squire,1982b) and
percentage germination (Murdoch, Roberts, and Goedert, 1989), whereas
exposure to high temperatures can have a negative impact on these same
measures (Garcia-Huidobro, Monteith, and Squire,1982b). Although it is
convenient to consider crop species as nondormant, deviation of their be-
havior in some cases from that readily described by the commonly used hy-
drothermal time model may result from limited residual dormancy. This is
in keeping with the view that differences in crop seed performance (vigor)
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may be an extension of dormant behavior toward the end of a continuous
scale (Hillhorst and Toorop, 1997).

The question to ask is, Do these current limitations of the hydrothermal
time model have practical significance? For many purposes, such as com-
parison of genotypes or treatments (e.g., Covell et al., 1986; Dahal, Brad-
ford, and Jones, 1990) this approach is very effective. For field prediction
purposes, errors at low temperature are likely to have an impact in early sea-
son crops grown at suboptimal temperatures, but inaccuracy is likely to be
limited, especially as ambient temperatures rise in the spring following
sowing. However, errors in prediction close to the optimum temperature,
when progress is rapid, can have a major impact on the prediction of germi-
nation and emergence in clock time.

OTHER GERMINATION MODELS

In the present work, population-based threshold models have been used
to describe responses to the environmental because it is likely that they have
physiological significance and provide a framework for developing a ge-
neric understanding of seed and seedling responses. However, for seedling
emergence prediction in the field other modeling approaches can have sig-
nificant merit, but here there is not space to do these models justice. A large
number of models have been developed to describe germination and emer-
gence responses (e.g., Wanjura, Buxton, and Stapleton, 1970; Blacklow,
1972; Scott, Jones, and Williams, 1984; Thornley, 1986; Forcella, 1993;
King and Oliver, 1994; Hageseth and Young, 1994; Pemberton and Clif-
ford, 1994; Gan, Stobbe, and Njue,1996). There are also more mechanistic
approaches, for example, that of Bruckler (Bruckler, 1983a,b; Bouaziz and
Bruckler, 1989a,b) and Diirr and colleagues (2001). A number of these
modeling approaches have been reviewed by Forcella and colleagues (2000).

POSTGERMINATION SEEDLING GROWTH

Some monocot preemergent seedlings are resistant to desiccation due to
their seminal root system that can readily replace damaged roots. However,
in the majority of crop species, once the seed has initiated growth the grow-
ing seedlings progressively become desiccation sensitive and therefore are
committed to continued growth (Bewley and Black, 1978). It is an obvious
comment, but postgermination growth occurs in two directions; the pattern
in which it does this is essential for survival and also for prediction of emer-
gence time. Rapid downward growth is necessary to maintain contact with
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moisture in the seedbed as it dries from the surface. Growth upward, to
reach light and establish an autotrophic seedling, usually occurs in a deteri-
orating seedbed (increasing impedance to growth) and must be completed
before seed reserves are exhausted.

Close to the soil surface, germination tends to occur most often after
rainfall. For example, not only is germination metabolism (as shown previ-
ously for priming) less sensitive to water potential than the initiation of
growth, so is postgermination extension growth (Ross and Hegarty, 1979).
Initiation of growth is therefore a moisture-sensitive, rate-limiting step that
determines ¥, and ensures that in many species germination under variable
soil conditions occurs only when sufficient moisture is likely to be available
for subsequent seedling growth (Hegarty, 1977; Ross and Hegarty, 1979;
Finch-Savage and Phelps, 1993, Finch-Savage, Steckel, and Phelps, 1998).
Below W, seed priming or advancement in the soil (Wilson, 1973; Allen,
White, and Markhart, 1993; Rowse, McKee, and Higgs, 1999) means that
germination can be rapid when water becomes available. In the absence of
additional water, there is only a brief opportunity for the completion of ger-
mination and seedling growth before the surface soil layers dry again. Fol-
lowing germination, initial growth is downward in both epigeal and hypo-
geal seedlings, to maintain contact with soil moisture as it dries from the
surface layers. As this drying occurs the hydraulic conductivity of soil in the
surface layer quickly falls to a very low value, and this will tend to reduce
the rate of water loss from deeper layers (e.g., Lascano and van Babel,
1986). The seedling root will therefore grow into increasingly wet soil and
the seedling may become less dependent on moisture content of the surface
layers (Bierhuizen and Feddes, 1973). This pattern may occur because
hypocotyl extension is more sensitive than radicle extension to low matric
potential which initially favors the growth of roots (Dracup, Davies, and
Tapscott, 1993). The initial period of downward seedling growth following
germination is therefore critical to successful seedling establishment. Up-
ward growth often occurs in a deteriorating seedbed that has increasing soil
strength. Even if water potential is not directly limiting, because the grow-
ing root maintains contact with adequate moisture, there can be a large indi-
rect effect because soil strength above the seed will increase as water con-
tent decreases. Thus in practice, during the postgermination phase of crop
emergence, mechanical impedance may have greater importance than water
stress in delaying and reducing the number of seedlings emerging (Whalley
et al., 1999). In addition, soil can become much stronger following rainfall
even without subsequent drying (Hegarty and Royle, 1976, 1978).

A large number of studies have been made of the response of preemer-
gence seedling growth to temperature (e.g., Wanjura, Buxton, and Staple-
ton, 1970; Blacklow, 1972; Hsu, Nelson, and Chow, 1984; Wheeler and



74 HANDBOOK OF SEED PHYSIOLOGY

Ellis, 1991; Weaich, Bristow, and Cass, 1996; Vleeshouwers, 1997; Roman
et al., 1999; Shrestha et al., 1999). Different methods have been used to de-
scribe growth data from different species, but in many cases a thermal time
approach similar to that described for germination has been adopted which
assumes growth rate is linearly related to temperature. However, the utility
of thermal time and other techniques that account only for temperature have
limited potential in practice for accurate crop emergence predictions be-
cause soil moisture and strength vary greatly in the surface layers of the soil.
Fewer studies have been made on the interaction between temperature and
water potential (e.g., Fyfield and Gregory, 1989; Choinski and Tuohy,
1991; Dracup, Davies, and Tapscott, 1993) or soil mechanical resistance to
preemergence seedling growth (e.g., Mullins et al., 1996; Vleeshouwers,
1997; Vleeshouwers and Kropff, 2000). A review of this literature is not
justified in the present work which has its emphasis on germination.

Recently a model was developed that incorporates the effects of the three
ubiquitous seedbed factors, temperature, water potential, and soil imped-
ance, on preemergence shoot growth (Whalley et al., 1999). The model (de-
scribed in the Appendix) assumes a linear dependence on temperature and
water potential and scales the basic thermal time model so that shoot elon-
gation rate decreases proportionally as impedance increases and water po-
tential decreases toward threshold values that will just stop elongation. The
model has a single threshold for each factor and so describes mean shoot
growth only (Whalley et al., 1999). Variation in elongation rates has been
introduced into predictive models by assuming a normal distribution of
rates within the population (Finch-Savage and Phelps, 1993; Vleeshouwers
and Kropff, 2000). Finch-Savage and colleagues (2001) have developed a
model that describes a distribution of temperature and water potential
thresholds for preemergence growth to take account of variation within the
population. For prediction, nonemergence can be modeled by incorporating
seed weight and the exhaustion of reserves with time, in particular as emer-
gence time is extended by soil resistance to growth (Whalley et al., 1999;
Vleeshouwers and Kropff, 2000). Another factor to be considered is the ef-
fect of seedbed structure (Bouaziz and Bruckler, 1989b; Mullins et al.,
1996; Diirr et al., 2001).

THRESHOLD MODELS: PREDICTION OF GERMINATION
AND EMERGENCE PATTERNS IN THE FIELD

Forcella and colleagues (2000) have reviewed the use of thermal time in
seedling emergence prediction and shown that in many circumstances it can
be very effective. Bierhuizen and Feddes (1973) show that the heat sum ap-
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proach can accurately predict time to 50 percent emergence of vegetable
crops provided soil moisture content is taken into account. They suggest
that in dry periods a quantity of 5 to 10 mm of irrigation should be given
regularly, which will shorten the period to emergence and avoid the impact
of crust formation. Indeed, heat sums can be used to time irrigation to better
effect to achieve the same purpose (Finch-Savage, 1990a,b). However, in
the absence of irrigation, soil moisture varies greatly in the surface layers of
the soil and so thermal time has limited ability to predict emergence. In both
untreated seed and seed after advancing treatments (e.g., priming) the tim-
ing of water availability in the surface layers of the seedbed and its effect on
germination can be the main factor determining time to seedling emergence
in crops with nondormant seeds (HaKansson and von Polgar, 1984; Finch-
Savage, 1984a,b, 1987, 1990a). In the case of onions, seedling emergence
was reduced or delayed by inadequate soil moisture on more than half of 45
sowings made over three years (Roberts, 1984). Following germination,
particularly during upward growth of the shoot, it has been argued that soil
impedance is likely to become the principal factor. Seedbed conditions are
described in detail in Chapter 1 and will only be discussed here as they im-
mediately relate to germination and preemergence seedling growth.

The relatively recent and continuing development of threshold models,
describing both temperature and water potential effects on germination and
preemergence growth, has so far resulted in few attempts to apply these
techniques under variable field conditions. Hydrothermal time approaches
have been used with some success to describe the timing of major flushes in
crop seedling emergence (Finch-Savage and Phelps, 1993; Finch-Savage,
Steckel, and Phelps, 1998; Finch-Savage et al., 2000) and that of weeds
(Battaglia, 1997; Bauer, Meyer, and Allen, 1998; Roman, Murphy, and
Swanton, 2000). However, the first section of this review illustrates the im-
portance of being able to predict the uniformity and numbers of seedlings
emerging as well. The remainder of this section will be used to illustrate
seed responses in a field context to show how variation in seedling emer-
gence is generated and how the models described can be applied to predict
crop seedling emergence.

A Modeling Framework

Threshold models for germination and preemergence seedling growth
can be used to simulate seed germination and seedling emergence by divid-
ing time into manageable steps and applying the models to each step. The
model time (e.g., thermal, hydrothermal time, VOP, etc.) is accumulated
from each step to indicate progress toward seedling emergence in clock
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time within the seed population. A schematic illustration of the process of
simulation is provided in Figure 2.5, showing separate submodels for seed-
bed conditions, germination, and preemergence seedling growth. The ger-
mination and preemergence growth submodels are driven by appropriate
outputs from the seedbed model calculated from details of the soil and me-

Plant Soil
Sow
seed
Seed Dead
alive? seed

At seed depth

Increment seed
Temperature
development Water potential
Able to
germinate?

Increment root growth
Increment shoot growth

Profile of
Seedling Dead Temperature
state? seedling Water potential

Soil strength

Emerged
seedling

FIGURE 2.5. Flow diagram to illustrate the components of the simulation model
used in Figure 2.6 (Source: Reproduced from W. E. Finch-Savage, 2003, Vege-
table seed vigour: Looking to the future, The Vegetable Farmer, January, pp. 28-
29, with permission from ACT Publishing.)
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teorological data. The major drivers for germination are temperature and
water potential, and as each seed in the population germinates, soil strength
and its resistance to growth also become important. However, in the surface
layers where the seeds are sown there can be steep profiles of all three of
these variables, with temperature declining and moisture content increasing
below the surface. In addition, fluctuations are dampened at increasing
seedbed depths. To further complicate the situation, seeds are rarely sown at
uniform depth, and irregularity in soil aggregate size will vary seed contact
with the soil, so seeds within the population will experience different condi-
tions. For simulation purposes this situation is accounted for by assigning
depth and germination characteristics (e.g., base temperature and water po-
tentials), drawn at random from the appropriate frequency distribution, to
each seed. The models are then run for each seed using inputs appropriate
for that depth. Increasing the number of individual seeds will generate a
more reproducible prediction of seedling emergence times in the popula-
tion. Following germination, as the seedlings grow, it is necessary to decide
which temperature and water potential down the profile is most appropriate
to use as inputs into the models. There is little guidance in the literature, so
these decisions are largely pragmatic.

Although the measurement and simulation of seedbed conditions are de-
scribed elsewhere (Chapter 1 and reviewed by Guérif et al., 2001), it is nec-
essary to mention them here, in general terms, as the accuracy of these mea-
surements determines the success of the simulation. These measurements
arguably present the major limitation to predicting seedling emergence. For
example, direct measurement of water potential at seed-scale resolution is
not possible and so must itself be modeled from soil water content using a
water release curve. When soils dry, water potential varies with water con-
tent according to a power law so that a small error in the measured water
content can lead to a large error in the predicted water potential. Relevant
soil water content measurement at seed-scale resolution is also difficult,
even with more sophisticated techniques such as time-domain reflectome-
try (TDR). This equipment is sensitive to soil bulk density, so even in care-
ful field experiments it is difficult to know which calibration to use (Whal-
ley, 1993). Therefore, reliable water potential estimates are difficult to
achieve and small differences can have a large impact upon the prediction of
emergence time in a drying seedbed. Even for temperature, for which mea-
surements at seed-scale resolution are possible, usually only a single soil or
air temperature is available, so the temperature profile in the seedbed must
be modeled. Prediction of seedling emergence will be only as good as these
models of seedbed conditions.

Modeling the seedbed environment in any detail is very difficult, never-
theless models of differing complexity have been developed to provide rele-
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vant variables for seedling emergence models (e.g., Walker and Barnes,
1981; Forcella, 1993, 1998; Mullins et al., 1996; Brisson et al., 1998; Roman,
Murphy, and Swanton, 2000; Diirr et al., 2001). These seedbed models can
be coupled with threshold models that indicate how seeds and seedlings can
respond to environment, to predict seedling emergence (Figure 2.5).

Germination

The following section is concerned with the prediction of crop seed ger-
mination and therefore the impact of environmental conditions on dormancy
status will not be considered here (see Chapter 8). However, the application
of hydrothermal time to the description and prediction of dormancy status
in weeds has recently been reviewed elsewhere (Bradford, 2002). Under
variable seedbed conditions, thresholds can be interpreted as switches for
nondormant seeds: germination either proceeds or stops according to the
value of ambient conditions relative to the threshold (Figure 2.6). Thus, rate
of progress toward germination decreases and less physiological time (hy-
drothermal or hydrothermal priming time or VOP) is accumulated for a
given clock time as ¥, ;, and/or 7,,;, and T  are approached. Below ¥, or T},
and above T, radicle emergence will not occur.

It is likely that these thresholds have physiological significance relating
to the initiation of radicle extension (Welbaum et al., 1998; Meyer, Debaene-
Gill, and Allen, 2000; Bradford, 2002) and operate as rate-limiting steps in
the progress of seedling emergence from the soil. For example, the interac-
tion of ¥, and the changing amount of soil moisture can largely determine
the timing of onion seedling emergence in the field (Finch-Savage and
Phelps, 1993). Such a mechanism should avoid germination into seedbed
conditions likely to be hostile to subsequent seedling growth.

The threshold models described can be applied in dynamic forms in fi-
nite difference simulation to predict progress toward germination above
Y,,;»- The VOP model (Equation 2.16), with the modifications discussed for
the effects of temperature, can now be applied directly to describe field ger-
mination (Rowse, personal communication; Figure 2.6), whereas a differ-
ential form of the hydrothermal time model covering both sub- and supra-
optimal temperatures (Equations 2.10 and 2.12, respectively) must also
somehow be coupled to hydrothermal priming time (Equation 2.14) to take
account of progress that occurs below ¥;. One approach to the latter was at-
tempted by Finch-Savage and colleagues (2000) who interpreted the equa-
tion suggested by Bradford (1995), and later modified (Bradford, 2002), to
sum progress in both hydrothermal and hydrothermal priming time. How-
ever, the more flexible modeling approach used by Battaglia (1997) capable
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FIGURE 2.6. Simulation of the effects of soil temperature (a) and soil water
potential (b, d) on cumulative germination and seedling emergence of onion
(c, e) at two sowing depths (Rowse, Whalley, and Finch-Savage, unpublished).
Seeds were sown at9+ 1 mm (b, c) or 19 + 1mm (d, e). The sowing was made on
June 13, 1996, at Wellesbourne, United Kingdom, in a sandy loam soil. Temper-
atures were measured at sowing depth and the water potential profiles were sim-
ulated from standard meteorological data and soil characteristics. There was
some difference in temperature at the two depths, but for brevity only 9 mm is
shown. Germination (dashed line) and emergence (solid line) times were pre-
dicted using models published by Rowse, McKee, and Higgs (1999) (Equation
2.16 with temperature modifications described previously) and Whalley and col-
leagues (1999, Appendix) respectively. Closed circles are observed seedling
emergence. Temperature and water potential thresholds used in the simulation
are shown. The predictions were made on 100 individual seeds each assigned a
sowing depth, ¥, and T} at random from distributions determined for the seed
population. This simulation is being constructed with the future aim of demon-
strating the consequences of environmental conditions and grower interventions
on germination and seedling emergence.
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of including a range of factors and their interactions may prove to be an ef-
fective way of applying threshold models to variable field conditions. Using
this approach, reasonable prediction of Eucalyptus delegatensis seed ger-
mination in the field was possible (Battaglia, 1997). It is relevant to point
out that in contrast to crop species, germination of the Eucalyptus dele-
gatensis seed population was spread over months in these experiments. Un-
der these circumstances the accuracy of soil water prediction discussed ear-
lier has less importance.

The median ¥, for lettuce has been estimated by Tarquis and Bradford
(1992) to be —1.0 MPa and ¥, ;, as —2.4 MPa. Similar values have now been
determined for a number of crop species. In practice, water potential in the
surface layers of the seedbed can change quickly (e.g., Figure 2.6) so that
little clock time is spent between these water potential thresholds. Thus rea-
sonable predictions of seedling emergence time, under many seedbed con-
ditions, may be possible without including advancement below ¥,,. Indeed,
the timing of flushes of onion seedling emergence can be described reason-
ably well using a modified hydrothermal time model which assumed that
germination progressed in thermal time (unaffected by V) above ¥, and
progress ceases below it (Finch-Savage and Phelps, 1993). A similar ap-
proach has been used to predict the timing of weed seedling flushes with
some success (Forcella, 1998; Forcella et al., 2000). This approach works
because soil water potential rises instantly upon rain and then, at shallow
sowing depth, falls rapidly to levels below which metabolic advancement
occurs in the seed. This clear pattern of soil water potential can mask the in-
accuracies of the simple model used, but the success of the model illustrates
the importance of the rate-limiting moisture-sensitive step (‘*¥',). Neverthe-
less, in a further set of field experiments, this model described carrot germi-
nation more accurately than the hydrothermal model which overestimated
time to germination (Finch-Savage, Steckel, and Phelps, 1998) when soil
moisture was limiting. Similarly, Roman, Murphy, and Swanton (2000) ac-
curately predicted seedling emergence of Chenopodium album in spring
under no-till conditions using hydrothermal time to account for germina-
tion in the model. However, in seedbeds that were cultivated and therefore
more subject to drying, the model overestimated time to emergence. One
reason for overestimation could have been that progress below ‘¥, was not
considered. An attempt to account for hydrothermal priming time in the car-
rot experiments improved prediction of germination times in dry condi-
tions, but time to germination was still overestimated (Finch-Savage et al.,
2000).

It has been argued previously that the most likely cause of overestima-
tion of the time to germination results from inaccurate estimates of soil wa-
ter potential at sowing depth. However, there are a number of other reasons
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why this may have occurred. There may have been a catastrophic effect; for
example, rapid drying imposed shortly before radicle emergence can alter
germination rates upon return to water (Debaene-Gill, Allen, and White,
1994). Alternatively, overestimation of germination time suggests that
seeds progressed toward germination faster in variable field conditions than
would be expected from laboratory experiments under constant conditions.
As discussed earlier, seeds have been shown to adapt physiologically to
prolonged exposure to low water potentials by lowering ¥, (Ni and Brad-
ford, 1992). There is also an implicit assumption in the models that seeds
wet up and dry as rapidly and to the same extent as the surrounding soil and
that the impact of this on the rate of progress toward germination, including
radicle emergence, is equal throughout the germination process. However,
seeds may resist water loss so that they do not dry as quickly as the sur-
rounding soil or they may acquire water that condenses on them in a cycling
temperature environment. Moisture in the vapor phase can also be an im-
portant component of seed germination in the field (Bruckler, 1983a,b;
Wauest, Albrecht, and Skirvin, 1999). The seed response may not remain the
same throughout all stages of germination. It is also possible that once the
seeds have become sufficiently hydrated they subsequently germinate faster
at suboptimal water potentials than if they were imbibed and remained at
that water potential, as in constant laboratory conditions. These possibili-
ties could be resolved by experimentation using controlled changes in ex-
ternal water potential and temperature; however, such experimental data is
lacking in the literature.

In horticulture, it is reasonable to assume that seeds are sown into ade-
quate moisture (Finch-Savage and Phelps, 1993) for initial imbibition.
However, this will not be the case in all situations or with other crops. A fur-
ther potential error is that the models assume instantaneous reaction to
changes in seedbed conditions; as discussed previously, this may not be true
in the case of water potential changes. For prediction, imbibition is impor-
tant when seeds are sown into dry soils or when the contact between seed
and soil is poor (Bruckler, 1983a,b; Bouaziz and Bruckler, 1989a,b) and it is
therefore also likely to be variable in the seed population. Therefore, a fu-
ture improvement to simulations using threshold models for prediction, in
variable conditions of moisture, may be the incorporation of a suitable im-
bibition model. One approach would be to apply an imbibition submodel to
cover water uptake to ¥, ;, and water loss below ¥,,;,. As discussed previ-
ously, imbibition of water below ¥,,;,, can be considered a physical process.
Above ¥, the seeds become metabolically active and progress toward
germination should be predicted using a germination model. Consideration
should also be given to the incorporation of seedbed structure effects on
seed-soil contact area and water uptake in the vapor phase (Hadas, 1982;
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Bruckler, 1983a,b; Bouaziz and Bruckler, 1989a,b; Wuest, Albrecht, and
Skirvin, 1999).

Postgermination Seedling Growth and Emergence

There are comparatively few field studies in which the fate of nonemer-
ging seedlings has been studied. In the absence of disease, most viable
seeds are thought to germinate and seedling losses occur during postger-
mination seedling growth (e.g., Hegarty and Royle, 1978; Durrant, 1981;
Finch-Savage, Steckel, and Phelps, 1998). It is therefore necessary to con-
sider and model the exhaustion of seed reserves, especially in small-seeded
crops. Limiting conditions of temperature, water, and soil strength all in-
crease the time to seedling emergence when reserves can be used. However,
under limiting water and temperature respiration rate also decreases. Re-
cent experiments have found that respiration rate in onion seedlings also de-
creases as resistance to postgermination growth increases (Finch-Savage
and Peach, unpublished data). In this case the total CO, evolved for a given
increment of seedling growth was very similar over a range of resistances
under nonlimiting temperature and water potential. Nevertheless, seedling
growth, and therefore seedling emergence, can be reduced in this crop by
increased soil resistance, probably from allocation of resources to addi-
tional structural components (e.g., Whalley et al., 1999).

The relative success of the model described by Finch-Savage and Phelps
(1993) to describe emergence patterns implies that, once germination has
occurred, seedling growth under a wide range of conditions does not experi-
ence significant water stress even though the soil surface becomes very dry.
This view is supported by the work of Vleeshouwers and Kropff (2000)
who show that if the germination percentage in the soil is known, accurate
prediction of numbers of seedlings emerging is possible using their model
which considers only temperature, soil penetration resistance, and seed
weight. Few attempts have been made to include the effects of seedbed
structure (Bouaziz and Bruckler, 1989b; Mullins et al., 1996; Diirr et al.,
2001), which is likely to further improve seedling growth predictions. A
model has now been developed that includes the effect of aggregate size and
organization in the seedbed and crust development on hypocotyl growth but
does not yet include the effects of moisture content (Diirr et al., 2001).
However, reasonable predictions are possible from a simulation that ac-
counts for soil moisture, temperature, soil resistance to growth, and time
(Figure 2.6).

Simulations can be used to understand more about how seedling emer-
gence patterns are developed. In the simple example shown (Figure 2.6),
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onion seeds were sown at the same time but at two depths in a randomized
plot experiment. Seeds that were sown more deeply germinated faster and
more uniformly (Figure 2.6e) as they were exposed to greater water poten-
tials (Figure 2.6d) than those sown shallow (Figure 2.6 b and c). Soil water
potential at the shallow sowing depth was much more variable and spent
time below ¥, and \¥,,;, (Figure 2.6b), and therefore seeds germinated later
(Figure 2.6c). However, the period of seedling growth was greater from
deeper-sown seeds with a greater influence of soil impedance. The recorded
emergence shows that under the conditions following this sowing, despite
the different germination times, emergence times were very similar from
shallow and more deeply sown seeds (Figure 2.6¢c and e). Under the drier
and more variable conditions experienced at shallow sowings the prediction
of seedling numbers was less accurate, underlining the difficulties de-
scribed in the previous section. An additional interesting point is that sow-
ing depth varies in the seed population following sowing and therefore, in
simulation, seeds are assigned to different depths and characteristic base
temperatures and water potentials at random. As conditions differ in the
seedbed profile, seeds may not germinate in the same set order that they are
assumed to under constant laboratory conditions. For example, a faster ger-
minating seed (i.e., low ¥;) may be exposed to a lower water potential than
a slow germinating seed (i.e., high ¥,) sown deeper in the seedbed profile.
Thus ¥ — ¥, may be greater in the deeper sown, slower germinating seed,
causing it to germinate faster in practice. This is accounted for in the simu-
lation because the models are effectively run for each seed separately using
Monte Carlo simulation principles.

SUMMARY AND CONCLUSIONS

The complex interactions between germination and preemergence growth
characteristics in the seed population and seedbed conditions that deter-
mine seedling emergence present a challenging subject. Threshold models
can accurately describe the range of responses from individuals within the
population to constant environmental conditions in the laboratory and pro-
tocols are being developed to extend this to field conditions that vary. To
date there have been few attempts to use these population-based models to
simulate and predict germination and emergence in the field. The prospects
look good, but further development of the models to include greater flexi-
bility to account for interactions between temperature and water potential
effects will be required along with testing in laboratory and field conditions
that vary. However, the difficulty in obtaining accurate seed-scale environ-
mental measurements may be the factor that limits accurate predictions of
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the numbers and spread of germination and emergence time in the popula-
tion. Nevertheless, accurate prediction of mean germination times and the
timing of seedling flushes seems possible.

An important application of simulation models is to understand the ap-
parent contradictions that can result from field experimentation. They also
form a powerful vehicle for the extension of scientific research to the
farmer. An immediate use for these models may be for the selection of suit-
able seed sources for the site to be sown, sowing times, and suitable sites in
natural populations (Battaglia, 1997). In agriculture, they could have practi-
cal application, such as determining the relative timing of crop and weed
populations to develop strategies for reducing competition. They can also
have an educational role in developing an improved appreciation of how
variations in germination and emergence times are generated. A further use
of field simulation models is to determine potential improvements in
grower practice through exhaustive scenario testing, under a wide range of
weather conditions, which is not practical by experimentation. For exam-
ple, delayed emergence allows more time for seedbed deterioration and
consequential effects on the uniformity and numbers emerging from the
population. Delayed emergence can also result in reduced vigor and re-
duced photosynthetic efficiency of individual seedlings (Tamet et al., 1996).
Scenario testing can be used to develop protocols that keep seedling emer-
gence time to a minimum, such as timing irrigation in relation to seed
development (physiological time) rather than clock time (Finch-Savage,
1990a,b). In this way, even if accurate prediction of seedling emergence un-
der more extreme conditions is not possible, the models may be used to
avoid these extremes by determining the timing of farmer intervention at
crucial stages to provide predictable seedling emergence.

APPENDIX

A Threshold Model for Postgermination Seedling Growth

Whalley and colleagues (1999) developed a model to describe the elonga-

tion rate of a shoot that was based on the monomolecular function written as
dL

—=b(A-L 2.17)
5 —HA-1)
where ¢ is the thermal time, L is the shoot length, and A and b are constants.
To take into account the effect of water stress and mechanical impedance on
elongation rate, both A and b were scaled by the following factor:
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Wl e

where ¢ is the penetrometer pressure (i.e., proportional to mechanical
impedance) and ¥ is the water stress, and g;, ¥';, and n are all constants. g; is
a conceptual value of penetrometer pressure that will just stop elongation
and ¥}, a water potential that will just stop elongation. In this form, the
model gave a reasonable description of the response of carrot and onion
shoots to constant levels of mechanical impedance; however, it was poor at
describing how shoots recovered in a stress-free environment, following
prolonged exposure to combinations of water stress and mechanical imped-
ance. A practical example of this situation would be irrigation of a dry and
strong soil. To improve this aspect of the model, Whalley and colleagues
(1999) allowed A to decline with thermal time according to a logistic func-
tion written as

A= (2.19)

C
(0
where t is thermal time accumulated by a seedling and ¢, d, and m are con-
stants. To make predictions with the model it needs to be solved numeri-
cally. Some analogy can be drawn between this model for shoot elongation
rate and the threshold models used to describe germination. Both models
have a value of water potential below which no elongation can occur. In ad-
dition, the shoot elongation model has an upper limit to mechanical imped-
ance which stops elongation. However, the shoot elongation model is dif-
ferent because the rate of elongation depends on the length of the shoot (L)
and the thermal time that the seedling has accumulated (#) in addition to the
difference between the level of a physical stress (mechanical impedance, ¢
or/and water stress, '¥') and its threshold value (g; and/or ;). In contrast,
the rate of germination at a given temperature depends only on the differ-
ence between water potential and the appropriate value of base water poten-
tial.
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Chapter 3

Seed and Agronomic Factors Associated
with Germination Under Temperature
and Water Stress

Mark A. Bennett

INTRODUCTION

Substantial progress has been made in our understanding of physiologi-
cal mechanisms in seeds that confer the ability to germinate under stress
conditions. Parallel to this progress is a series of agronomic changes, in-
cluding (1) shifts to earlier planting dates and tillage practices; (2) greater
expectations of precision and uniformity in seedling establishment; and (3)
double-cropping systems that require continued seed research and new
strategies for reliable crop production.

The objective of this chapter is to describe and review present knowledge
on physiological, morphological, and cultural factors involved in germina-
tion under stress conditions. Although not intended to be a comprehensive
literature review of this wide-ranging subject, references to related reviews,
proceedings, and books are made in connection with several sections of this
chapter.

The overarching goal of crop establishment is to achieve rapid and uni-
form germination, followed by rapid and uniform seedling emergence plus
autotrophy (Covell et al., 1986). Seeds are particularly vulnerable to
stress(es) encountered between sowing and seedling establishment (Carter
and Chesson, 1996). Germination and seedling establishment in crop spe-
cies are the end result of a complex and interactive process, involving a
number of physiological, morphological, environmental, and cultural fac-
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tors (Figure 3.1). Insights into the physiological mechanisms and cultural
practices that increase the ability of seeds to perform optimally under
stressful conditions will be useful for (1) sowing on atypical dates and (2)
when introducing crops into new production areas or systems (Covell et al.,
1986; Thiessen Martens and Entz, 2001).

SEED COATS

The seed coat, or testa, has an important role in germination under stress
conditions. An intact seed coat is essential for controlled water uptake and
protection from injury to the embryo or other tissues (Chachalis and Smith,
2000; Baskin and Baskin, 1998). Seeds of various Fabaceae species have
been studied to compare traits of permeable versus water-impermeable ge-
notypes. Studies with ‘Williams 82’ soybean seedlots demonstrated the
ability of seed coats to (1) direct water penetration to the embryo and (2)
serve as a reservoir of water for the developing axis (McDonald, Vertucci,
and Roos, 1988a). The testa can also decrease levels of solute leakage re-
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FIGURE 3.1. Schematic model of physiological, morphological, and cultural fac-
tors involved in germination and seedling establishment



Agronomic Factors Associated with Germination Under Stress 99

sulting from seed water uptake and imbibitional damage. A comparative
study of 19 soybean accessions with a wide range of seed size (60 to 257
mg/seed) and testa color showed a testa dry weight range (5.8 to 18.3
mg/seed) that was closely correlated to seed dry weight (Chachalis and
Smith, 2000). Total dry weight per unit area ranged from 0.075 to 0.150
mg-mm-2 and was negatively correlated with total seed dry weight. Rates of
water uptake and testa dry weight:dry weight ratios (6.5 percent to 13.8 per-
cent) were not correlated (Chachalis and Smith, 2000). Lupin seeds (espe-
cially lines of Lupinus pilosus) had thinner coats when produced in a dry
season with about 50 percent of average rainfall (Miao, Fortune, and
Gallagher, 2001). Genetic characteristics and production environment ef-
fects on seed coat structure can interact significantly.

Seed coat surface deposits, phenolic materials, and pore development
patterns have also been studied in relation to water uptake (Mayer and
Poljakoff-Mayber, 1989). Phenolic materials in permeable and imperme-
able legume seeds have not been strongly linked to water uptake patterns
(Slattery, Atwell, and Kuo, 1982; Chachalis and Smith, 2001). Develop-
mental studies of four soybean genotypes from maturity groups III through
V showed pores formed first around the hilum (approximately 36 days after
flowering). Pore development next encircled the seed parallel with the axis
and then formed on the abaxial surface, i.e., the area covering the round face
of the cotyledon (Yaklich, Vigil, and Wergin, 1986). Soybean imbibition
studies with four permeable and three impermeable seed lines detected a
lack of pores in the abaxial region of the seed coat in VLS-1, a delayed-per-
meability genotype. In two lines possessing a rapid-permeability seed coat
characteristic, pores were observed to be deep, wide open, and densely dis-
tributed (Chachalis and Smith, 2001). The VLS-1 (delayed-permeability)
line is black seeded; if the associated pure characteristic is inheritable,
breeders could transfer this trait to yellow-seeded genotypes. Alternatively,
genotypes could be selected based on pore characteristics to provide more
resistance to imbibition damage from waterlogged soil conditions, etc.

SEED SIZE

Large seed size is widely thought to improve the chances for crop emer-
gence under a wide range of environments. It is also generally considered
that, within a seedlot, seeds with a greater seed weight have greater storage
reserves and thereby have increased seed vigor (Powell, 1988). Studies of
seed size effects on stand establishment are conflicting, however, and sev-
eral possible explanations exist for the mixed findings. Seed size classes
should be kept distinct from seed quality (vigor) assessments. Among red
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clover seedlots, for example, the relationship between thousand seed weight
(TSW) and seed vigor was weak or nonexistent (Wang and Hampton,
1989). Although many reports suggest that larger seeds produce seedlings
with greater early growth and increased competitive ability against weeds
and pests (Chastain, Ward, and Wysocki, 1995; Douglas, Wilkins, and
Churchill, 1994; Mian and Nafziger, 1992), the sheer range of conditions
examined in the literature is cause for careful interpretation of results.
Plants grown from smaller spring wheat (Triticum aestivum L.) seeds
emerged faster but accumulated less shoot weight than plants grown from
large seeds (Lafond and Baker, 1986a). Seed size accounted for approxi-
mately 50 percent of the variation in seedling shoot dry weight for the nine
cultivars tested over two years in Saskatchewan, Canada. A large survey of
winter wheat stand establishment in the southern Great Plains of the United
States showed reduced percent emergence (45 percent) for the smallest seed
class (<19.8 g, TSW). This compared to approximately 60 percent emer-
gence for seed classes of 19.8 to 22.7, 25.5 to 28.0, and >28 g per TSW
(Stockton et al., 1996). Seed size studies are interesting in that the cause(s)
of smaller seed can be quite diverse. Mian and Nafziger (1992) examined
the effect of three seed sizes of soft red winter wheat, producing seed size
classes with sequential harvests of 21, 28, and 35 days after anthesis (DAA).
All seed sizes emerged equally well in the two-year study in Illinois, even
though the seed size range for 21 to 35 DAA lots varied considerably by
year of harvest (Mian and Nafziger, 1992). Seed size differences in other
studies are often established by screening or other sorting procedures which
may confound effects from (1) drought, (2) disease or insect damage, (3) ear
or head position, and (4) seed size and dormancy physiology interactions.
Corn seed size classes have also shown differences in imbibition, with
small flat (SF) seeds having a faster rate of water uptake than large round
(LR) kernels during initial stages of germination (Shieh and McDonald,
1982). First counts of the standard germination test showed smaller seeds
germinated more rapidly than large seeds for the two inbreds tested. Similar
findings were reported by Muchena and Grogan (1977), who noted that
smaller seeds may require less water due to less seed volume. They also
speculate that small-seeded corn lines could provide more rapid and im-
proved germination under conditions of limited soil moisture. Seed size
studies with a sweet corn inbred divided a composite lot into LF (large flat),
LR, SF, and SR (small round) classes. Under greater crop establishment
stress, the SF lot performed well in seedling dry weight accumulation (four-
leaf stage) relative to the other classes (Bennett, Waters, and Curme, 1988).
Seedlot nitrogen (N) concentration, TSW, and age all had significant (P <
0.001) effects on perenial ryegrass (Lolium perenne L.) seed vigor (Cook-
son, Rowarth, and Sedcole, 2001). N concentration accounted for more



Agronomic Factors Associated with Germination Under Stress 101

variability in laboratory emergence and perennial ryegrass seedling dry
weight than TSW in these studies, but individual effects of N and TSW are
often confounded (Bennett, Rowarth, and Jin, 1998; Lowe and Ries, 1972).

Seed size may also be linked to emergence through soil crusts. Research
comparing crust-tolerant and crust-susceptible sorghum genotypes indi-
cated differences in seed-seedling conversion efficiency. Susceptible geno-
types used about 60 percent of their initial seed weight for forming seedling
tissue, while the tolerant genotypes used only 40 percent (Soman, Jaya-
chandran, and Peacock, 1992). Tolerant genotypes had longer mesocotyls
with faster growth rates, allowing an avoidance mechanism for soil crusting
situations.

Carrying seed size studies to yield data comparisons is generally suspect
since many intervening factors may outweigh the original factor. The re-
search by Mian and Nafziger (1992) noted a higher wheat yield in one year
from small seed plots, but it was largely due to reduced lodging. Many other
factors (planting depth, planting date, optimal versus suboptimal growing
conditions or cultural practices) can intervene between seed size at sowing
and eventual yield. In other species, such as kura clover (7rifolium ambig-
uum M. Bieb.), shoot weights may serve as a better indicator of seedling
vigor than seed size since the plant allocates a majority of its reserves to root
and rhizome development during seedling establishment (DeHaan, Ehlke,
Sheaffer, 2001).

SEED WATER UPTAKE

Available soil water is an essential factor for seed germination. Uptake
typically follows a triphasic curve of (1) rapid uptake, (2) lag phase, and (3)
additional hydration from cell expansion and radicle growth (Obroucheva
and Antipova, 1997). Seeds have the same general response to water supply
as to temperature fluctuations. An optimal seed substrata water status exists
for germination percentage or rates, with lower germination values on ei-
ther side of the optimum (Gulliver and Heydecker, 1973; Chatterjee, Das,
and Deb, 1981). Indirect effects of water status may be on (1) leaching of
endogenous inhibitors, (2) soil crusting from flooded soils followed by
rapid drydown, (3) decreased oxygen availability, or (4) increased competi-
tion from microbes favored by super- or suboptimal water supply.

In undamaged seed, phase I water uptake is closely linked to colloidal or
physical properties. Nitrogen and protein content are major colloidal con-
stituents of many important crop species (Cardwell, 1984; Vertucci and
Leopold, 1987). Seeds rich in protein imbibe more water than fat-storing
seeds. Water-insoluble carbohydrates from soybean seeds were found to
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hold tenfold their weight in water, while protein held only twice its weight
in water (Smith and Circle, 1972). Soybean seed parts (axes versus cotyle-
dons) differed substantially in moisture content when whole seeds were al-
lowed to imbibe for 72 h. Axes contained 800 g water/kg fresh weight at 48
h (germination) versus 550 to 600 g water/kg fresh weight for cotyledon tis-
sue with differences largely due to lipid versus carbohydrate contents (Mc-
Donald, Vertucci, and Roos, 1988b). Studies with seed size of soft white
winter wheat indicated no effect on emergence at soil water contents of 0.12
to 0.16 g water/g. However, light (small) seeds, which also had the highest
percent protein content, were observed to emerge more rapidly at the lowest
soil water status (0.10 g-g-1) tested (Douglas, Wilkins, Churchill, 1994).

Seeds may become hydrated by water in the liquid or vapor phases. Un-
der conditions of severe low soil water stress, seeds may be suspended in
stages of incomplete hydration (Chatterjee, Das, and Deb, 1982; Hegarty,
1978). Metabolic changes and associated shifts in seed storage materials
may allow water uptake to later resume or rapidly germinate upon subse-
quent rainfall or irrigation (Hadas, 1982). The concept of natural priming of
seeds may also apply in these and semiarid or low water stress situations
(Gonzalez-Zertuche et al., 2001). Partial imbibition, inadequate for germi-
nation per se, may result in a type of priming with rapid and more uniform
germination plus emergence occurring with subsequent rainfall (Kigel,
1995). Seed metabolism will also vary with respect to critical hydration lev-
els (Vertucci and Farrant, 1995). Exposure of perennial ryegrass and annual
bluegrass seeds to controlled hydration-dehydration cycles resulted in de-
layed but more uniform germination (Allen, White, and Markhart, 1993).
Cycled seeds required fewer hours in contact with liquid water to germinate
than continuously hydrated seeds. A more thorough understanding of seed
germination patterns in crop species after wetting and drying cycles will
benefit seedling establishment under stressful field conditions (Koller and
Hadas, 1982).

Initial radicle protrusion is dependent upon cell expansion, not cell divi-
sion (Haigh, 1988; Gornik et al., 1997). Minimum seed moisture contents
required for turgor pressure and base water potential (V) for germination
may vary slightly for individual seeds within a seedlot, but estimated mini-
mum values for seeds of several species are reported in the literature (Table
3.1). Moisture stress of —1.0 to —1.3 MPa is known to delay lettuce germina-
tion (Haber and Luippold, 1960). Cultivar differences in water require-
ments for tomato seed germination were noted by Liptay and Tan (1985).
Using different available soil moisture (ASM) treatments of 5, 35, 60, 75,
and 100 percent of a loamy sand, one cultivar germinated well at 60 percent
ASM or greater while the other cultivar required 100 percent ASM for opti-
mal germination. Differences in seed moisture contents required for germi-
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TABLE 3.1. Estimated minimum water potential (\¥\,,j;) values and base water
potential values (\¥}) of various seeds. Minimum water potential is considered
the minimum seed hydration level at which metabolic advancement will occur,
and ¥, is the threshold water potential below which germination will not
proceed.

Species Y min (MPa) Source
Tomato (Lycopersicon esculentum —2.45 Cheng and Bradford, 1999

Mill.)
Tomato —2.50 Bradford and Haigh, 1994
Lettuce (Lactuca sativa L.) —2.40 Tarquis and Bradford, 1992
Nemophila menziesii Aggr. -2.0 Cruden, 1974

Yy, (MPa)

Lettuce -1.3 Haber and Luippold, 1960
Wheat ( Triticum aestivun L.) <-15 Owen, 1952
Wheat <20 Lindstrom, Papendick, and

Koehler, 1976

nation have also been reported among sorghum cultivars (Mali, Varade, and
Musande, 1979). In studies comparing commercial tomato (Lycopersicon
esculentum) with two wild tomato species, L. chilense and Solanum pen-
nellii, germination of L. esculentum appeared less sensitive to water deficits
(0.2 to —0.8 MPa) than did the two wild species (Taylor, Motes, and
Kirkham, 1982). Germination of all species was inhibited more by water
stress, as compared to seedling growth responses. This conclusion was also
reached by Bhatt and Srinivasa Rao (1987) studying four L. esculentum
cultivars and the wild tomato species L. pimpinellifolium. Recent work on
the genetic basis of tomato seed germination rates at reduced water poten-
tial will be useful in understanding the physiological determinates of ‘¥,
(Foolad and Lin, 1997; Foolad et al., 1997). Base water potentials can also
change with seed maturity. As broccoli seed matured, germination response
to osmotic stress decreased (Still, 1999). Seeds harvested at 38 days after
flowering (DAF) had a ‘¥, of —0.6MPa, but the ¥, decreased to —0.8 MPa
for seeds harvested at 49 DAF, and reached an intermediate level (—0.7
MPa) for 56 DAF seeds (Still, 1999).

Mucilaginous seeds are able to establish better seed-soil contact, which
assists in water uptake. Myxospermy (mucilaginous seeds) is more com-
mon for seeds of plant families native to arid/semiarid regions (e.g., Brassi-
caceae, Euphorbiaceae, Plantaginaceae, Labiateae) (van der Pijl, 1982). In
an attempt to mimic nature, the application of hydrophilic polymers as seed
coatings or seed furrow amendments to absorb water have given inconsis-
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tent results. Hydrolyzed starch-graft-polyacrylonitrile (H-SPAN) applied at
2to 5 g-kg! of sweet corn seed showed improved emergence, while similar
tests reduced cowpea (Vigna unguiculata) emergence and seedling dry
weight (Baxter and Waters, 1986a). These results were likely linked to dif-
ferences in seed storage materials and rates of water uptake. Laboratory ex-
periments with H-SPAN on sweet corn planted into a silt loam soil at matric
potentials of —0.01, —0.40, —1.0, and —1.5 MPa were also conducted. Treated
seeds had greater imbibition, respiration, and emergence at—0.01 and —0.40
MPa than control seeds, but the H-SPAN coating had a deleterious effect as
soil water matric potential decreased to —1.0 and —1.5 MPa (Baxter and Wa-
ters, 1986b). This effect was also reported for Russian wildrye seeds
(Berdahl and Barker, 1980). For hydrophilic coatings to be most effective,
soil water potential should be near field capacity initially. This water can
first hydrate the coating sufficiently to cause germination. Coatings may be
useful in nonirrigated dryland conditions where seeds are planted just prior
to or immediately after rainfall. Coatings could then trap water around the
seed for improved germination.

RADICLE EMERGENCE
AND ROOT SYSTEM DEVELOPMENT

Seed reserves and environmental factors largely determine the initial
patterns of germination and seminal root growth. After seed reserves are ex-
hausted, however, the size and activity of the young root system plays a ma-
jor role in determining the rate of early seedling shoot growth and dry mat-
ter accumulation (Hoad et al., 2001). In the small grains, primary (seminal)
roots develop from the radicle and comprise approximately 5 to 10 percent
of the total root volume at full growth. Secondary roots (also referred to as
nodal, adventitious, or crown roots) arise from nodes at the stem or tiller
base (Hoad et al., 2001). Soil compaction, greater bulk density values, high
seeding rates, and moisture stress can reduce root development and seed-
ling establishment. However, radicle lengths did not differ between soil
crusting-tolerant and -susceptible lines of sorghum, and no effect was de-
tected of crusting treatments on radicle length (Soman, Jayachandran, and
Peacock, 1992; Dexter and Hewitt, 1978).

Selection for longer pearl millet seedling root length in greenhouse sand
culture correlated well with field seedling emergence and shoot height
(McGrath et al., 2000). Seedlings with longer roots tolerated or avoided
moisture stress better than five other populations (with short roots, long col-
eoptile, or short coleoptiles) tested. Under flooding stress (hypoxia), corn
genotypes were shown to differ in adventitious root production, with some
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hybrids producing more root weight per seedling at hypoxic levels (10.5
and 14.0 KPa O,) than at ambient (20.9 KPa O,) control levels (VanToai,
Fausey, and McDonald, 1988).

Critical O, concentration (COC), or the O, concentration below which a
process becomes dependent on [O,], was 4.8 KPa for most of the ten corn
genotypes evaluated, but 10.5 KPa for flood-susceptible genotypes Mol7
and B37 (VanToai, Fausey, and McDonald, 1988). Correlations between
germination and adventitious root formation across the ten genotypes tested
was not very high (at 2.5 KPa O,, correlations of 0.6 and 0.4 for inbreds and
hybrids, respectively) (VanToai, Fausey, and McDonald, 1988). Reported
COC values for tomato root growth (0.14 mol-m3) and barley (0.6 mol-m3
or 0.13 KPa O,) indicate the wide range among species (Benjamin and
Greenway, 1979).

GENETIC LINKS TO GERMINATION
TEMPERATURE LIMITS

In temperate regions, low temperatures at the time of planting are often
the most limiting environmental component for germination and seedling
growth under early spring field conditions. Optimum temperatures for seed-
ling growth and for radicle emergence (germination) are likely to differ for
most species (Gulliver and Heydecker, 1973; Marsh, 1992; Nomura et al.,
2001). Germination base temperatures for chickpea (0°C) and cowpea
(8°C) were quite consistent, while soybean varied widely for temperate-
origin genotypes (4°C) versus those with tropical origins (10°C) (Covell
etal., 1986). Base temperatures for germination have also been shown to be
unaffected by seed age in barley and wheat (Ellis, Hong, and Roberts, 1987;
Khabh, Ellis, and Roberts, 1986).

Earlier planting to achieve (1) longer growing seasons, (2) better use of
sunlight and rainfall, and (3) enhanced yield potential has placed a premium
on selecting cold-tolerant (CT) populations for major crop species (Yu and
Tuinstra, 2001). An example is maize, which is now grown at 55° latitude
(North), despite its warm-season characteristics and subtropical origins
(Shaw, 1988). As for most species examined to date, at least two mecha-
nisms appear to be involved in CT of maize—one for germination and
emergence and another for seedling growth (Revilla et al., 2000). For cold-
tolerance breeding in tomato, Foolad and Lin (2000) suggest that each stage
of plant development may require evaluation and selection. No cold-toler-
ant tomato cultivar has yet been developed or released for commercial use.
A more thorough understanding of CT at different growth stages in tomato
(and other species) will likely require genetic mapping, cloning, and char-
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acterization of the functional genes that confer tolerance at each stage
(Foolad and Lin, 2001).

An oilseed rape cultivar (Martina) showed potential to give rise to genet-
ically distinct populations that could exploit different environments (Squire
et al., 1997). Early germinator seeds (5°C) and viable, but nongerminating
seeds at 5°C were hand selected and selfed for testing of progeny seedlots.
Germination differences were small at 19°C but large at <10°C (Squire
et al., 1997). It has been noted that acceptable germplasm screening sys-
tems must distinguish between temperature responses due to genotypes and
responses due to presowing environment (i.e., seed production effects on
vigor) (Ellis et al., 1986). A streamlined screening protocol for faba bean
(Vicia faba L.) genotype germination response to sub- and supraoptimal
temperatures was proposed by Ellis, Simon, and Covell (1987). Four tem-
peratures (10°C, 20°C, 27°C, 30°C) were used with repeated probit analy-
ses to compare genotypes for base and optimum temperature values. Gar-
cia-Huidobro, Monteith, and Squire (1982a) used a wide range of constant
temperatures (12°C to 47°C) and showed pearl millet rate of germination
increased linearly from a base temperature to a clearly defined optimum.
Beyond the optimum, germination rate decreased linearly with increased
temperature to a T, ,, and no germination.

Use of alternating or fluctuating temperatures may be more appropriate
for predicting or interpreting field germination and emergence data. Be-
yond the seed dormancy breaks associated with alternating temperature re-
gimes, fluctuating temperatures are thought to (1) increase the maximum
fraction that will germinate in a seed population and (2) possibly increase
the rate of germination (Garcia-Huidobro, Monteith, and Squire, 1982b). In
studies with pearl millet, large diurnal temperature amplitudes (8°C) and
temperatures from 15° to < 42°C accelerated the germination rate. Differ-
ences were small relative to comparable average constant temperatures but
may be important for seeds germinating in field environments.

SEED PRODUCTION AND SEED VIGOR

Among the many cultural factors and management decisions that impact
germination under environmental stress, an important early indicator of
crop establishment is seedlot vigor. A high quality or vigorous seedlot pos-
sesses the ability to germinate and emerge uniformly and quickly under the
wide range of conditions (temperature, moisture, biotic stresses, etc.) com-
monly encountered in field settings (Association of Official Seed Analysts
[AOSA], 1983). Environmental conditions during seed development can
have major effects on seed quality (Wulff, 1995; Syankwilimba, Cochrane,
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and Duffus, 1997). Seed production per se will not be covered extensively
in this section, but implications for better germination under stressful con-
ditions will be addressed.

Seed development and seed production of Brassica species is a useful
starting point for examining the development of seed vigor. Red cabbage
and rapeseed were selected from among the brassica crops for studies con-
ducted by Still and Bradford (1998) and Still (1999). The indeterminate
growth pattern and extended flowering period (typically 35 d) of brassicas
force seed producers into a compromise over mature seed yield potential
versus shattering losses.

Rapeseed maximum seed dry weight was achieved by 33 days after flow-
ering, while for red cabbage this stage was reached by 54 DAF (Still and
Bradford, 1998). Different sensitivities to water stress (reduced water po-
tential) (Still and Bradford, 1998) and exogenous abscisic acid (ABA) treat-
ments (Benech-Arnold, Fenner, and Edwards, 1991) were linked to the en-
vironment experienced by the mother plant during seed development.
Temperature thresholds may also be linked to different seed maturity stages
(Ellis et al., 1986).

For many species and seed crops, it is difficult to determine when physi-
ological maturity (PM) or maximum seed quality has occurred and whether
this developmental stage is synchronized with maximum seed dry weight.
Inrapeseed, PM was reached 4 to 9 d after maximum seed dry weight; in red
cabbage, PM was observed at 6 or 7 d later than maximum dry weight (Still
and Bradford, 1998). Best seed quality (PM) is reported to occur after maxi-
mum seed dry weight accumulation for many other crops, including sweet
corn (Wilson and Trawatha, 1991), barley (Pieta-Filho and Ellis, 1991), and
Phaseolus vulgaris (Sanhewe and Ellis, 1996). Seed moisture can also be a
useful indicator of seed quality development in field bean, with seed quality
assessment (standard germination, controlled deterioration, and conductiv-
ity) values leveling off at about 0.4 g water/g fresh weight. This seed mois-
ture content did not differ across years, anthesis dates, or pod locations on
the plant (Coste, Ney, and Crozat, 2001).

Shattering is not a critical factor in sh2 sweet corn seed production, but
slow drydown in the field has lead to studies on earlier harvests (0.45 to
0.65 g water/g fresh weight) for this unique endosperm type (Borowski,
Fritz, and Waters, 1991). Sweet corn seed can be harvested at higher than
normal (0.35 to 0.45 g water/g fresh weight) moisture levels with proper at-
tention to harvesting, handling, and drying operations (Borowski, Fritz, and
Waters, 1995). Continued research on membrane and pericarp integrity
changes during seed production will help to provide flexibility in seed har-
vest windows and supply good yields of high-quality seed.
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An early indicator of loss of seed vigor is a narrowing of the range of
conditions (e.g., temperatures, water) in which seeds will germinate (Ab-
dul-Baki and Anderson, 1972). New seedling imaging systems for quick as-
sessment of seed vigor will be useful in seed production and seed inventory
decisions (Sako et al., 2001).

SOWING DEPTHS AND PLANTER TECHNOLOGY

Seedling establishment is often compromised by wide-ranging soil mois-
ture conditions (near field capacity to levels too dry for germination), plant-
ing depths (<1 cm to 15 cm or more), and seedbed temperatures (0.25°C to
0.5°C). Delays in germination and emergence subjects seedlings to greater
risk from soil crusting impedance and greater competition or damage from
various pathogens, insects, and weeds. Deep planting (8 to 10 cm or more)
is often required to place seeds of barley, winter wheat, and other crops in
moist soil (Lindstrom, Papendick, and Koehler, 1976; Radford, 1987).

It is useful, especially in deep planting situations, to separately consider
the processes of (1) germination and radicle emergence and (2) subsurface
seedling elongation. The emergence phase (subsurface coleoptile elonga-
tion, etc.) is generally more sensitive to marginal seedbed conditions (Lind-
strom, Papendick, and Koehler, 1976). Long coleoptile length (usually
highly correlated with seed weight) is clearly desirable when deep sowing
is required in crop production. Within most barley, oat, and wheat cultivars,
larger seed with good germinability produced longer coleoptiles (Kaufman,
1968). The extra seed reserves for emergence in larger seed plus longer col-
eoptiles were both linked to more successful seedling establishment. In stud-
ies with seven barley cultivars, constant temperatures of <10°C and >20°C
reduced coleoptile lengths for all genotypes (Radford, 1987). At 10°C, col-
eoptile length ranged from 64 to 106 mm, while at 25°C the lengths dropped
to 58 to 80 mm. Optimal barley seed zone temperatures varied by cultivar.
One line showed optimal coleoptile growth at 10°C, 10 or 15°C, and 15 or
20°C, while four cultivars produced optimal coleoptiles anywhere across
the 10 to 20°C range (Radford, 1987). It is recommended in deep-sowing
situations that furrows be formed over the seed rows to minimize the actual
depth of soil covering, e.g., deep sow at 110 mm and firm soil directly above
the seed with a press wheel to leave 75 to 80 mm of soil actually over the
seed. (Radford, 1987).

Precision agriculture techniques may also be useful for sowing depth and
variable seed placement decisions. Within-field variability leads to substan-
tial ranges of soil temperatures and moisture, and refinements in planter en-
gineering show promise for dealing with these key variables (Carter and
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Chesson, 1996; Price and Gaultney, 1993). The use of global positioning
systems (GPS) and geographic information systems (GIS) allow the map-
ping of fields for many applications, including seed placement, for im-
proved stand establishment. Field studies with several shrunken-2 sweet
corn cultivars showed that seedling emergence for an entire field was
greater using variable planting depths (2 to 4 cm) based on mapped soil type
differences versus a single planting depth of 2 cm (Barr, Bennett, and
Cardina, 2000). Additional mapping data on soil compaction (Hakansson,
Voorhees, and Riley, 1988; Wolfe et al., 1995) and a better understanding of
cultivar interactions will improve the accuracy and utility of precision
planting techniques for a wider range of crop species and field environ-
ments.

TILLAGE SYSTEMS AND SOIL STRUCTURE EFFECTS

Worldwide concerns about soil erosion and deteriorating soil structure
have spurred research and use of various conservation tillage systems that
preserve more crop residue at or near the soil surface. Germination and
emergence can be impacted by increased residues in many ways, including
(1) cooler, wetter microclimates, (2) decreased seed-soil contact for water
uptake, (3) allelochemical interactions, and (4) modified levels of ethylene
production and removal (Douglas, Wilkins, Churchill, 1994; Creamer,
Bennett, and Stinner, 1996; Hadas and Russo, 1974a,b; Karssen and Hil-
horst, 1992; Chase, Nair, and Putnam, 1991; Arshad and Frankenberger,
1990). Many crop producers also feel pressured to plant earlier in order to
meet market windows or optimize light interception, and earlier plantings
are often made into cold, wet soils regardless of the tillage system employed
(Hakansson, Voorhees, and Riley, 1988). Soil compaction is commonly
caused by vehicle traffic on wet soil, which puts additional stress on germi-
nation and seedling emergence. Systems or environments that slow stand
establishment also prolong the period of seedling vulnerability to soil im-
pedance, diseases, insects, and weed competition (Wolfe et al., 1995;
Mohler and Galford, 1997).

Soil attributes and critical threshold values for a number of variables
have recently been proposed by Pilatti and deOrellana (2000) for mollisols
in Argentina. Among the many attributes considered, at least four are linked
to germination and seedling establishment concerns. They are (1) root pen-
etration resistance/impedance, (2) surface crusting potential, (3) water stor-
age capacity, and (4) total biological activity. The effort to describe critical
values of an “ideal soil” and establish threshold values for 25 or more attrib-
utes seems promising for more accurate assessment and crop decision-mak-
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ing processes. Combining this information with GPS/GIS precision farm-
ing systems (Barr, Bennett, and Cardina, 2000) should aid in overcoming
many crop establishment obstacles in coming decades.

Genotypes of important crop species, including corn, are known to differ
in their germination and seedling growth response to low oxygen concen-
trations (VanToai, Faussey, and McDonald, 1988). While O, content may
be more closely linked to soil drainage systems, soil type, and topography
than to tillage systems, higher crop residues can also slow the loss of water.
In the study by VanToai, Faussey, and McDonald (1988), only high-vigor
lots of inbred and hybrid corn lines were assessed to avoid any confounding
of seed vigor with hypoxia or anoxia responses. Low O, levels are usually
more limiting during germination than after radicle protrusion, which likely
facilitates at least some increase in O, availability (Al-Ani et al., 1985;
Wuebker, Mullen, and Koehler, 2001). Fluctuating from high (content of
20.0 KPa O,) to low O, concentration was most damaging to corn germina-
tion and seedling growth, especially when a period of true anoxia was
imposed (VanToai, Faussey, and McDonald, 1988). In species which are ex-
tremely tolerant to flooding, such as rice (Oryza sativa L.) and barn-
yardgrass (Echinochloa crus-galli L.), low O, actually stimulates coleoptile
growth while inhibiting root development (Rumpho et al., 1984; Alpi and
Beevers, 1983). For corn, moderate levels of hypoxia (10 to 14 KPa O,) also
stimulated shoot growth of the five hybrids tested, but not the inbreds
(VanToai, Faussey, and McDonald, 1988).

The occurrence of ethylene (C,H,) in soils is also important due to its
many effects on plant development, from seed germination to senescence
(Raven, Evert, and Eichhorn, 1997). Changes in levels of organic matter
and associated soil microorganisms with various tillage and soil manage-
ment systems can be expected to affect ethylene production, removal, and
stability (Arshad and Frankenberger, 1990). The biologically active rhizo-
sphere and spermosphere are likely to be very active sites for C,H, genera-
tion and consumption, with possible effects on crop and weed seed germi-
nation plus seedling establishment (Karssen and Hilhorst, 1992).

INTERACTIONS WITH SEED TREATMENTS
AND OTHER CROP PROTECTION CHEMICALS

Fungicide and insecticide seed treatments are often employed to protect
crops from biotic stress. Emergence from cold (2 to 7°C), wet soils is often
slow and incomplete, with stand establishment appearing to differ for vari-
ous seed treatments (Smiley, Patterson, and Shelton, 1996). Changes in till-
age operations (e.g., increased use of conservation tillage or stubble-mulch
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systems) have led to more research or optimal treatments for these modified
microenvironments (Bradley et al., 2001). Planting depth can also affect the
recommended treatments, with some products not suggested for seedings
made deeper than 5 cm. Three greenhouse and seven field experiments were
conducted with deeply planted winter wheat to compare the efficacy of five
seed fungicide products (Smiley, Patterson, and Rhinhart, 1996). In the
greenhouse studies, treated seed was planted 2.5 cm deep into moist (7, 10,
or 15 percent water) and warm (24°C) silt loam soil, then topped off with 10
cm of dry soil to simulate planting 12.5 cm deep into a stubble-mulch fal-
low system. Field study plantings were at 2.5 to 12.7 cm deep into warm
soils (21 to 27°C at seed zone) with seed zone water contents of 5 to 17 per-
cent. Three of the seed fungicide treatments evaluated had variable effects
on seedling emergence or established stand density values (Smiley, Patter-
son, and Rhinhart, 1996). Coleoptile lengths were not affected by the fungi-
cide treatment. Seed fungicide treatment decisions can interact with (1)
planting depth, (2) irrigation availability, (3) planting season and likelihood
of soil crusting, (4) species or class (i.e., hard-red versus soft-white wheat),
and (5) key pathogens associated with given fields or planting season. Natu-
ral resistance to various diseases and pests has been linked to colored (pig-
mented) seedcoats. Red pericarps have been linked to grain mold resistance
in sorghum (Esele, Frederiksen, and Miller, 1993). It is also believed that
general resistance to pathogens is associated with phytoalexin (pigment)
accumulation in sorghum plant tissues in response to pathogen infection
(Nicholson et al., 1987). Recent work by Pedersen and Toy (2001) tested
the combined effects of plant and seed color on sorghum germination,
emergence, and other agronomic factors. Using 20 near-isogenic lines,
seedling emergence was higher for red-seed versus white-seed phenotypes
(Pedersen and Toy, 2001). Grain sorghum markets, however, often prefer
white grain, which is free of pigment stains. Purple plant phenotypes pro-
duced seed with (1) higher cold germination and accelerated aging values
and (2) greater seedling elongation at 10 d versus results from tan pheno-
types, although standard (warm) germination values were not different
(Pedersen and Toy, 2001). Higher grain yields were associated with white
seeded, purple plant types.

Unexpected losses in seedling establishment (and eventual yields) can
also occur from crop responses to multiple pesticide applications. Interac-
tions among fungicides, insecticides, and herbicides can be complicated
further by soil characteristics (Morton et al., 1993). Soil moisture, pH lev-
els, and organic matter content may all influence the actual amount of
chemical taken up by a young plant. For example, if a systemic soil-applied
insecticide such as terbufos is taken up in greater than normal amounts and
distributed at high levels throughout the young plant, its presence can re-
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duce the metabolism of later herbicide applications (Morton et al., 1993).
Herbicide rates that are normally safe and free of phytotoxic effects can
then cause foliar injury and stand losses. Cold stress, seedling size, and en-
dosperm class were also shown to influence sweet corn response to four
herbicide treatments in field and controlled environment studies (Bennett
and Gorski, 1989). Introduction of new crop protection chemistry and new
germplasm call for careful compatibility studies, especially for seedling es-
tablishment in stress environments.

SCREENING PROTOCOLS FOR GERMINATION TOLERANCE
TO LOW TEMPERATURE AND WATER STRESS

The study of germination stress tolerance in field settings is difficult.
Soil temperature and moisture ranges needed for careful cultivar or germ-
plasm evaluations are often lacking or are unpredictable (Schell et al., 1991;
Blacklow, 1972; Washitani, 1987). Many researchers and crop practitioners
have noted that use of controlled environment settings would be a more effi-
cient strategy for examining genotype differences in germination and seed-
ling emergence (Heydecker and Coolbear, 1977; Khan, 1992; Tadmor,
Cohen, and Harpaz, 1969; McGrath et al., 2000).

Changes in alfalfa (Medicago sativa L.) emergence and seedling height
after laboratory selection at suboptimal temperatures (<10°C) successfully
improved seedling heights in the field for some populations without chang-
ing other agronomic and forage quality traits.

Seedling height appeared to be a better trait than germination time on
which to base predicted field performance if traits are measured in lab or
greenhouse studies (Klos and Brummer, 2000). The consistence of labora-
tory and field responses to recurrent selection varied considerably within
the six alfalfa cultivars assessed. A field location and population interaction
was also observed for seedling height, due to both rank and magnitude dif-
ferences (Klos and Brummer, 2000). Future evaluations of response to se-
lection for such traits should therefore be performed at multiple locations.

It has also been noted that at suboptimal temperature ranges for a given
crop, thermal time and germination of different individuals and fractions of
the seed lot (population) are normally distributed. Less variation is ob-
served when supraoptimal temperatures are imposed (Covell et al., 1986;
Ellis, Simon, and Covell, 1987). Screening procedures for selecting grain
legume germplasm (chickpea, lentil, cowpea, soybean) tolerant to suboptimal
temperatures, based on cumulative germination and thermal time patterns,
are well described by Covell and colleagues (1986). It is also useful to dis-
tinguish between (1) genotype X temperature responses and (2) presowing
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or seed production environment effects linked to temperature responses if a
truly acceptable germplasm screening protocol is desired (Ellis et al.,
1986).

Higher catalase activity, lower lipoperoxidation, higher total oxygen
consumption at 3°C, and a doubling of fructan content were all correlated
with the improved cold tolerance of oat cultivar OT220 versus the cold-sen-
sitive cultivar America (Massardo, Corcuera, and Alberdi, 2000). Oxygen-
scavenging enzymes, such as catalase, provide one mechanism for reducing
oxidative injury due to cold stress. Lipoperoxidation in ‘America’ oat em-
bryos increased 25 percent when germinated at 30°C versus 17°C, while
lipoperoxidation did not increase with cold treatment of the cold-tolerant
cultivar OT220 (Massardo, Corcuera, and Alberdi, 2000). These and other
physiological responses to cold described previously are correlative evi-
dence that may be important links to genetic differences. These responses
also have potential use in broader germplasm screening programs for ger-
mination tolerance to low temperatures. Embryo adenosine triphosphate
(ATP) levels of two corn hybrids imbibed for 64 h were different at 10°C but
not at 20°C (Schell et al., 1991). Cold test germination, emergence index,
field emergence and dry weight (30 days after planting) values showed
good agreement with embryo ATP levels for these hybrids. Schell and col-
leagues (1991) observed that imbibition times of 16 h may be used if ATP
accumulation rates, rather than ATP content/embryo values, are analyzed.

Lafond and Baker (1986b) assessed the germination responses of nine
spring wheat cultivars to varying levels of temperature and moisture stress.
Temperature ranges (5 to 30°C) and moisture stress using polyethylene gly-
col (PEG8000) solutions with osmotic potentials of 0.0, —0.4, and —0.8 MPa
(at 10°C and 20°C) gave final germination values of over 90 percent for all
environments tested. Consistent cultivar rankings and differences (although
magnitude decreased) were reported across the range of 5 to 30°C. In-
creasing the (osmotic) water stress from —0.0 to —0.8 MPa caused median
germination time to increase from 90 h to 156 h at 10°C, and from 36 h to 64
h at 20°C. Relative ranking of germination times for the nine wheat
cultivars was consistent over the levels of moisture stress. Seed and seedling
tolerance to soil moisture stress is another important trait to test, but it gen-
erally receives less attention than low-temperature tolerance (Hegarty,
1977; Bradford, 1995). Various systems for controlled water stress have
been used for seed germination and priming studies (Pavmar and Moore,
1968; Bennett and Waters, 1984; Bradford, 1997) and are again more reli-
able than using a range of field experiments. Water potential has also been
shown to affect the temperature range over which optimal germination was
observed (Sharma, 1976; Kebreab and Murdoch, 2000). Optimal germina-
tion of Orobanche aegyptiaca at 0.0 MPa occurred over 17 to 26°C (9°C



114 HANDBOOK OF SEED PHYSIOLOGY

range) compared with 17 to 20°C (3°C range) at —1.25 MPa. Optimum ger-
mination temperature for this parasitic weed also tended to decrease with
decreasing water potential (Kebreab and Murdoch, 2000), and these points
should be considered if combining temperature and water stress assess-
ments (Gummerson, 1986). Drought-tolerance assessments used for whole
plants may also hold promise for screening seeds and seedlings (Ali Dib
et al., 1994; Bajji, Lutts, and Kinet, 2001).

Germination of sugarbeet (Beta vulgaris L.) seed submerged in hydro-
gen peroxide and water has recently been proposed for screening cultivar
and seedlot vigor (McGrath et al., 2000). Thirty-nine commercial seedlots
representing 24 cultivars were tested in a range of laboratory and field ex-
periments. Total germination (96 h) in 0.3 percent H,O, was identified as
the best laboratory screen. McGrath and colleagues (2000) observe that al-
though it is unlikely a water germination test can be developed to fully
mimic field conditions, it should be useful in evaluating relative emergence
potential for species that tolerate immersion for several days. Physiological
and agronomic information from the germination tests will be used to iden-
tify target genes for use as markers in breeding for improved field emer-
gence.

CONCLUDING REMARKS

Crop physiology and management studies often describe and quantify
the changes plant breeders and geneticists have delivered in new germplasm
but rarely address the specific changes needed to advance crop establish-
ment, yield potential, or other agronomic goals (Snape, 2001). As discussed
throughout this chapter, germination and seedling establishment in the field
is a complex process influenced by many interacting factors. Advances in
genetics and genomics will contribute much precision to the next wave of
crop physiology and seedling establishment research. Extreme environ-
mental stresses will always pose limitations for crop establishment, but
continued progress in germplasm screening protocols and crop manage-
ment research should also lead to new varieties with a tailored set of agro-
nomic practices for given environments and cultural practices.
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Chapter 4

Methods to Improve Seed Performance
in the Field

Peter Halmer

INTRODUCTION

A wide range of techniques is now used to help sow seeds and to improve
or protect seedling establishment and growth under the changeable environ-
ments and seedbed constraints reviewed in Chapters 1 and 3. These tech-
niques constitute the postharvest processing necessary to prepare seed for
sowing and optional treatments that are generally described in the industry
and scientific literature as “seed enhancements” or “seed treatments.”

In the first comprehensive review of this subject, Heydecker and Cool-
bear (1977) distinguished the purposes of seed treatment as follows: to se-
lect, improve hygiene and mechanical properties, break dormancy, advance
and synchronize germination, apply nutrients, and impart stress tolerance.
Subsequent reviewers (e.g., Taylor et al., 1998) adopted similar schemes.
Halmer (2000), for example, grouped practical seed treatment technologies
into operational categories in the following way:

* Conditioning or processing—by cleaning, purification, and fraction-
ation, using mainly mechanical techniques such as size and density
grading, polishing, scarification, and color sorting

e Protection—Dby applying active ingredients, usually synthetic fungi-
cides and insecticides (The agrochemical industry commonly calls
this technology “seed treatment,” using the term in a narrower sense.)

e Physiological enhancement or “seed invigoration”—by hydration
techniques such as priming, or applying active substances such as
plant growth regulators, to exploit the ability of most species to inter-
rupt the germination process by drying, and to resume the process
when seeds are reimbibed, without vital harm (Some authors restrict
the expression “seed enhancement” specifically to describe these
techniques.)
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* Coating—by pelleting or encrusting, to alter handling or imbi-
bitional characteristics or to carry pesticides, micronutrients, and
beneficial microorganisms

The focus of this chapter is on the last two categories—in the main to re-
view progress in seed coating and, especially, in physiological enhance-
ment. These technologies, which some call “functional” seed treatments,
are mainly used at present for high-value crops in intensive agriculture but
in the future may have wider applications.

This review continues by considering the underlying mechanisms of
physiological seed enhancement, previously evaluated by Bray (1995) and
McDonald (2000). Recent research in the disciplines of molecular and cell
biology, biophysics, and the modeling of germination is giving conceptual
insights into these processes, which may provide convenient methods for
further improvement of seed quality. In particular, attention has been ad-
dressed to identifying biochemical, biophysical, and morphological mark-
ers that can be used to dissect key germination processes. Study areas most
directly relevant to an appreciation of physiological enhancement include
(1) the mechanisms of cell and embryo expansion; (2) the preparation for
cell division; (3) endosperm weakening by hydrolases; and (4) the mecha-
nisms of desiccation tolerance, including protection of the state of cyto-
plasm and membranes and maintenance of DNA structure during drying,
air-dry storage, reimbibition, and germination. A chapter such as this can
extract only the main threads from the large quantity of detailed material on
these topics, and attention will be directed to key reviews at appropriate
points.

CHANGING SEED FORM AND LOT COMPOSITION
Sorting

Conventional processing technology includes sorting and grading seeds—
exploiting superficial external seed features such as size, shape, color, sur-
face texture, density, and buoyancy in air. Seed quality is purified and lots
are “upgraded” by removing contaminants, and seed that is outside specifi-
cations is rejected. To supplement these well-known techniques, novel seed
selection and sorting principles have been developed in recent years to re-
move fractions that have higher proportions of weak or dead seeds. Simak
(1984) used water flotation to separate dead and viable forest plant seeds
that had been previously imbibed and dried to amplify their density differ-
ence. Aqueous buoyancy sorting can also be effective after priming, e.g., by
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discarding low-density fractions before osmoprimed tomato and lettuce
seeds are dried (Taylor et al., 1992). Taylor, McCarthy, and Chirco (1982)
devised mixtures of polar organic solvents (chloroform and hexane) to sep-
arate dry seed batches by density. Equipment has been engineered to handle
these solvents in a way that is safe for the seed and the operator, and this
sorting technique is now used commercially for high-value horticultural
and ornamental seeds. Jalink and colleagues (1998) recently developed an
innovative variation on color sorting, using laser-induced fluorescence to
detect the residual content of chlorophyll in seed coats, which in some cases
is undetectable to the human eye. It is thought that the amount of the pig-
ment is inversely related to the maturity of the seed. This technique appears
to have practical value for upgrading tomato, pepper, leek, cucumber, and
cabbage seed lots, and equipment is becoming commercially available to
carry out this patented technique. Seeds are fed past a photoelectric cell,
which triggers a jet of air to remove colored individuals one at a time. In the
future, X-radiography might offer another real-time sorting principle, using
decision logic to identify normal and anomalous embryo structures, e.g., in
tomato seeds which develop an internal free space after priming and
redrying (Downie, Gurusinghe, and Bradford, 1999).

Planting

Precision Sowing Systems

Many horticultural field root and salad crops and ornamental production
systems are based on crop uniformity and must be precision sown in defined
patterns to optimize yield and harvest quality. These crops are precision
sown either directly where they are grown or are raised as seedlings in pro-
tected conditions—either in nursery beds or in soil blocks, paper pots, flat
or plug trays in growing media—for later transplantation into pots or the
field, or into phenolic foam cubes for hydroponic propagation. In contrast,
plant spacing is not usually a critical factor in arable, grass, and cover crops,
which are sown by broadcasting or drilling in rows in or onto bare soil, or
are “direct seeded” directly into existing pastures, turf, or crop stubble.

The natural shape of many seed species is not ideal for precision seed
drills, even after size grading. Also, although designed to cope with dry and
dusty field conditions, most drills are vulnerable to blockage by misshapen
seeds or dust, and seed flow can be impeded by sticky or rough seed sur-
faces. In these situations, coating and pelleting are valuable seed enhance-
ments to improve the accuracy of mechanical singulation. Modern preci-
sion drills have three main designs. In the cell-feed system, seeds are
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collected in deep holes in the rim of a rotating metal wheel, into which they
must fit completely, before being prised out by an ejector plate at the outlet
point. In the belt-feed method, a small endless rubber belt with one to three
rows of holes punched in it conveys seeds to the exit point from the seeder
unit. In the vacuum-feed (or pneumatic or “air planter”) system, suction is
applied to one side of a rotating disc perforated with lines of regularly
spaced holes, onto which the seeds are pulled and transported to the dis-
charge point where a blanking plate cuts off the vacuum. Belt and vacuum
seed drills are used not only for planting many types of horticultural species
but, increasingly, for planting large-seeded crops such as maize, sunflower,
cotton, soybeans, and beans. The vacuum-seeding principle is also fre-
quently used to sow tray formats, e.g., using nozzle arrays or flat template
plates drilled with holes to suit the layout. Nursery beds are sown using field
drills or simpler perforated drum seeders. Grain drills have much simpler
designs, e.g., with seed being carried by a fluted or studded feed roller to
flexible tubes for delivery to the ground.

Coating: Pelleting, Encrusting, and Film Coating

The primary historical purposes of pelleting and encrusting is to build up
seed to change its shape, weight, size, or surface structure, by applying vari-
able amounts of filler materials and binders—typically to make seeds fit
drills better. Pelleting is usually carried out to make irregularly shaped seed
ovoid and smooth, or to make small seeds much larger. In comparison, seed
coating (“minipelleting” or “encrusting”) applies less material, so that the
original seed shape is still more or less visible. Apart from improving drill
performance, coating is also used to upgrade size ranges and to increase
weight to prevent drift, e.g., for aerial seeding of range and amenity grasses.
Pelleted and coated seed is commonly colored to make it easier to find seeds
after drilling and check depth and spacing, as well as to identify companies,
varieties, or treatments. Species pelleted in substantial commercial amounts
include sugar beet (quantitatively by far the largest use), carrot, celery, chic-
ory and endive, leek, lettuce, onion, pepper, tomato, and to a lesser extent
some Brassica species and “super-sweet” corn varieties, and certain flower
species, particularly those with tiny seeds. There are potential applications
for seed coating in crops that do not need precision sowing, e.g., to reduce
size variation of maize and sunflower kept in inventory, which are typically
sold in up to six different size grades. Pelleting and coating can be used to
carry nutrients and growth-stimulating materials, including plant growth
regulators (PGRs).
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Thin film coating is employed mainly to apply colorants and pesticide
treatments onto seeds, in a firmer and more uniform way than can be
achieved using conventional slurry application techniques. As well as im-
proving treatment accuracy, film coating is used to minimize chemical dust-
off losses during seed handling and drilling, and exposure of the operators
who handle treated seed. It also presents seed for sale in a cosmetically at-
tractive form. Characteristically, each seed is covered with a water-perme-
able polymer layer, which adds about 1 to 10 percent to the weight so that
shape and size are little changed. Film-coating techniques are now well es-
tablished for many high-value horticultural seed species and are being
adopted for treating some higher-volume crops, such as maize, sunflower,
canola, alfalfa, clover, and some grasses. Film coating is also widely used to
apply insecticides and fungicides to the outside of pelleted seed: in some
cases this is a preferred method of application to minimize phytotoxic ef-
fects, especially where these treatments have to be applied at very high
loading rates.

The treatment of seeds with agrochemical formulations is now a market
of huge worldwide value and importance that is steadily growing as alterna-
tives to application by sprays or granules become available. Though most
seed sown is treated in this way, this is not the place to cover the subject.
Brandl (2001) has summarized recent progress, including the development
in recent years of “active ingredients” with systemic modes of action that
can protect plants for several months into the life of the crop. It is worth
mentioning here in passing, however, that a number of active ingredients
have moderate side effects on seed performance, by slowing germination or
producing seedling abnormalities by imposing phytotoxic stresses; such
defects are regarded as acceptable, commercially, considering the protec-
tion benefits delivered to the crop.

Commercial film coating, pelleting, and coating systems are often run as
secret processes, and there are very few detailed investigations of this sub-
jectin the scientific literature, although patents give useful descriptions and
insights into the technologies involved. Halmer (2000) has reviewed equip-
ment and techniques and the general types of filler materials and binders in
pelleting, encrusting, and film coating, and the processes for applying pesti-
cide formulations onto seeds using these and other techniques.

Coating to Modify Imbibition and Germination
Usually and understandably, commercial pelleting, coating, and film-

coating types are designed to impose minimal mechanical or physiological
barriers on germination while reshaping and resizing seed strongly enough
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for drilling purposes and for the adhesion of protective treatments. How-
ever, the materials used can also be tailored to modify seed water availabil-
ity and gaseous exchange, and so control the timing of germination and
emergence.

Several studies have been published on ideas to use treatment or film-
coating techniques to manipulate seed imbibition characteristics. Hydro-
phobic materials may be included within or around the pellet or coating
fabric to allow seeds to germinate under wet conditions, for species such as
onion where that can be erratic, or filler materials may be incorporated to
give a more porous structure to the matrix. Some pellet types are designed
to disintegrate rapidly or split after imbibition to expose the seed. Several
studies over the years have investigated the promotion of emergence by in-
cluding calcium or magnesium peroxide in the pellet to supply more oxy-
gen in waterlogged environments (see Ollerenshaw, 1988).

Various film-coating polymers (e.g., Schmolka, 1988; Taylor et al.,
1992; Ni, 2001) have been evaluated as potential barrier layers to alleviate
seed imbibitional chilling injury leading to poor seedling establishment in
vulnerable crops, such as certain cultivars of large-seeded grain legumes
and super-sweet corn, especially when seed coat layers are abnormally thin
or damaged. Damage can involve disruption of oil bodies and membranes,
and the leakage of cell contents from the outermost embryo tissues, includ-
ing the solutes measured in the electrical conductivity test for these species,
and may lead to the death of cells on the cotyledon surface (see references in
Chachalis and Smith, 2000). Seed coats of many species are not as vulnera-
ble to rapid imbibition, due in part to the presence of semipermeable layers
in the seed coat tissues, which restrict solute diffusion and leakage rates (see
Taylor et al., 1998). Humidification is another approach to alleviate the
imbibitional chilling injury problem—simply by raising seed moisture con-
tent in a damp atmosphere for several days (Taylor et al., 1992).

An extension of this concept is to delay imbibition with water-resistant
polymers until climatic conditions become suitable for continued crop
growth (e.g., Watts and Schreiber, 1974). In recent years this type of tech-
nology has attracted a great deal of commercial interest, though develop-
ments have mainly been relayed through the trade press and very little has
been published yet in the scientific literature detailing mechanisms and
field performance. Polymers with in vitro temperature-dependent water-
permeability properties have been advocated to coat seeds for early planting
so that they can imbibe only when favorable moisture and temperature con-
ditions have developed (Stewart, 1992); among the applications being eval-
uated are the coordination of the flowering of parental lines planted at the
same time for hybrid maize seed production. For a somewhat similar pur-
pose, another water-resistant polymer coating has been evaluated as a tool
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to give a wider window of opportunity for sowing canola in the autumn in
northern American latitudes, just before soils freeze over winter, for earlier
emergence and crop maturation and greater yields compared to the normal
spring-seeding time. These technologies are potentially powerful but will
have to perform very reliably in changeable soil environments, particularly
if they are to be used in space-planted crops that do not have a compensa-
tory growth habit.

By contrast, the inclusion of water-attracting materials can aid imbibi-
tion and give more intimate seed-soil contact, or may retain moisture in the
vicinity of the seed as soils dry. For example, some success has been re-
ported using nonionic surfactants (Aksenova et al., 1994) and hydrophilic
gels (Henderson and Hensley, 1987). The starch-based or polyacrylate/
polyacrylamide polymers used commercially as soil amendments to retain
water in agricultural and horticultural situations are also advocated to treat
seeds. Such superabsorbent materials need to be applied and kept dry
enough to prevent the seed batch congealing into an unusable mass.

Other Planting Systems

Hydroseeding and seed tapes. Some seed is sown using specialist tech-
niques that do not involve conventional drills or coating. In hydroseeding
aqueous slurries of seed and other materials are sprayed to enable fast and
convenient seeding of amenity areas or steep slopes with grass, wildflowers,
or other groundcover vegetation. The patent literature contains quite a few
variations on the seed tape format, in which seed is stuck or embedded ran-
domly or in patterns between layers of biodegradable paper or plastic, etc.,
in porous mats, grids, or narrow strips, some incorporating growing media,
which are laid out dry in the ground (e.g., Holloway, 1999; Meikle and
Smith, 2000). These sowing systems can help suppress weed growth and
are suitable for placement of much higher doses of nutrients, moisture re-
tention agents, and protective chemicals than could be directly coated onto
seeds without encountering phytotoxic effects.

Pregermination. The slurry and tape-sowing concepts have each been
developed for planting pregerminated hydrated seeds. Fluid drilling, the
best-known technique of this type, is used in some places to establish small-
seeded vegetables, e.g., celery and tomato. Seed is allowed to complete ger-
mination in an aerated medium of relatively high water potential and, after
removal of ungerminated individuals by density separation, the sprouted
seeds are suspended in a viscous gel and precision sown by extrusion into
the soil (Pill, 1991; Far, Upadhyaya, and Shafii, 1994). Low water poten-
tials or leachable plant growth inhibitors, such as abscisic acid, can be used



132 HANDBOOK OF SEED PHYSIOLOGY

to synchronize the germination process (Finch-Savage and McQuistan,
1989). A novel propagation concept proposes the use of seed tapes to raise
and transplant germinated seedlings or more fully developed transplants in
moist “paper pockets” containing hygroscopic material, etc. (Ahm, 2000).
The success of such propagation systems relies in part on arranging timely
seedling production and optimized seedbed conditions to ensure develop-
ment of the young seedlings with minimal desiccation damage, and they are
best suited to situations in which production follows a fixed plan and is not
likely to be interrupted by bad weather.

In another type of pregermination treatment, development is suspended
just after radicle emergence and seed is dried to produce high-viability lots
for conventional sowing. In a patented technique that is marketed at present
mainly for flower species, fully imbibed seeds are germinated to the point
where radicles are just visible, sorted by machine vision, flotation, or other
means to remove ungerminated seeds, and dried to induce desiccation toler-
ance. This can produce either damp pregerminated seed (30 to 55 percent
moisture content) with a shelf life of a few weeks at ambient temperature, or
dry seed that is viable for a few months (Bruggink and van der Toorn, 1995,
1996). McDonald (2000) reports that dehydration of pregerminated seeds
using cool low relative humidity air (e.g., 11 percent and 35 percent RH, at
5°C) successfully imposes desiccation tolerance and extends storage life up
to four weeks. When circumstances allow, it is also possible to use undried
freshly primed seed. Alternatively, Sluis (1987) patented the idea of pro-
ducing a moist pellet from primed seed incorporating materials such as
osmotica or abscisic acid to slow germination; at refrigerated temperatures
and/or under reduced atmospheric pressure the seed microenvironment
would be sufficiently stabilized to allow several weeks of storage life.

PHYSIOLOGICAL ENHANCEMENT

Priming and Related Hydration Techniques

Germination enhancement technologies based on presowing seed hydra-
tion have attracted considerable interest in both seed physiological research
and industry circles, where they have been extensively commercialized.
Heydecker’s work (Heydecker, Higgins, and Turner, 1975) is often taken as
the starting point for modern research in this area, and a substantial litera-
ture has developed since. By manipulating water relations to exploit most
seeds’ natural ability to survive one or more cycles of imbibition and dry-
ing, subsequent germination is made faster and often more uniform—which
Heydecker distinguished as the “advancement” and “priming” responses,
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respectively. In recent years, however, the meaning of the term priming has
evolved from its original specific sense of increased germination synchrony
and is now commonly used to describe seed presowing hydration methodol-
ogies without discrimination, where seeds are imbibed by whatever means
(e.g., Khan, 1992; Parera and Cantliffe, 1994b; Taylor et al., 1998; McDon-
ald, 2000).

The hydration treatments regulate the germination process by manipu-
lating temperature, seed moisture content, and duration. Water is either
made freely available to the seed (as in steeping or soaking) or restricted to a
predetermined moisture content or a programmed sequence of moisture
contents, typically using water potentials between —0.5 MPa and —2.0 MPa.
Some positively photoblastic species benefit from treatment under light of
appropriate wavelengths, and it is possible to include other materials such
as nutrients and growth regulators with the water. Then, usually, seeds are
dried back prior to further treatment as required, e.g., by coating or treat-
ment with pesticides, for storage and sowing.

One practical drawback is that primed seeds often, but not always, deteri-
orate faster during storage and accelerated aging than untreated seeds.
Symptoms include the onset of a reducing rate, uniformity, and final level of
germination, and an increase in the proportion of abnormal seedlings—
although the degree of the problem in susceptible species varies among
seed lots and with the extent of priming performed and storage conditions.
A related problem is the increasing injury seen as priming is allowed to pro-
ceed too far, reflecting the familiar fact that seeds’ ability to survive drying
and the dry state for extended periods of time is progressively lost as germi-
nation progresses. It is important to know how to optimize the priming for
an individual seed lot. What applies to one lot need not necessarily apply to
another; indeed, differences between lots can be more important than dif-
ferences between cultivars.

Typical responses to priming are faster and closer spread of times to ger-
mination and emergence over all seedbed environments and wider tempera-
ture range for germination, leading to better crop stands, and hence im-
proved yield and harvest quality, especially under suboptimal and stress
growing conditions in the field, though responses can vary due to fluctuat-
ing water availability and temperature. Times to reach 50 percent of maxi-
mum emergence (75,) can typically be decreased by up to one-third under
environmental conditions in seedling production practice. Seed lots differ
in the magnitude of their response to a standard priming treatment; in gen-
eral, slower-germinating lots exhibit the greatest benefit (Brocklehurst and
Dearman, 1983; Bradford, Steiner, and Trawatha, 1990).

Primed seeds are now used commercially in the production of many
high-value crops where reliably uniform germination is important, such as
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the field seeding or plug production of leek, tomato, pepper, onion, and car-
rot, and the production of potted or bedding ornamental herbaceous plants,
such as cyclamen, begonia, pansy (Viola sp.), Polyanthus sp., and primrose
(Primula sp.), and several culinary herbs, as well as for some large-volume
field crops, such as sugar beet and turf grasses. Due to its ability to raise the
upper temperature limit for germination, priming is also very valuable for
circumventing the secondary thermodormancy that results when imbibed
seeds are likely to be exposed to supraoptimal temperatures for too long,
e.g., in susceptible cultivars of lettuce, celery, and pansy (Hill, 1999; Mc-
Donald, 2000).

Technologies

Fundamentally, three strategies are used to deliver and restrict the amount
of water and to supply air: submersion in solutions of osmotica in water,
mixing with moist solid particulate materials, and hydration with water
only. Though new descriptive names have proliferated in recent years, the
basic principles of almost the entire array of priming technologies used in
research and the seed industry today were mapped out in Heydecker and
Coolbear’s (1977) insightful review. Seed companies usually perform com-
mercial priming treatments, using proprietary methodologies and systems
that handle quantities ranging from tens of grams to several tonnes at a time,
and that are often kept secret.

Priming protocols for a “new” species have been developed mainly on an
experimental basis. There is a substantial research literature reporting and
comparing priming approaches and conditions for many species: Welbaum,
Shen, and colleagues (1998b) and McDonald (2000) provide selected bibli-
ographies of priming techniques that have been used successfully on a wide
range of crops. A rough rule of thumb is to start by using the temperatures
considered optimal for germination of untreated seeds, water potentials
equal to or less than the threshold water potential at which emergence of the
embryonic axis (usually the radicle) is prevented, and durations from one to
three weeks, but these conditions may not prove optimal for priming. Some
seeds benefit from prewashing before priming to remove germination in-
hibitors, e.g., sugar beet and umbelliferous species.

Because of the variability in response between seed lots, optimum prim-
ing conditions—choosing the balance between the most rapid germination,
and the longest storage life—often need in practice to be determined on a
case-by-case basis for many species (Welbaum, Shen, et al., 1998). Con-
ducting pilot priming runs on small samples achieves this empirically, i.e.,
by varying somewhat the final water potential and perhaps the stages taken
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to reach it, their duration and (less commonly) temperature, and testing ger-
mination responses.

A continuing goal for the seed industry is to find simple means to deter-
mine these parameters quickly and reliably, to complement or replace exist-
ing test procedures. Therefore, considerable research interest is directed to-
ward identifying marker signals that correlate well with the degree of
advancement and/or the loss of desiccation tolerance in individual seed lots.
These indicators might provide means to assess the potential effectiveness
of priming a seed lot, to help set operating parameters before the treatment
is started, and to monitor its progress in real time prior to radicle emergence.
They might also provide research tools to develop and distinguish new
priming approaches and protocols (Job et al., 2000). The seed merchant and
the grower would also value post facto tests that give a measure of whether,
and how well, a seed lot has been physiologically enhanced, and to predict
its storage life. Such tests should ideally give precise and reliable informa-
tion across all varieties and seed lots and should also be fast and convenient
to perform, in an industry in which many seed lots are processed on a just-
in-time basis and decisions are needed quickly.

Osmopriming. Osmotic priming of seeds (also known as osmopriming or
osmoconditioning) describes contacting seeds with aerated solutions of low
water potential, usually by submersion, which are rinsed off afterward. This
is still regarded by many researchers to be the standard priming technique,
and treatment on the surface of paper or other fibers moistened with solu-
tion or immersed in small continuously aerated columns continues to be
common study method in which only small quantities of seed are required.

Mannitol or inorganic salts [such as KH,PO,, KH(PO,),, K;PO,, KClI,
KNO;, Ca(NOs),, and various mixtures of these] have been used exten-
sively as osmotica but, because of their low molecular size, these are capa-
ble of being absorbed by the seeds, which has been associated with toxic
side effects in some cases. Na salts, however, which tend to be more toxic to
some common agricultural seeds than K salts, have been proposed to induce
tolerance to saline conditions, e.g., in tomato (Cano et al., 1991). Hey-
decker, Higgins, and Turner (1975) first suggested the alternative of using
moderately high molecular weight fractions of polyethylene glycol (PEG,
most commonly, 6 to 8 kDa), whose large size precludes it from entering the
seed, and this is now widely used as a preferred osmoticum by many in re-
search and the seed industry.

Care must be taken, particularly when using viscous PEG solutions, to
ensure adequate gas exchange by constant vigorous aeration or by using
stirred bioreactors (Bujalski et al., 1991). Some seeds, particularly onions,
are reported to only osmoprime satisfactorily using air enriched with oxy-
gen (Bujalski and Nienow, 1991). A patented process using a semiper-
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meable membrane to separate seeds from an osmoticum contained in the
outer jacket of a rotating tube has been devised for osmopriming small seed
quantities, such as small-seeded flower species, and for seeds with mucilag-
inous coats that can cause difficulties in other priming methods (Rowse and
McKee, 1999).

Matrix priming. Solid matrix priming (matripriming and the closely al-
lied matriconditioning technique) mixes seed with solid insoluble matrix
particles, such as exfoliated vermiculite, diatomaceous earth, or cross-
linked highly water-absorbent polymers, and water in predetermined pro-
portions (Taylor, Klein, and Whitlow, 1988; Eastin, 1990; Tsujimoto, Sato,
and Matsushita, 1999). Seeds slowly imbibe to reach an equilibrium hydra-
tion level, determined by the reduced matrix potential of the water adsorbed
on the particle surfaces, and after the incubation the moist solid material is
removed by sieving. It is important in this approach to ensure adequate aer-
ation and prevent the formation of temperature gradients in the seed mass,
and that the surplus matrix material can be removed without mechanically
damaging the seed or leaving too much dust on it.

Hydropriming. Hydropriming is currently used both in the sense of the
continuous or staged addition of a limited amount of water (e.g., van Pijlen
etal., 1996; McDonald, 2000) and also the sense of imbibition in water for a
short period (e.g., Gurusinghe and Bradford, 2001) with or without subse-
quent incubation in humid air (Fujikura et al., 1993).

Slow imbibition is the basis of the patented drum priming and related ex-
perimental techniques (Rowse, 1996; Warren and Bennett, 1997), which
evenly and slowly hydrate seeds up to a predetermined moisture content—
typically about 25 to 30 percent on a fresh-weight basis—by misting, con-
densation, or dribbling. Tumbling in a rotating cylinder ensures that seed
lots are evenly hydrated, aerated, and temperature controlled during the
damp incubation stage. De Boer and Boukens (1999) have devised a prim-
ing system using direct hydration from a humid atmosphere (RH > 98 per-
cent) to control the final stage of imbibition and maintain the moisture con-
tent in a static seed mass. These approaches have the practical economic
advantages that the production of waste materials associated with osmo-
priming or matripriming is avoided, and that the relatively modest amounts
of water involved are removed by drying.

Submerged aerated hydration, very akin to steeping, has been proposed
as a treatment to enhance the germination of horticultural Brassicas (Thorn-
ton and Powell, 1992). Davidson (1981) proposed seed steeping in high ox-
ygen atmospheres.

Steeping. Hydropriming for longer periods followed by drying back to
the original seed moisture content is also commonly known as steeping.
Steeping treatments, e.g., at up to 30°C for several hours (sometimes the du-



Methods to Improve Seed Performance in the Field 137

ration needs to be adjusted for individual seed lots), are now widely per-
formed to remove residual amounts of germination inhibitors and/or to in-
filtrate chemical fungicide treatments to control deep-seated seed-borne
diseases, such as for sugar beet and umbelliferous species (Maude, 1996).

At its very simplest, on-farm steeping and sowing of wet seed has a long
history. This was done where circumstances allowed in the days before the
mechanisation of sowing, and similar overnight steeping is even now advo-
cated as a pragmatic, low cost, and low risk agricultural method for enhanc-
ing crop establishment in developing countries, e.g., for groundnut, maize,
upland rice, and chickpea crops (Massawe et al., 1999; Harris et al., 1999).
Direct benefits are reported to include improved drought tolerance, earlier
flowering, and higher seed/grain yield. Rice is also steeped in some mecha-
nized farm situations, in part just to increase seed weight to aid in sowing
from the air.

Other methods. The older research literature has a few reports (e.g., see
Heydecker and Coolbear, 1977; Hegarty, 1978) of the benefits of seed hard-
ening (two to three cycles of steeping and drying), particularly for drought
tolerance, but the subject has not received much research attention of late
and these approaches do not seem to be in wide commercial use, possibly
because they are cumbersome to perform.

Changes in Endogenous Microflora

Seed-borne microflora, including pathogens, can increase during prim-
ing but cannot necessarily be fully controlled by conventional fungicides
included in the osmopriming solutions alone (Maude et al., 1992; Nasci-
mento and West, 1998), and seeds may need subsequent treatment after dry-
ing. However Petch and colleagues (1991) concluded that the presence of
large number of microorganisms did not greatly affect seed performance
when the same PEG osmoticum was used three times with leek and twice
with carrot seed.

Wet Heat Treatments to Eradicate Seed-Borne Disease

Short hot water treatments are used to disinfect seeds, typically at tem-
peratures of about 50° to 60°C for up to about 30 minutes for some small-
seeded species such as flowers, and, for example, very brief exposure to
steam is being evaluated as an organic treatment for cereal seed (Maude,
1996; Forsberg, 2001). Care needs to be taken in administering this type of
heat treatment to avoid damaging seed quality. Klein and Hebbe (1994)
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found that short hot water treatments of tomato seeds produced plants that
were 20 percent taller 30 days after sowing, but the beneficial results were
not retained after three months of storage at 5°C.

Biopriming

Several researchers have investigated the use of so-called biopriming
techniques, by including beneficial microorganisms in the priming pro-
cesses as a crop delivery mechanism or to control disease proliferation dur-
ing priming itself. For example, Warren and Bennett (2000) added Pseudo-
monas aureofaciens as a biological control organism in combination with
an osmopriming treatment to control Pythium ultimum in tomato seedlings.
Matrix priming and hydropriming are also suitable delivery mechanisms
for beneficial microorganisms, akin to solid-state fermentation (see Mc-
Quilken, Halmer, and Rhodes, 1998).

Promotive and Retardant Substances

Many studies report the benefits of gibberellins, ethylene, and/or cyto-
kinins such as benzyl adenine in combination with priming, e.g., for celery
(Brocklehurst, Rankin, and Thomas, 1983) and for the O,-enriched osmo-
priming of bedding plant species (Finch-Savage, 1991). Adding such plant
growth regulators during priming can improve the germination perfor-
mance of some seed species or lots compared to either treatment alone.

Alternatively, treatment with growth retardants has been advocated to
dwarf the growth habit of transplants, such as bedding plants, which tend to
develop an etiolated growth habit, especially if grown in low-light environ-
ments. For instance, Souza-Machado and colleagues (1996) reported that
seed priming with a triazole (50 ppm paclobutrazol) in tomato cultivars pro-
duced seedlings that were shorter, greener, more uniform, with stronger
thicker stems, and higher root:shoot weight ratios than nonprimed controls,
though emergence itself was reduced: after five weeks in the field primed
seedlings were taller than unprimed controls. Pill and Gunter (2001) found
similar dwarfing responses in marigold seeds matrix-primed with paclo-
butrazol.

Drying

The technique and rate of drying after priming are also very important to
subsequent seed performance. Slow drying at moderate temperatures is
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generally (e.g., Jum Soon, Young Whan, and Jeoung Lai, 1998) but not al-
ways (e.g., Parera and Cantliffe, 1994a) preferable. Various manipulations
have been proposed to extend the storage life of primed seeds. Gurusinghe
and Bradford (2001) found that a moisture reduction of 10 percent or more
was effective in extending the longevity of hydroprimed tomato seeds. Heat
shock is another tactic. For several species Bruggink, Ooms, and van der
Toorn (1999) have found that greater longevity is obtained by keeping
primed seeds under mild water and/or temperature stress for several hours
(e.g., tomato) or days (Impatiens) before drying. These methods are very
similar to those used to induce desiccation tolerance in just-germinated
seeds, e.g., in cucumber radicles (Leprince et al., 2000).

Electromagnetic Treatments

Advantageous germination and seedling growth responses after treating
seeds with continuous, intermittent, or rapidly pulsed exposure of seeds to
stationary or alternating magnetic fields (typically up to about 0.25 to 1.0
Tesla) or electric fields (up to 100 kV/m or more) have been known for
some time (Heydecker and Coolbear, 1977). These phenomena continue to
receive research attention, though not prominently in the seed physiology
literature (e.g., see Kornarzynski and Pietruszewski, 1999; de Souza Torres,
Porras Leon, and Casate Fernandez, 1999; Carbonell, Martinez, and Amaya,
2000). The mechanisms underlying these intriguing responses, and the
reproducibility of possible practical treatments based on them, remain to be
investigated, and the subject will not be discussed further here.

PHYSIOLOGICAL RESPONSES TO ENHANCEMENT

From the previous section it can be appreciated that priming should be
seen as taking the process of germination to various degrees, selecting from
a continuum of water potentials, etc., and different durations and drying
procedures. In practice therefore, priming is not a single treatment, but
rather is the result of a choice between options. What constitutes optimal
priming for a given seed lot is a compromise that will vary depending on re-
search or commercial circumstances—including how quickly seed is to be
sown. Because methods and conditions differ greatly, it is hard to generalize
about responses, and care must be taken in drawing conclusions from the
scientific literature about the mechanisms of priming.
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Water Relations and Kinetics of Germination
Water Uptake

Seed germination in the strict sense is commonly defined as those events
that begin with water uptake and end with the penetration by the embryonic
axis (usually the radicle) through the structures surrounding the embryo.
Seeds with permeable seed coats that are dry at maturity classically display
a triphasic time course of water uptake: seed imbibition (Phase 1), reflect-
ing the initial rapid absorption of water by the dry seed; a period of variable
length in which seed water content is relatively constant or only slowly in-
creasing (Phase 2), which may be greatly prolonged depending on the de-
gree of dormancy; and a resumption of water uptake (Phase 3) associated
with expansion and growth of the embryo after germination is complete
(Bewley and Black, 1994).

Hydrothermal Time Models of Germination and Priming

Germination. Mathematical population models have been successfully
developed in the past two decades to unify germination behavior in terms of
what seem to be physiologically meaningful water potential (¥) and tem-
perature (7) thresholds, and have been extended to cover dormancy, growth
regulators, and—for our purposes in this chapter—priming. It might be
hoped that tests based on a model which describes the key variables for a
seed lot (some of which might turn out to be nearly constant at the species or
cultivar level) could provide a simple guide to predict the operational pa-
rameters for optimal priming, which would be very valuable for the seed in-
dustry. These so-called hydrothermal time models will be outlined only
briefly here since they are covered in depth by Finch-Savage in Chapter 2.
In addition, the reader can see Bradford (1995), Cheng and Bradford
(1999), and references therein for comprehensive reviews.

Most seed lots exhibit optimum temperatures within the thermal window
in which seeds are capable of full germination, which is defined as the point
at which time taken for germination of a certain fraction g is minimum. At
supraoptimal temperatures, as 7 increases germination appears to decline
linearly for each fraction and falls to zero at its upper limit 7,(g), i.e., the
time taken for germination becomes infinite. Similarly, there is a minimum
temperature at which germination falls to zero. The germination time
course of a seed lot sums the performance of individual seeds, which have
inherently variable properties. According to hydrothermal-time thinking,
an individual hydrated seed below its optimum temperature completes ger-
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mination when it has accumulated the heat units characteristic of its rank (g)
in the seed lot. (It is assumed that individual seeds in the population would
germinate in the same order over the range of conditions covered.) Temper-
ature affects germination rates (GR,, the reciprocal of the time it takes for
the nth radicle to emerge) on a thermal time basis: the T in excess of a base
or minimum temperature (7;,) multiplied by the time to a given percent ger-
mination ( Iy ) is a thermal-time constant (6;), which differs for each seed
fraction. Somewhat analogously, Gummerson (1986) suggested that re-
duced water potential delays germination on a hydrotime basis; the ¥ in ex-
cess of a threshold base water potential (¥, which differs for each seed
fraction) multiplied by 7, has a constant value for all seed fractions, at a con-
stant temperature. He further proposed that germination responses to 7" and
Y could be combined into a single expression, using a hydrothermal time
constant (0yp), defined for all fractions as [(T'— T;,)("Y — V)] Iy By rear-
rangement of this equation, if the constants and variables are known, the
germination rate of a fraction can be predicted: GR = [(T'— T),)(¥ — ‘¥'))I/
(05p). In theory, germination data obtained at just two water potentials
would be sufficient to determine 7}, and ‘¥;(g), but more measurements may
be needed in practice to give greater precision. Although it was developed
for constant conditions, the model has been adapted to describe and predict
behavior in irregularly changing temperature and water potential environ-
ments by integrating performance over a number of time intervals—as dis-
cussed in Chapter 2.

This hydrothermal time model has been found to match sets of germina-
tion time courses of nondormant seeds quite well, e.g., in tomato, lettuce,
onion, mungbean, and melon, though more research is needed to cover a
wider range of species and environmental conditions and to understand the
genetic components (Dahal, Bradford, and Haigh, 1993; and see Welbaum,
Bradford, et al., 1998; Cheng and Bradford, 1999). The general situation is
as follows: (1) there is relatively little variation in 7, among individual
seeds within a seed lot, or even within a species, although further work is
needed; (2) the variations in ‘¥, between fractions in a seed lot are approxi-
mately normally distributed with Oy, but (3) agreement can be poor for
some time courses—e.g., behavior can deviate close to 7, and ¥, and the
values of each can vary depending upon the environmental or hormonal
conditions, including perhaps during test incubations.

In mathematical terms, then, the objectives of seed enhancement could
be said to be one or more of the following: (1) to raise the optimum tempera-
ture and the upper limit 7,(g); (2) to lower ¥, (which determines when and
whether a given seed will germinate under specific environmental condi-
tions); (3) to minimize Oy 0y, and 6(50) and the distribution of \¥,(g) and
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0,(g), which determine the rate and uniformity of germination. Three ex-
amples will illustrate responses that have been observed.

* Osmopriming of tomato cultivars, for instance, increased GR at all T
>T,and ¥ >¥,(g) without lowering 7}, or ¥}, (i.e., it reduced 67 and
0y), but it also increased the variance in ¢, (Dahal, Bradford, and
Jones, 1990; Dahal and Bradford, 1990). Priming at —0.5 MPa > ¥ >
—1.0 MPa appeared to shift distributions of ¥;(g) to lower values,
i.e., allowing subsequent germination to occur at a ‘¥ that initially
would have blocked radicle emergence, but there was no shift in
¥, (g) distributions after priming at ¥ > —0.5 MPa (Cheng and Brad-
ford, 1999).

* In contrast, osmopriming of a mature muskmelon cultivar decreased
T, and ¥}, but left 05 unaffected (Welbaum and Bradford, 1991). Im-
mature seeds were more responsive to priming than mature seeds,
suggesting that the overall degree of response would be strongly in-
fluenced by the distribution of seed ages within a lot.

* The model has also been applied in studies of germination near the
upper temperature limit 7(g). In lettuce seeds, as temperature was
raised up to this point, germination became more and more sensitive
to reduced water potentials; in hydrotime language, the ¥(g) distri-
bution became progressively more positive. Osmopriming resulted
in smaller increases in ¥ (g) near the temperature limit, as well as re-
ducing the hydrotime requirement for germination (Bradford and
Somasco, 1994).

During priming. The fact that germination can be substantially advanced
by priming seeds with water potentials <V (as well as >¥,) or at tempera-
tures close to 7}, led to the proposal (see Bradford and Haigh, 1994) that the
concept of hydropriming time or hydrothermal priming time may be appli-
cable—invoking the idea that seeds can also accrue hydrotime and/or heat
units in relation to a different base potential ¥,,;, and temperature 7,,,
(lower than'¥';, and 7},), even though they cannot complete germination (un-
less they are being incubated for long enough above ¥, and 7). The resul-
tant median germination rate (GRj,) after a priming duration of 7, is theoret-

ically, GRs)= GR; + K'[(T-T,,,;,) (¥ -\¥,,;,)] - 1,,; where k' is the inl\)/erse of the
hydrothermal priming time constant 8,,;p, and GR, is the initial median rate
for unprimed seeds, determined from the hydrothermal model expression.
This model therefore provides a way of comparing a wide range of priming

treatments on a common basis, across temperatures, water potentials, and
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durations. Theoretically, knowing the values of 7}, T,
pecially, the means and distributions of ¥, (g) and ¥
useful before deciding to prime a seed lot.

In initial tests the hydrothermal priming time model proved capable of
explaining a large part of the variance in tomato seed primed over a range of
water potentials (Dahal, Bradford, and Haigh, 1993). However, in a recent
in-depth critical study, Cheng and Bradford (1999) concluded that, despite
providing a useful quantitative description of priming responses, the initial
water relations characteristics of the tomato seed lots they studied did not
predict the responses very precisely. They found that mean values of ¥, =
—2.4MPaand 7,,,, = 9.1°C (both assumed for simplification to be the same
for all seed lot fractions) fitted five out of six lots, and that ¥;(g) values lay
between —0.6 and —1.1 MPa and 7}, between 12 and 13.5°C. But all parame-
ters varied between seed lots, and in some of them T, ;, values were unreli-
able, suggesting that other factors remained to be accounted for. Seeds with
a faster initial germination rate seemed to have lower \¥,,;, values, meaning
that a shorter duration of priming would be required to achieve a given de-
gree of advancement.

It is apparent that, at least in the species and cases studied so far, these
hydrothermal time models give only approximate predictions and for prac-
tical purposes do not appear by themselves to have the power to reliably
prescribe how to prime individual seed lots. Refinements, or alternative
models, may improve the outlook in future. For instance, Rowse, McKee,
and Higgs (1999) have addressed one imperfection of the hydrothermal
priming time model—its prediction that increase in resulting germination
rate is proportional to priming time (7,), whereas in reality at low water po-
tentials the rate tends to reach a maximum that does not increase with fur-
ther increases in duration—and have avoided the complications of the
boundary condition at water potentials close to'¥,. They have proposed in-
stead a new water relations model of seed germination using a different
variable (the “virtual osmotic potential”) to integrate the effect of constant
or varying water potentials, without having to distinguish between priming
and germinating potentials, and with certain assumptions this model seems
to fit the performance of carrot and onion.

Despite their imperfections, the apparent general validity of the hydro-
time and hydrothermal priming time models has given further impetus to re-
search directed toward relating temperature and, in particular, water poten-
tial thresholds to the forces that drive and/or hold back radicle emergence
from seeds, and to their biological determinants.

in Onp Oprp and, es-
might be practically

min
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Completion of Germination
Seed Structural Constraints

Seeds (meaning both botanical true seeds and dry fruits) vary consider-
ably in their internal morphology, as well as their conspicuous external
form, which dictates how embryos enlarge and emerge from the seed, and is
reflected in the physiological and biochemical germination mechanisms. In
his classic comprehensive descriptive survey, Martin (1946) distinguished
12 gross anatomical types within gymnosperm and angiosperm genera,
based on structure, organization, and compositional characteristics. Em-
bryos may be (1) tiny, small, or dominant compared to the whole seed;
(2) narrow, broad or spatulate, straight, curved, coiled, bent, or folded; and
(3) located around the periphery, at the end or in the center, more or less sur-
rounded by or sandwiched between the endosperm or perisperm tissues,
which themselves may be living or wholly or partly dead, and have soft or
hard textures.

In many seeds of agricultural importance, embryos are relatively uncon-
strained by surrounding tissues, such as in cereals, Brassicas, and many le-
gumes and grasses (excepting cases of coat-imposed dormancy), and in
these seeds germination involves only the onset of embryo growth. In many
crop seeds, however, confining structures such as endosperm, testa, and
pericarp contribute substantial mechanical barriers to embryo growth. In
mature celery and carrot seeds, for instance, the embryo is underdeveloped
and entirely embedded in the endosperm and must grow about two or three
times at its expense by both cell expansion and cell division before visible
radicle emergence occurs (Karssen et al., 1990; Gray, Steckel, and Hands,
1990). This embryo growth pattern, along with the variable presence of en-
dogenous inhibitory materials, accounts for the typically slow germination
in umbelliferous species. The endosperm also restrains the expansion of
many seeds with relatively large embryos and is understood to be a major
physiological determinant of the hydrotime threshold water potential, e.g.,
in tomato and pepper seeds in which the endosperm is a substantial tissue,
and in lettuce where it is reduced to a thin but tough envelope layer—situa-
tions likened by Welbaum, Bradford, and colleagues (1998) to a rigid outer
tire confining the pressurized inner tube of the embryo.

At the biochemical and cytological levels, then, germination and prim-
ing mechanisms may differ considerably between seed structural types due
to the nature of the embryo and its enclosing tissues. Seed populations natu-
rally conceal substantial differences in structure and physiological state,
e.g., due to indeterminate flowering and seed developmental patterns, and
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often genetic variation as well, which determine the spread in time from one
seed to another to complete germination.

Embryo Growth and Endosperm Cell-Wall Degradation

Plant cell growth is commonly accepted to be the result of the accumula-
tion or generation of solutes within cells and osmotic water uptake, which
generates sufficient turgor pressure to drive cell wall extension. The pri-
mary cell wall, whose main load-bearing component is a network of cellu-
lose microfibrils tethered by hydrogen bonds to xyloglucan chains, is be-
lieved to yield in response to turgor by mechanisms mainly involving the
activity of B-glucanases, xyloglucan endotransglycosylases (XETSs), ex-
pansins, and hydroxyl radicals (see Cosgrove, 1999, for access to the large
literature in this area). However, it is not yet known what determines the
start of cell wall loosening in germinating seeds and the generation of suffi-
cient turgor to drive radicle elongation to complete germination, as well as
how these properties are distributed between individual extending cells. For
seeds imbibed in water, direct measurements (e.g., in lettuce, melon, to-
mato) have indicated that embryo turgor per se would seldom be limiting
for germination, as embryo osmotic potential values are generally quite
negative (¥ less than —2.0 MPa) (Welbaum, Bradford, et al., 1998). Either
the radicle cell walls are too rigid or the structures surrounding the radicle
prevent it from expanding.

One key mechanism regulating the timing of radicle emergence in seeds
with enveloping endosperms is thought to be enzymatic weakening of the
restraining tissues. Many species studied have endosperm cell walls rich in
B-(1—>4)mannan polysaccharides (thought to be galacto-mannans or ga-
lacto-glucomannans), and much recent research focus has been placed on
the role of endo-B-mannanase as the most prominent likely candidate for
lowering the mechanical restraint by cleaving the polysaccharide backbone
chain. Considerable evidence now suggests that B-mannanase activity is in-
deed involved in radicle emergence in these species, although it is doubtful
that the enzyme is the sole determinant of the process. (The enzyme is also
involved in mobilizing the endosperm as a food reserve, a process that
mainly occurs after germination is completed.) The subject of enzymatic
endosperm cell wall weakening during germination has been reviewed in
detail by Black (1996), Bewley (1997), and Welbaum, Bradford, and colleages
(1998) and will only be outlined here.

The relationship between endosperm cap weakening, the degree of
B-mannanase activity and the time to germination after priming has been
most thoroughly studied in tomato, which has become a well-studied exper-
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imental system due to advantageous features such as its size allowing easy
dissection and the availability of PGR response mutants (see references in
Toorop, van Aelst, and Hilhorst, 1998; Welbaum, Bradford, et al., 1998). In
summary, there are few cases in tomato where germination is observed
without at least some [3-mannanase activity being present in the micropylar
tip endosperm, but high f-mannanase activity does not ensure that germina-
tion will occur, or vice versa. Primed and redried seeds develop an internal
free space between the embryo and endosperm, and the most rapid germi-
nating seeds have the most extensive free space, observed nondestructively
using X-radiography (Downie, Gurusinghe, and Bradford, 1999), and a ger-
mination-specific f-mannanase gene is expressed in the micropylar endo-
sperm cap region (Nonogaki, Gee, and Bradford, 2001). However -man-
nanase activity has been found to vary startlingly, by at least 1000-fold,
even among individual homozygous inbred seeds (Still and Bradford,
1997), and it is necessary to work with individual seeds to get a clear picture
of what is happening. A strong correlation has been found during osmo-
priming between the lowering of the mechanical restraint, the increase in
B-mannanase activity, and the appearance of ice crystal-induced porosity,
which was taken to reflect cell wall hydrolysis (Toorop, van Aelst, and
Hilhorst, 1998). However, the magnitude of these changes in relation to ger-
mination advancement differed between priming conditions, even though
germination was advanced by all of them. In endosperm caps measured sin-
gly, the restraint decreased and the enzyme activity increased during osmo-
priming at —0.4 MPa, but neither property changed during priming at —1.0
MPa, and two subpopulations could be distinguished at —0.7 MPa with and
without changes. (To make matters worse, seed lots of the cultivar used in
previous studies showed different absolute patterns of 3-mannanase activity
across a similar range of water potentials.) The authors concluded that low-
ering of the endosperm restraint during priming positively affects the ger-
mination rate of prlmed seeds but is not a prerequisite for rapid germination.
The finding that priming tomato seeds at more negative osmotic potentials
decreases the base water potential ¥, suggests that a different mechanism
becomes more prominent under these priming conditions than at higher po-
tentials—the accumulation of solutes in the embryo, possibly, instead of re-
quiring a substantial weakening of the force to puncture the endosperm cap.

Apparently contradictory conclusions have been reached in explaining
how priming alleviates thermoinhibition in lettuce. Bradford and Somasco
(1994) concluded from the modeling of water relations that the beneficial
effects appeared to occur primarily in the embryo, by lowering the embryo
yield threshold sufficiently to compensate for the increased endosperm re-
sistance, rather than affecting the surrounding endosperm/pericarp enve-
lope tissues. Sung Yu, Cantliffe, and Nagata (1998) found that the endo-
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sperm in thermotolerant cultivars had a lower resistance to puncture than
thermosensitive ones, and furthermore priming reduced the initial force
necessary to penetrate the seed and endosperm in several genotypes. These
authors concluded that, for radicle protrusion to occur, there must first be a
decrease in the resistance of the endosperm layer to the turgor pressure of
the expanding embryo. Circumstantial support comes from the finding that
seeds from thermotolerant lettuce genotypes had higher endo-f3-mannanase
activity before radicle protrusion at 35°C than thermosensitive ones. En-
zyme activities increased during priming of thermosensitive varieties and
therefore might be used as an indicator of priming (Nascimento, Cantliffe,
and Huber, 2000).

Much remains to be understood about the mechanisms and physiological
function of weakening the layers that surround embryos. Even in mannan-
rich seeds, for instance, f-mannanase is by no means the only key enzyme
or process likely to be involved. In germinating tomato seed, Bradford and
colleagues have already identified polygalacturonase, arabinosidase, and ex-
pansin genes that are expressed predominately in the endosperm cap and
radicle tip regions, and appear to have roles in cell wall modification or tis-
sue weakening (Sitrit et al., 1999; Bradford et al., 2000) along with genes
for B-1,3-glucanase and chitinase which are thought to have other functions
(Wu et al., 2001). Similarly a B-1,3-glucanase appears to be important in
rupturing the tobacco endosperm, which is the limiting step in seed germi-
nation (Leubner-Metzger and Meins, 2000). Interestingly, an extensin-like
gene is specifically expressed during germination at the micropylar end of
the single-cell-layer endosperm of Arabidopsis, though its function is not
yet known (Dubreucq et al., 2000). The expression of some of these late-
germination-stage genes may therefore prove of value as markers for prim-
ing.

Embryo Cell Division

As already mentioned, seeds such as carrot and celery have rudimentary
immature embryos, which grow before the radicle emerges by a combina-
tion of cell division and cell expansion, and both processes also occur, to a
lesser degree, during priming at lower water potentials (Karssen et al.,
1990). By contrast, in seeds with proportionally large embryos the general
case seems to be that cells do not complete mitosis, or even grow apprecia-
bly, before the embryo structures emerges from the seed. Priming seems to
have no appreciable effect on either cell size or number in these cases, e.g.,
in leek and onion (Gray, Steckel, and Hands, 1990).
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In dry tomato and pepper seeds most embryonic nuclei embryo are in the
quiescent presynthetic G1 phase, with 2C amounts of DNA. De Castro and
colleagues (2000) have demonstrated by elegant histochemistry that DNA
synthesis during tomato germination in water starts in the radicle meristem
tips before cell expansion begins, and the activation pattern then spreads
toward the cotyledons as progressively more nuclei enter the G2 (4C)
phase. At the same time, B-tubulin protein appears, accumulates, and is as-
sembled into the microtubular cytoskeletal networks involved in the mitotic
apparatus and establishing the plane of cell division. The situation is similar
in sugar beet because in a substantial proportion of seeds a number of the
radicle tip cells can enter the G2 phase, depending on environmental condi-
tions during seed development, especially after heavy rainfall, and on seed
maturity at time of harvest: on these grounds the G2:G1 ratio has been sug-
gested as an indicator of the physiological status of a seed (Sliwinska,
2000). Here too, however, nuclear DNA contents increase one to two days
after the start of imbibition, preceded by the accumulation of B-tubulin (Sli-
winska et al., 1999), and DNA replication also occurs during priming
(Redfearn and Osborne, 1997). Detailed studies of cell-cycle events in to-
mato, pepper, and sugar beet using flow cytometry and other techniques
have revealed that the beneficial effects of priming are associated with the
onset of replicative DNA synthetic processes in radicle meristem nuclei,
leading to cells stably arrested in the G2 phase after drying. Priming-
induced DNA replication and accumulation of B-tubulin have therefore
been suggested as molecular markers for measuring the progression of
events preceding radicle protrusion (Lanteri et al., 2000).

However, the relationship of cell cycle activity in radicle meristems prior
to emergence and the degree of subsequent priming response has proved to
be not at all straightforward. In tomato and pepper, the degree of change in
DNA replication was found to vary considerably among similarly osmo-
primed seed lots, even of the same cultivar, though all displayed more rapid
radicle emergence; in some lots, the frequency of 4C nuclei increased in
proportion to the accumulated hydrothermal priming time, while in other
lots no increase was detected following priming (Lanteri et al., 1994;
Gurusinghe, Cheng, and Bradford, 1999). In extensive studies on a single
tomato seed lot, a positive linear relationship was found between the fre-
quency of 4C nuclei (which could be as high as about 30 percent) and the
improvement in median subsequent germination time when priming was
performed at up to 25°C and above —1.5 MPa; but there was no correlation
between the two after priming at higher temperatures or at —2.0 MPa, at
which germination rates were improved without generating any increase in
4C signals at all (Ozbing®él et al., 1999). Similarly in pepper, a range of os-
motic treatments induced different frequencies of radicle tip nuclei to enter
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the synthetic phase despite producing very similar effects on germination
rate (Lanteri et al., 1997). Also there was no consistent relationship between
the frequencies and rates in cauliflower seeds after aerated hydration or
osmopriming (Powell et al., 2000). In these three species at least, therefore,
entry into G2 is not essential for germination advancement, especially in
“suboptimal” priming conditions, and 4C:2C ratios are not a general mea-
sure of the efficiency of priming. Indeed, considerable increases in germi-
nation rates can be observed in the absence of any increases in 4C nuclei.

Lanteri and colleagues (2000) investigated the expression of B-tubulin in
the root tips of pepper seeds as a complementary marker for priming. Con-
centrations of the protein, which increased and declined during seed devel-
opment and were undetectable in mature dry seeds, accumulated prior to
DNA replication after osmopriming for different durations at two water po-
tentials, apparently by de novo synthesis. Approximately the same amount
of B-tubulin was observed at the start of nuclear replication in each case, but
there were no clear further increases after that point. This observation led
the authors to suggest the possibility of using B-tubulin expression as an ad-
ditional parameter to differentiate the effectiveness of priming treatments
that do not induce nuclear replication.

Energy Metabolism

The drying of imbibed seeds may have profound and damaging effects
on respiratory metabolism during water removal and after subsequent
reimbibition. Using noninvasive photoacoustic techniques, Leprince and
colleagues (2000) showed that dehydration induces imbalanced metabo-
lism before membrane integrity is lost in desiccation-sensitive cucumber
and pea radicles germinated in water. Compared to desiccation-tolerant or-
gans, CO, production was much increased before and during dehydration;
acetaldehyde and ethanol also appeared, and their emissions peaked well
before the loss of membrane integrity, but these could be significantly re-
duced when dehydration occurred in 50 percent O, instead of air. Acetal-
dehyde was also found to disturb the phase behavior of phospholipid vesi-
cles measured by infrared spectroscopy, suggesting that it may aggravate
membrane damage induced by dehydration. Thus, desiccation tolerance ap-
pears to be associated with a balance between down-regulation of metabo-
lism during drying and O, availability. Acetaldehyde and ethanol produc-
tion therefore might prove to be sensitive hazard signals for the overpriming
of seed.
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In practice, though, priming may not often bring seeds to the point where
such drastic changes occur. Very few studies have been conducted specifi-
cally relating to primed seeds. Corbineau and colleagues (2000) found that
osmopriming raised both the energy charge (EC) and the ATP:ADP (adeno-
sine triphosphate:adenosine diphosphate) ratio in tomato seeds, with the
maximal effect obtained in osmopriming atmospheres containing more
than 10 percent oxygen; these increases were partially retained after drying
and were associated with much more intense respiratory metabolism during
the first hours of subsequent imbibition in water.

Early Proteins Reserve Mobilization

A relationship has been found in sugar beet seeds between germination
performance after priming and the first stage of mobilization of the 11-S
globulin storage protein, which consists of A and B subunits attached by a
disulfide bond. Both hydropriming and osmopriming substantially increased
the solubilization of the B subunit, still linked to a fragment of the endo-
proteolytic cleaved A-chain (Job et al., 1997); this accounted for up to ap-
proximately 30 percent of the total B-subunit content in mature seeds,
which in turn only was decreased by further proteolysis after radicle emer-
gence. Similar behavior has been detected in Arabidopsis, in which degra-
dation products of the 12S cruciferin B subunits accumulated during prim-
ing (Gallardo et al., 2001). Hydropriming sugar beet also reduced the range
of soluble B-subunit content among individual seeds from 160-fold in un-
treated seeds to only fivefold (Bourgne, Job, and Job, 2000).

Job, Kersulec, and Job (1997) have therefore proposed that B-subunit
solubilization can be used as a protein marker for the optimization of prim-
ing in sugar beet. Evidence supporting the robustness of this potential
marker has come from the observation that, in two types of priming, the
range of temperatures and oxygen concentrations that were effective in
speeding germination were very similar to those which solubilized B sub-
units (Capron et al., 2000). A complication arises because soluble B subunits
have been detected in “late mature” harvested seeds in some lots, suggest-
ing again that events associated with germination can occur in some cir-
cumstances during the last stages of seed development, as already noted in
the previous section for G2:G1 ratios (Sliwinska et al., 1999). Job and col-
leagues (2000) have also proposed that the disappearance of biotinylated
protein can be used as marker of overextended osmopriming, which led to a
substantial drop in germination under the conditions used.
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Desiccation Tolerance and Storability

As a seed lot becomes overprimed, due to too long an exposure at the
chosen ¥ and 7, more and more individuals typically display damaged pri-
mary radicle meristems and, although they may complete germination in
the strict sense that the radicles emerge, seedlings may not develop properly
(e.g., more abnormal types are detected in the statutory germination test)
and so may develop plants with a weakened root system or a damaged shoot
tip or die before they emerge from the soil. Even though only a small per-
cent of seeds in a lot may be affected, such losses are unacceptable for high-
value seed in commercial practice. It is therefore valuable to determine safe
limits for priming to minimize or preferably avoid these handicaps.

Desiccation tolerance in seeds is a fertile research area, with much focus
on processes at the termination of seed development, including the physiol-
ogy of recalcitrant seeds which cannot survive drying after development on
the mother plant, recently reviewed by and Pammenter and Berjak (1999)
and in Chapters 9 and 10 of this book. Vertucci and Farrant (1995) suggest
that seeds might suffer different types of injury when water is withdrawn:
mechanical damage, due to the reduction in cell volume; metabolic dam-
age, due to failures in the coordinated regulation at intermediate water con-
tents and the failure of protective antioxidant systems; and subcellular
structural damage, due to removal of water intimately associated with the
surface of macromolecular structures such as membranes. It is believed that
desiccation-tolerant seed tissues require the interplay of a multifactorial
suite of protective mechanisms to prevent these forms of damage and/or
permit their repair on rehydration. Major roles are thought to be played by
the composition of the cytoplasm (including soluble sugars), the presence
of putatively protective molecules including late embryogenesis abundant
(LEA) proteins, the efficient operation of antioxidant systems to protect
against free radicals produced during dehydration that would otherwise
lead to oxidative damage to membranes, and the presence and operation of
repair mechanisms during rehydration (e.g., see Leprince, Hendry, and
McKersie, 1993). The absence or ineffective expression of one or more of
these mechanisms could determine desiccation sensitivity in primed seeds
and could therefore serve as markers for safe priming.

Cell Stabilization: Sugars and LEA Proteins
It has been known for some years that sucrose and oligosaccharides, usu-

ally of the galactosyl-sucrose family (raffinose, etc.), occur in relatively
large amounts in seeds and that their concentrations appear to correlate with
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the longevity of seeds and with the acquisition and loss of desiccation toler-
ance (Bernal-Lugo and Leopold, 1995; Koster and Leopold, 1988, Corbin-
eau et al., 2000). During germination and priming the content and composition
of intracellular soluble carbohydrates changes; for example, the oligosac-
charide:sucrose ratio is reduced in primed pea and cauliflower (Hoekstra
et al., 1994; Buitink, Hoekstra, and Hemminga, 1999). Soluble sugars are
therefore widely understood to be important components in stabilizing cel-
lular integrity during dehydration—though the mechanisms by which they
do so are still a matter for research and debate—and are thus prominent can-
didates to consider as a contributing factor to the performance of primed
seed after drying.

Cytoplasm. In air-dry storage conditions the cytoplasm of seeds and
other anhydrobiotic organisms enter an aqueous glassy state; i.e., it be-
comes a solidlike liquid well below its normal freezing (crystallizing) point.
The extremely high viscosity and low molecular mobility of the cytoplasm
under these conditions are believed to be major factors in imparting longev-
ity to anhydrobiotes, by restricting the rate of detrimental reactions associ-
ated with aging and stabilizing macromolecules, such as membranes, pro-
teins, and DNA. It is thought, for instance, that direct measurements of
molecular mobility might eventually lead to realistic predictions of longev-
ity of seeds, such as those stored at low temperatures (Buitink, Hoekstra,
and Hemminga, 2000). At one time it was suspected that supersaturated so-
lutions of soluble sugars were the primary elements responsible for the
glassy state in seeds, but recent physicochemical studies have revealed that
the situation is more complex, and glycosides, larger carbohydrates (e.g.,
maltodextrin), and proteins also contribute to the property (Leopold, Sun,
and Bernal-Lugo, 1994).

Membranes. Removal of water from membrane surfaces in desiccation-
sensitive plant cells at low water contents causes the liquid crystalline lipid
bilayer to convert into gel phase domains and, although they are readily re-
versed on rehydration, these transformations are associated with symptoms
of injury and lethal effects, including extensive solute leakage and reorgani-
zation of the membrane protein complex. In desiccation-tolerant tissues, in
contrast, according to the water replacement hypothesis (Crowe, Hoekstra,
and Crowe, 1992), sugars and sugar alcohols replace the structural water
that is normally hydrogen bonded to the membrane surfaces and macro-
molecules, and thereby maintain the correct of polar head group spacing of
the membrane lipid and provide the hydrophilic interactions necessary to
maintain the liquid-crystalline phase. However, a recent review (Hoekstra
et al., 1997) has concluded that sugars may not be particularly effective in
vivo in this way and proposes instead that the bilayer is stabilized by the mi-
gration of amphipathic molecules (e.g., flavinols) into membranes as water
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is lost, which substantially lowers the water content at which membrane
lipids undergo the liquid-to-gel phase change. Bryant, Koster, and Wolfe
(2001) have argued that the presence in the cytoplasm of small solutes that
can form glasses, such as sugars, could limit the close approach of mem-
branes and thereby diminish the physical stresses that could otherwise
cause lipid fluid-to-gel phase transitions to occur during dehydration.

Whatever the stabilization mechanisms and the role of sugars in them,
changed macroscopic physical properties of intracellular glasses do not
seem to offer an explanation by themselves for the reduced longevity of
primed seed. Differential scanning calorimetry revealed no changes in glass
transition temperature (i.e., when the matrix “melts”) associated with the
osmopriming of pea, Impatiens, and pepper seeds. Nor was there any signif-
icant difference in molecular mobility, as determined by electron paramag-
netic resonance spectroscopy of a spin probe introduced into the cytoplasm
(Buitink, Hoekstra, and Hemminga, 1999; Buitink, Hemminga, and Hoek-
stra, 2000). Nevertheless, a circumstantial but perhaps relevant parallel can
be drawn with the behavior of abscisic acid-pretreated carrot somatic em-
bryos, which survive slow dehydration much better than fast, as primed
seeds tend to do. Using in situ infrared microspectroscopy, Wolkers and
colleagues (1999) found that fast drying resulted in much weaker average
strength of hydrogen bonding at room temperature, a less clearly defined
glassy matrix, apparently “less tight” molecular packing, and greater extent
of protein denaturation than slow drying. LEA transcripts were also ex-
pressed after slow drying, suggesting a role in conferring stability within
the glassy matrix.

Sugar composition is not consistently related to storage life performance
of primed seeds. Gurusinghe and Bradford (2001) found that the short
postpriming heat treatments that substantially restored longevity to hydro-
primed tomato seeds only slightly changed sucrose and oligosaccharide
(planteose) content. The suggestion here instead was that heat-shock pro-
teins might be involved in the response, supported by the observation that
the effectiveness of the heat treatment was correlated with expression of a
constitutively expressed lumenal stress protein (BiP), a highly conserved
member of the hsp 70 family associated with the endoplasmic reticulum
(Gurusinghe, Powell, and Bradford, 2002).

Free Radicals and Oxidative Damage
It is widely recognized that toxic active oxygen species (AOS), e.g.,

superoxide radicals and H,0O,, are produced as products of mitochondrial
respiration and glyoxysomal lipid degradation, and are removed within
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plant cells by antioxidative enzymes, e.g., superoxide dismutase (SOD) and
catalase (CAT), etc., which scavenge free radicals before they disrupt
biomolecules.

One major harmful effect of free radical reactions is believed to be the
accumulation of free fatty acids and other lipid-degradation products in
membrane bilayers, which increase the lipid phase transition temperature
and cause the irreversible formation of gel phase domains, which are lethal
when the cell is rehydrated (McKersie, 1991). Bailly and colleagues (2000)
found in sunflower seeds that malondialdehyde (MDA) content—a mea-
sure of the degree of lipid degradation—remained unchanged during osmo-
priming (-2.0 MPa), while activities of SOD and CAT increased strongly.
Furthermore, although MDA concentrations increased markedly after dry-
ing, they declined again during six hours from the start of reimbibition,
compared to an increase in control imbibed unprimed seed. This supports
the idea that the enzymatic antioxidant defense system operates efficiently
in sunflower seeds to scavenge AOS produced during osmopriming and that
the system survives in an enhanced state in dried primed seeds to operate
during the first hours after subsequent reimbibition, though it cannot cope
with the effects of the intervening dehydration stage itself. The authors also
suggest that the CAT isoenzyme pattern may be a good marker of whether
sunflower seeds have been primed under their conditions.

Another possibility that might be investigated in primed seeds is whether
reducing sugars, such as glucose and fructose, which decrease in embryos
as seed matures and acquire desiccation tolerance, and increase following
germination, will cause a reaction with metal ions such as Fe to generate ox-
idizing agents through the Maillard and Amadori rearrangement reactions
of carbonyl groups with free amino groups in proteins, which can cause
nonenzymatic modification during seed aging (Murthy and Sun, 2000).

DNA Damage and Repair

The ability to repair DNA damage after seeds are rehydrated so that a
transcriptionally competent genome is assured has been proposed as an es-
sential element of the suite of mechanisms contributing to survival of dehy-
drated orthodox seeds (Boubriak et al., 1997). Repair of lesions of the ge-
nome that occurs during drying and storage has been shown to be among the
earliest events occurring when dry, orthodox seeds are rehydrated, and
changes during priming might impair this ability. van Pijlen and colleagues
(1996) speculated that the adverse storage performance of an osmoprimed
(compared to a humidified or hydroprimed) tomato seed treatment could be
explained by the fact that more nuclei in the osmoprimed embryonic root
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tips had replicated their DNA, and Lanteri and colleagues (1997) and
Powell and colleagues (2000) have made similar observations in osmo-
primed pepper and hydroprimed cauliflower. Perhaps the detrimental ef-
fects of overpriming are associated with a decreased ability to repair DNA
as cells enter the S phase of the cell cycle and progress toward the G2 phase
after subsequent rehydration.

In another hypothesis that remains to be tested, Boubriak and colleagues
(2000) have pointed out the danger that, under certain low water potential
regimes during the priming or subsequent drying of imbibed seeds, DNA
might be subjected to irreparable enzymatic cleavage to nucleosome oligo-
mers, as can occur during the accelerated aging of rye grains.

Conversely, during the process of the osmopriming itself, DNA and its
synthesizing systems can be repaired and damaged rRNA replaced (Bray,
1995). McDonald, in Chapter 9, discusses the ability of priming to over-
come such low vigor effects that result from seed deterioration in storage.

ECOLOGICAL ASPECTS OF SEED HYDRATION

Seed banks in the soil naturally experience a variable environment of
temperature, water potential, oxygen, and other factors, both daily and sea-
sonally. Seed burial of numerous species induces physiological changes
that can improve the chances of establishment, allowing the seeds to re-
spond to conditions favorable for germination and growth, through the de-
velopment or breaking of specific types of dormancy, such as by alternate
soil wetting and drying (Allen and Meyer, 1998; Baskin and Baskin, 1998).
However, when a seed population is emerging from dormancy, those indi-
viduals that can germinate will have, in hydrotime language, so high a ‘¥,
that their progress will be slow and unlikely to be completed during a short
window of opportunity. Instead they will accumulate hydrothermal time
and survive to germinate more rapidly at the next chance (Bradford, 1995).

The ecological significance of priming existing in nature to increase the
chances of successful seedling establishment from the soil seed bank of dif-
ferent plant communities remains to be studied, but Gonzélez-Zertuche and
colleagues (2001) recently obtained circumstantial evidence that seeds of
Wigandia urens, a Mexican shrub, do undergo changes while buried in their
natural habitat that are similar to those seen after osmotic priming in the
laboratory. Both treatments induced physiological changes that were pri-
marily expressed in the heterogeneous burial environment, including the
synthesis of heat-soluble proteins, of similar molecular size to LEA pro-
teins. It is entirely plausible that the ability of seeds to survive interrupted
germination and be primed is an expression of processes that have evolved
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in the soil seed bank to prepare some species for a rapid, uniform, and suc-
cessful colonization of their environments.

CONCLUSIONS AND FUTURE DIRECTIONS

As seed becomes increasingly valuable, by the addition of input and out-
put traits through genetic engineering and other breeding techniques, and
due to increasing economic pressures for efficient and environmentally
friendly crop production systems, the incentive to protect and ensure germi-
nation will increase. One trend already underway is that techniques of
pelleting, coating, and priming are being considered commercially for
large-volume crops, for which they were not previously cost-effective, but
which demand new larger-scale process engineering approaches.

At the same time the need to understand and improve seed physiological
quality continues to grow. Though the 1990s were a period of considerable
advance in our understanding of the processes that transform germination
into the start of growth and the loss of desiccation tolerance, our knowledge
is still based on relatively few species—most extensively, tomato. As far as
hydration treatments are concerned, it seems there may be no one explana-
tion and no simple universal indicators of the processes operating, partly
since in many respects germination patterns are species specific, as Bray
(1995) observed. Bearing in mind too that priming of a given species can be
conducted using a range of hydration and drying procedures and a spectrum
of water potentials and durations, it is perhaps not surprising that metabolic
and cellular events have been found to differ. Also, as Welbaum, Bradford,
and colleagues (1998) pointed out, it has been valuable to recognize the
problems posed by pooling large numbers of seeds for biochemical assays,
which can obscure important seed-to-seed physiological variation, as noted,
for example, by Still and Bradford (1997) and Bourgne, Job, and Job
(2000). From the practical seed industry point of view, this understanding
can provide experimental tools to help in the development of new hydration
and drying procedures. What has been perhaps more disappointing—and
setting aside its academic interest—in a production situation in which deci-
sions have to be made reliably and often rapidly is the picture that often
emerges of differences between seed lots in the magnitude or even the exis-
tence of changes during treatment (e.g., in cell cycle events or the appear-
ance of cell wall degrading enzymes), at least in the much-studied tomato
and pepper. As far as markers for priming and desiccation tolerance are con-
cerned, this tends to reduce the hope that there might be tests with the preci-
sion required to be in a position to decide between alternative priming or
drying conditions or procedures before treatment starts. There is a better
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prospect of tests which give qualitative indications that a particular dry seed
lot has already been primed, but so far these tests by themselves probably
cannot indicate the quantitative degree of priming without being combined
with direct measurement of seed performance in comparison by some form
of germination test.

Looking to the future, molecular tools are dramatically enhancing our
knowledge of the biochemical and regulatory pathways underlying the
complex physiological and developmental process of germination. Geno-
mic and transgenic approaches can now establish the timing and identity of
specifically activated genes and their tissue expression patterns, or the con-
sequences of specific gene inactivation, and provide insights into their func-
tions. The first fruits of this work are beginning to be seen in seed science,
such as the identification in germinating tomato seeds of genes associated
with cell wall weakening enzymes (mentioned earlier) and connected to the
initiation of embryo growth and stress adaptation (see Bradford et al.,
2000). Gallardo and colleagues (2001) conducted a broad proteomic analy-
sis of changes occurring during germination and after drying of the model
species, Arabidopsis thaliana, whose complete genome is now known.
Using protein analysis in combination with sequence databases, these au-
thors have identified, among many other changes, a total of eight unique
proteins that accumulated during a hydropriming and/or an osmopriming
treatment. One of the many stimulating outcomes from using the potential
wealth of this type of information in classical physiological approaches
could be the identification of diagnostic markers, which might be routinely
employed to interrogate gene expression, e.g., using DNA array or ELISA
technology, to characterize seed quality and to develop and perhaps opti-
mize priming enhancement procedures.
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Chapter 5

Inception, Maintenance, and Termination
of Dormancy in Grain Crops: Physiology,
Genetics, and Environmental Control

Roberto L. Benech-Arnold

INTRODUCTION

Dormancy is the failure to germinate because of some internal block that
prevents the completion of the germination process (Black, Butler, and
Hughes, 1987). For completeness it should added that dormant seeds can-
not germinate in the same conditions (e.g., water, air, temperature) under
which nondormant seeds do so. Although the adaptive significance of dor-
mancy is quite evident for plants living in the “wild” (see Chapter 8), it has
always been a complication in seeds from plants that are grown as crops. In-
deed, a persistent dormancy would prevent the utilization of a seed lot either
for the generation of a new crop or for industrial purposes (i.e., malting). On
the other hand, most crops that originally must have had dormancy have
been selected so heavily against dormancy throughout their domestication
process that seeds are germinable even prior to crop harvest; this frequently
leads to preharvest sprouting, a phenomenon whose consequences are
widely described in Chapter 6.

Due to the paucity of our knowledge on the genetic, physiological, and
environmental control of dormancy, it is very difficult to adjust the timing
of dormancy loss to a precise and narrow time window (i.e., neither as early
as to expose the crop to the risk of preharvest sprouting, nor as late as to
have a dormant seed lot at the time of the next sowing or industrial utiliza-
tion). Among the cereals, malting barley is possibly the most problematic
crop. The malting process itself requires grain germination, so a low dor-
mancy level at harvest is a desirable characteristic because the grain can be
malted immediately after crop harvest, thus avoiding costs and deteriora-
tion resulting from grain storage until dormancy is terminated. Therefore,
breeders are compelled to work within a narrow margin. In this case, the
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possibility of solving the conflict between obtaining genotypes with low
dormancy at harvest, but not with such an anticipated termination of dor-
mancy that leads to sprouting risks, requires a thorough knowledge of the
mechanisms determining dormancy release in the maturing grain. More-
over, it is essential to understand how those mechanisms are genetically and
environmentally controlled.

Problems derived from either a short or a persistent dormancy are less
frequent in oil crops, though they do exist. Sprouting, for example, has not
been reported to occur in the most important oil crops (i.e., soybean, sun-
flower, canola)j; this is in spite of the fact that both soybean and canola seeds
are germinable as soon as the grain has undergone desiccation in the mother
plant. Soybean and canola seeds develop within legumes and siliques, re-
spectively, which must impede direct contact between the grain and rain
water in the field. Sunflower, however, does not sprout because its seeds are
highly dormant at harvest time, and this deep dormancy may persist for sev-
eral months. Indeed, having a dormant lot by the time sunflower seeds are
sold for sowing is a significant problem that most seed companies face fre-
quently.

The aim of this chapter is to discuss the physiology, genetics, and envi-
ronmental control of dormancy inception, maintenance, and loss in some
grain crops, namely, cereals and sunflower. It is intended, also, to analyze
the perspectives of controlling the timing of occurrence of these processes
through manipulation of the genes that regulate the physiological mecha-
nisms involved.

PHYSIOLOGY OF DORMANCY IN THE CEREAL GRAIN

Where Is Dormancy Located in Cereal Grains?

Dormancy inception occurs very early in cereals. Embryos are usually
fully germinable from early stages of development (i.e., 15 to 20 days after
pollination [DAP]) if isolated from the entire grain and incubated in water
(Walker-Simmons, 1987; Benech-Arnold, Fenner, and Edwards, 1991;
Benech-Arnold et al., 1999). The entire grain, however, reaches full capac-
ity of germination well after it has been acquired by the embryo. This coat
(endosperm plus pericarp)-imposed dormancy is the barrier preventing un-
timely germination, and its duration depends on the genotype and on the en-
vironment experienced during maturation and beyond. In summary, though
cases of embryo dormancy have been reported for grains of some cereal
crops (Norstog and Klein, 1972; Black, Butler, and Hughes, 1987), the du-
ration of coat-imposed dormancy determines the timing of acquisition of
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grain germinability. For example, sprouting-susceptible cultivars are those
whose coat-imposed dormancy is terminated well before harvest maturity.

In some cereals (i.e., barley, rice), glumellae (the hull) adhering to the
caryopsis represents another constraint for embryo germination in addition
to that already imposed by endosperm plus pericarp (Corbineau and Come,
1980). Benech-Arnold and colleagues (1999) followed the dynamics of the
release from dormancy imposed by the different structures surrounding the
embryo in grains from cultivars with short (cv. B1215) and longer-lasting
dormancy (cv. Quilmes Palomar). As expected, embryos from both cul-
tivars germinated precociously from early stages of development if excised
from the entire grain (Figure 5.1a). In both cultivars dormancy imposed by
endosperm plus pericarp was steadily overcome at a similar rate throughout
development (Figure 5.1b). However, although caryopses presented low
dormancy from well before physiological maturity (PM, defined as the mo-
ment when the grain has attained maximum dry weight), the presence of the
hull prevented grain germination prior to that stage. Hull-imposed dor-
mancy started to be removed from PM onward, with a rate that was different
depending on the cultivar: in ‘B1215” grains this restriction was removed
abruptly, while in ‘Q. Palomar’ grains, the removal occurred at a lower rate
(Figure 5.1c¢).

Hormonal Regulation of Dormancy in Cereal Grains

The Role of Abscisic Acid

Research on the mechanisms of dormancy in the developing seeds of
many species suggests a strong involvement of the phytohormone abscisic
acid (ABA) (King, 1982; Fong, Smith, and Koehler, 1983; Karssen et al.,
1983; Walker-Simmons, 1987; Black, 1991; Benech-Arnold, Fenner, and
Edwards, 1991; Benech-Arnold et al., 1995; Steinbach et al., 1995; Stein-
bach, Benech-Arnold, and Sanchez, 1997). ABA-deficient or -insensitive
mutants of Arabidopsis and maize precociously germinate (Robichaud,
Wong, and Sussex, 1980; Karssen et al., 1983), and application of the ABA-
synthesis inhibitor fluridone has been shown to anticipate the release from
dormancy in developing seeds of some species (Fong, Smith, and Koehler,
1983; Xu, Coulter, and Bewley, 1991; Steinbach, Benech-Arnold, and
Sanchez, 1997). In cereals, the imposition of dormancy to the embryo by
the structures that surround it might be mediated by the high levels of en-
dogenous ABA existing in the embryos during grain development (Walker-
Simmons, 1987; Steinbach et al., 1995). ABA content in embryos is usually
low until 15 DAP (Walker-Simmons, 1987; Steinbach et al., 1995; Benech-
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FIGURE 5.1. Germination indexes of (a) embryos, (b) dehulled caryopses, and
(c) grains from a sprouting-susceptible (‘B1215’, squares) and a sprouting-resis-
tant (‘Quilmes Palomar’, circles) cultivar, harvested at different days after pollina-
tion and incubated at 20°C for 12 days. PM and HM are the moments the crops
reached physiological and harvest maturity, respectively. (Source: Adapted from
figures in Benech-Arnold et al., 1999.)
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Arnold et al., 1999). From that moment onward, ABA content goes up coin-
ciding with the acquisition of the capacity of the embryo to germinate if iso-
lated from the rest of the grain; hence, one possibility is that precocious ger-
mination would be prevented by the surrounding structures by impeding
ABA from leaching outside the embryo (Bewley and Black, 1994).

ABA content has been reported to peak at around PM and to decline af-
terward when the grain undergoes desiccation (Goldbach and Michael,
1976; Walker-Simmons, 1987; Quarrie, Tuberosa, and Lister, 1988; Morris,
Jewer, and Bowles, 1991; Steinbach et al., 1995; Benech-Arnold et al.,
1999). However, and in contrast to what might have been expected, no cor-
relations have been found between ABA embryonic content during seed de-
velopment and timing of exit from dormancy. In other words, although in-
hibiting ABA synthesis (either genetically or through chemicals) has been
shown to accelerate the termination of dormancy, genotypes with a short
dormancy usually do not have lower ABA content during grain develop-
ment than those with long-lasting dormancy. One exception for this lack of
correlation, however, has been reported for barley. In barley cultivars with
contrasting timing of exit from dormancy, ABA embryonic content is usu-
ally similar until PM, and maximum ABA content also occurs prior to PM
(Figure 5.2). However, immediately after PM, a dramatic reduction in em-
bryonic ABA content takes place in embryos from the sprouting-suscepti-
ble ‘B1215’, coinciding with the abrupt termination of hull-imposed dormancy
that takes place in these grains after PM (Figure 5.1c); in ‘Q. Palomar’
(a cultivar with longer-lasting dormancy) embryos, in contrast, ABA con-
tent is kept at high levels for longer (i.e., until 43 DAP).

It has been suggested that dormancy imposed by the hull is mediated by
high polyphenol-oxidase activity existing in the barley glumellae which re-
sults in oxygen deprivation for the embryo (Lenoir, Corbineau, and Céme,
1986). The way in which oxygen influences germination of dormant seeds
is largely unknown, but it has been hypothesized that oxygen concentration
might determine the rate with which germination inhibitors are catabolized
(Neil and Horgan, 1987). This proposition is strongly supported by results
presented by Wang and colleagues (1998) showing that the dormancy
breaking effect of a strong oxidant such as hydrogen peroxide is through a
reduction in the endogenous level of the germination inhibitor abscisic acid.
The question arising is, How can this mechanism operate differentially
throughout development and between genotypes presenting different tim-
ing of exit from dormancy? In the light of these results and within the frame
of the proposition that the hull impedes embryo germination because it in-
terferes with ABA oxidation (or metabolization) through oxygen depriva-
tion, it could be argued that release from hull-imposed dormancy occurs be-
cause oxygen in high concentrations is not necessary when germination
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FIGURE 5.2. Abscisic acid content (expressed as picograms of ABA per milli-
gram of dry weight) in embryos from a sprouting-susceptible (‘B1215’, white
diamond) and sprouting-resistant (‘Quilmes Palomar’, black squares) cultivar,
harvested at different days after pollination. PM and HM are the moments the
crops reached physiological and harvest maturity, respectively. (Source: Adapted
from figures in Benech-Arnold et al., 1999.)

inhibitors (i.e., ABA) are no longer present. These results explain the differ-
ent timing of exit from dormancy between cultivars whose grains acquire
germinability immediately after PM or few days after harvest. However, in
most barley cultivars dormancy may last several months; in such cases, the
correlation between ABA and germinability does not hold. Indeed, al-
though inhibiting ABA synthesis with fluridone can anticipate exit from
dormancy, these cultivars do not present higher ABA content during grain
development and, on the other hand, ABA levels are barely detectable after
harvest maturity. Some authors have proposed that the maintenance of dor-
mancy in those cultivars is mediated by de novo synthesis of ABA upon
grain incubation, which would not occur in grains without dormancy (Wang
etal., 1998). However, this possibility is still a subject of debate.

The role of changes in embryo responsiveness to ABA has been sug-
gested to be a key one for controlling release from dormancy in cereals and
other species (Robichaud, Wong, and Sussex, 1980; Walker-Simmons,
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1987; Corbineau, Poljakoff-Mayber, and Coéme, 1991; Steinbach et al.,
1995; Benech-Arnold et al., 2000; Van Beckum, Libbenga, and Wang,
1993; Wang et al., 1994; Wang, Heimovaara-Dijkstra, and Van Duijn, 1995;
Visser et al., 1996). Embryo sensitivity to ABA is measured as the embryo
capacity to overcome the inhibitory action of a certain concentration of the
hormone. In the system ‘B1215’-°Q. Palomar’ termination of hull-imposed
dormancy is also correlated with changes in embryo sensitivity to ABA
(Figure 5.3); release of ‘B1215’ grains from dormancy coincides with an
abrupt loss of embryo sensitivity to ABA, while high responsiveness to
ABA is maintained for longer in ‘Q. Palomar’ embryos. Cultivars that have
a lower embryo sensitivity to ABA during seed development usually pre-
sent a faster release from dormancy. For example, a tenfold higher concen-
tration of ABA is required to inhibit germination of embryos from a sorghum
variety whose grains are released from dormancy prior to PM than is neces-
sary to inhibit germination of embryos from a variety with a long-lasting
dormancy (Steinbach et al., 1995). The nature of the low sensitivity to ABA
observed in embryos from genotypes with short dormancy remains unclear,
though some possibilities have been proposed. In an interesting paper,
Visser and colleagues (1996) showed results suggesting that the low em-
bryo sensitivity to ABA exhibited by a barley cultivar with no dormancy
was not related to alterations in the ABA transduction pathway but to a high
rate of degradation of the hormone in the outside walls of the embryo.

The Role of Gibberellins

The central role of gibberellins (GAs) in promoting seed germination
was suggested decades ago and confirmed clearly since the identification of
GA-deficient mutants of Arabidopsis and tomato seeds that will not germi-
nate unless exogenously supplied with GAs (Lona, 1956; Karssen et al.,
1989; Hilhorst, 1995; Karssen, 1995). Similarly, dormant developing sor-
ghum caryopses can be induced to germinate if incubated in the presence of
GAs (Steinbach, Benech-Arnold, and Sanchez, 1997). This role should not
be confounded with the postgerminative one referred to in Chapters 6 and
13 when describing production of a-amylase in barley and other germinat-
ing grains. It has been proposed that endogenous GAs control germination
through two processes: a decrease in the mechanical resistance of the tis-
sues surrounding the embryo and promotion of the growth potential of the
embryo (see Chapter 7 for details; Bradford et al., 2000), thus antagonizing
the effect of ABA (Schopfer and Plachy, 1985). In cereals in which the tis-
sues covering the embryo are weak or are split during imbibition, GA action
must be restricted to promote embryo growth potential. Benech-Arnold and
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FIGURE 5.3. Germination indexes (Gl) of embryos from a barley cultivar with a
short dormancy (‘B1215’, ¢) and one with a longer lasting dormancy (‘Q. Palo-
mar’, B), harvested at different days after pollination, after 12 days of incubation
at 20°C, in the presence of 5 yM ABA (upper panel) or 50 pM ABA (lower panel).
PM and HM are the moments the crops reached physiological and harvest matu-
rity, respectively. (Source: Adapted from figures in Benech-Arnold et al., 1999.)

colleagues (2000) hypothesized that the low dormancy presented by devel-
oping sorghum caryopses from sprouting-susceptible genotypes should be
expressed as a high capacity of the embryo to produce GA de novo synthe-
sis upon grain imbibition; these GAs would be necessary to counterbalance
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the inhibitory effect imposed by the high ABA content existing during grain
development.

In addition to its role as germination promoter, it has been demonstrated
that the pattern of exit from dormancy in developing cereal grains can be al-
tered by inhibiting GA synthesis, suggesting that this pattern depends on
the extent to which ABA action as a dormancy imposer is counterbalanced
by the effect of GAs (Steinbach, Benech-Arnold, and Sanchez, 1997,
Benech-Arnold et al., 1999). Applications of the GA synthesis inhibitor
paclobutrazol almost immediately after anthesis of barley and sorghum va-
rieties with short dormancy results in a pattern of exit from dormancy that
resembles the characteristic pattern of varieties with a long-lasting dor-
mancy, even though genotypes with a short dormancy have not been found
to present a lower GA content during development (Benech-Arnold et al.,
2000). However, it could be predicted from experiments with paclobutrazol
that lowering GA content through genetic means should result in genotypes
with extended dormancy.

PHYSIOLOGY OF DORMANCY IN THE SUNFLOWER SEED

At harvest time sunflower seeds are dormant and germinate poorly
(Corbineau, Bagniol, and Coéme, 1990; Corbineau and Come, 1987; Cse-
resnyes, 1979). This dormancy is the result of true embryo dormancy
(Corbineau, 1987; Corbineau, Bagniol, and Come, 1990) and the inhibitory
action of the envelopes (Corbineau, 1987; Corbineau, Bagniol, and Come,
1990; Corbineau and Come, 1987) including the seed coat and the pericarp
since sunflower “seeds” are achenes.

The inception of embryo dormancy occurs relatively early throughout
seed development. Sunflower embryos are germinable if isolated from the
entire seed from as early as 7 DAP and until approximately 12 DAP; the en-
tire seed, however, germinates very poorly during this period, showing the
existence of coat (seed coat plus pericarp)-imposed dormancy (Figure 5.4)
(LePage-Degivry and Garello, 1992; Corbineau, Bagniol, and Céme, 1990).
From 12 DAP onward, embryo dormancy progressively develops, and at 20
to 22 DAP, embryos are fully dormant (Figure 5.4). This embryo dormancy
is not eliminated if the axis is separated from the cotyledons, indicating that
the axis itself is dormant (LePage-Degivry and Garello, 1992). While the
seed progresses toward maturation, embryos are slowly released from dor-
mancy; by the time the grain has attained harvest maturity, some embryo
dormancy still persists (Figure 5.4). Therefore, the deep dormancy that sun-
flower grains present at harvest results from the coexistence of coat-imposed
dormancy and some remnant embryo dormancy (Corbineau, Bagniol, and
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FIGURE 5.4. Germination percentage of sunflower achenes (solid triangles),
naked seeds (open triangles), and isolated embryos (solid squares) harvested at
different days after pollination and incubated at 25°C. Whole achenes were
totally unable to germinate when incubated at any of the DAP displayed in the
graph. PM and HM are, approximately, the moments the crop reached physiolog-
ical and harvest maturity, respectively. (Source: Redrawn with data from LePage-
Degivry and Garello, 1992, and Corbineau, Bagniol, and Céme, 1990.)

Come, 1990). Embryo dormancy is lost shortly after harvest if the seed is
subjected to dry after-ripening, but coat-imposed dormancy persists for lon-
ger and may require several weeks of dry after-ripening to be overcome.

The plant growth regulator ABA appears to be involved in the imposition
of embryo dormancy. The inclusion of fluridone in culture media for sun-
flower embryo development prevents the induction of embryo dormancy
(LePage-Degivry, Barthe, and Garello, 1990; LePage-Degivry and Garello,
1992). Nevertheless, the pattern of accumulation of ABA in the developing
embryo does not coincide with the embryo physiological behavior. During
seed development, embryos germinate well at the time when the endoge-
nous ABA level is at its highest (7 to 12 DAP); thereafter, ABA decreases to
a low value when embryo dormancy becomes established (LePage-Degivry,
Barthe, and Garello, 1990). It seems, then, that the ABA peak at early stages
is responsible for the imposition of the dormant state that is established im-
mediately after that peak has taken place.

Moreover, it appears that ABA needs to be present during a critical time
period to induce dormancy. In an interesting study, LePage-Degivry and
Garello (1992) showed that when young (7 DAP), nondormant embryos
were cultured in the presence of ABA, the hormone produced a temporary
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inhibition of germination but did not induce dormancy (i.e., embryos were
able to germinate when transferred to a basal medium). In contrast, exoge-
nous ABA became effective if applied immediately prior to the natural in-
duction of dormancy. For example, five days culture on a medium contain-
ing 5 x 10-5 M ABA resulted in partial dormancy in 13 DAP embryos, while
total induction of dormancy occurred in 17 DAP embryos. The authors con-
cluded that either a change in sensitivity to ABA occurs during develop-
ment, or the existence of a second factor is necessary along with ABA to in-
duce dormancy. Regarding this second possibility, the authors speculate
about the existence of a regulatory protein called VP that binds to ABA for
the induction of dormancy; ABA would not be able to induce dormancy in 7
to 10 DAP embryos due to the absence of this protein. LePage-Degivry and
Garello (1992) suggested that the capacity of the embryo to produce in situ
ABA synthesis, which appears during seed development along with the on-
set of dormancy, is necessary not only to induce, but also to maintain dor-
mancy.

As mentioned previously, embryo dormancy can be terminated by dry
storage. Bianco, Garello, and LePage-Degivry (1994) attempted to eluci-
date the mechanism through which dry storage terminates embryo dor-
mancy by drying artificially dormant 17 to 26 DAP embryos and testing for
germinability either immediately after drying or after leaving the embryos
for six weeks in a desiccator (dry storage). They observed a decrease in
ABA content immediately after the drying process that was not accompa-
nied by a complete release from dormancy. On the other hand, additional
dry storage did not affect the ABA content but instead promoted germina-
tion. In addition, the authors found that the drying treatment also stimulated
immature sunflower embryos and axes to respond to gibberellins upon
rehydration. The authors concluded from these results that although the
drying treatment induced both a decline in ABA and an increase in sensitiv-
ity to GA, additional dry storage is necessary to obtain germination. They
propose the suppression induced during this dry storage of the aforemen-
tioned capacity to produce in situ ABA synthesis in the embryo, as the
mechanism behind the response, though they did not show the extent to
which the drying treatment by itself could also result in such suppression.

The inception of seed coat plus pericarp-imposed dormancy occurs early
throughout seed development: by the stage at which young (7 to 13 DAP),
nondormant embryos can germinate readily if isolated from the entire seed,
germination of the whole grain is prevented by the presence of the enve-
lopes (Figure 5.4). Coat-imposed dormancy possibly continues during the
rest of the developmental period, but its existence is difficult to corroborate
because the embryo itself is dormant during most of this period. Once the
seed has completed maturation and while the embryo gradually loses its
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dormancy, coat-imposed dormancy persists for longer, in some cases for
several months.

The nature of this inhibition imposed on embryo germination is highly
unknown, though it has been suggested that both pericarp and seed coat in-
terfere with oxygen difussion toward the embryo (Gay, Corbineau, and
Cdme, 1991). As in the case of hull-imposed dormancy in barley, it could be
speculated that the envelope impedes embryo germination because it in-
terferes with ABA and/or other inhibitor oxidation (or metabolization)
through oxygen deprivation. Similarly, the mechanism through which dry
after-ripening alleviates coat-imposed dormancy has not been explored to
the best of our knowledge. It could be that, even after the embryo has been
released from dormancy, it retains the capacity to produce ABA synthesis
upon imbibition, which might be necessary to maintain (coat-imposed) dor-
mancy; indeed, oxygen deprivation caused by the presence of the embryo
would prevent ABA oxidation. If, as mentioned before, dry storage sup-
presses the capacity of the embryo to produce ABA synthesis (Bianco,
Garello, and LePage-Degivry, 1994), then coat-imposed dormancy would
be terminated because oxygen in high concentrations should not be neces-
sary when ABA is no longer present. This hypothesis should be thoroughly
tested. Unfortunately, we are not aware of any study in which the physiol-
ogy of dormancy in sunflower has been comparatively investigated in geno-
types with contrasting duration of dormancy.

THE EXPRESSION OF DORMANCY IN GRAIN CROPS

Except for the case of seeds that present full dormancy and consequently
do not germinate at either temperature, it is a common feature that dor-
mancy is expressed at certain temperatures. Vegis (1964) introduced the
concept of degrees of relative dormancy from the observation that, as dor-
mancy is released, the temperature range permissive for germination wid-
ens, until germination is maximal under a wide thermal range. This is also
the case for dormant cereal grains: in summer cereals such as sorghum, dor-
mancy is not expressed at high temperatures (i.e., 30°C) (Benech-Arnold et
al., 1995; Benech-Arnold, Enciso, and Sanchez, 1999), and in winter cere-
als such as wheat and barley it is not expressed at low temperatures (i.e.,
10°C or lower) (Bewley and Black, 1994; Gosling et al., 1981; Mares, 1984;
Black, Butler, and Hughes, 1987; Walker-Simmons, 1988). It should be em-
phasized that the depressed germination which occurs as temperatures ex-
ceed (in the case of winter cereals) or are below (in the case of summer cere-
als) certain values is truly an expression of dormancy and not an inevitable
effect of temperature on germination, for it does not take place in isolated
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embryos or in grains which have after-ripened (Mares, 1984). Moreover, it
has been shown in wheat that isolated embryos incubated at high tempera-
tures (i.e., 25 to 30°C) are more effectively inhibited by ABA than embryos
incubated at lower temperatures (Walker-Simmons, 1988). This thermal
range permissive for germination widens with after-ripening so grains be-
come able to germinate at most temperatures. Similarly, it was observed for
barley grains that, so long they are released from dormancy throughout de-
velopment and maturation, they are able to germinate at higher tempera-
tures (Benech-Arnold, Enciso, and Sanchez, 1999). This differential ex-
pression of dormancy which depends on the incubation temperature also
has implications for crop behavior in the field. For example, the lack of ex-
pression of dormancy at low temperatures, characteristic of winter cereals,
implies that in years when damp conditions are combined with low air tem-
peratures around harvest time, both resistant (high dormancy) and suscepti-
ble (low dormancy) cultivars might be expected to sprout. The inverse could
be said about summer cereals such as sorghum; high temperatures com-
bined with damp conditions around harvest permit the germination in
planta of both dormant and nondormant cultivars.

The amount of water in the incubation medium also allows differential
expression of dormancy in barley grains. Indeed, most barley cultivars
which present some dormancy at harvest will not germinate if the grains are
incubated in a petri dish at favorable temperatures but with 8 or even 6 ml
instead of 4 ml of distilled water (Pollock, 1962); the same does not occur in
grains from cultivars with low dormancy, or in those that have after-ripened,
showing that it is truly an expression of dormancy (Figure 5.5). This phe-
nomenon is known by the malting industry as “sensitivity to water” and is
one of the quality parameters assessed upon reception of a grain lot. This
sensitivity to water must be related to the oxygen deprivation imposed by
the presence of the hull, described previously, which might be enhanced by
the hypoxia that results from an excess of water in the incubation media.

In the case of freshly harvested sunflower seeds, dormancy is expressed
at temperatures lower and higher than 25°C (Corbineau, Bagniol, and
Come, 1990). Dormancy expression at low temperatures is attributed to em-
bryo dormancy which is not expressed at high temperatures (Corbineau,
Bagniol, and Come, 1990); conversely, dormancy expressed at high tem-
peratures results from coat-imposed dormancy (Corbineau, Bagniol, and
Come, 1990). Consequently, a few weeks of dry after-ripening allows seed
germination at low temperatures due to termination of embryo dormancy;
the acquisition of the capacity to germinate at high temperatures, in con-
trast, may take several weeks of dry after-ripening (Corbineau, Bagniol, and
Come, 1990).
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FIGURE 5.5. Response of barley germination to the amount of water present:
(A) freshly harvested dormant barley; (B) the same barley, still water sensitive
though not fully dormant; (C) the same barley after some time of after-ripening in
dry storage. (Source: Adapted from a figure in Pollock, J.R.A., 1962.)

REMOVING DORMANCY AT AN INDUSTRIAL SCALE

In some cases it is not possible to wait for the effect of dry after-ripening
to take place and termination of grain dormancy must be anticipated. This is
frequently the case with malting barley, whose germination is required for
industrial utilization (see Chapter 13) and also with sunflower whose grains
are usually dormant by the time they are needed for generating a new crop.

One of the most popular methods used by the malting industry, when-
ever allowed by the customer, is the addition of gibberellic acid (GAj;) to the
incubation medium to promote the germination of dormant barley grains.
Indeed, it is well known that gibberellic acid at low concentrations (0.1 to
0.2 ppm) stimulates germination in these grains (Brookes, Lovett, and
MacWilliam, 1976). Studies on the most appropriate point in the malting



Inception, Maintenance, and Termination of Dormancy in Grain Crops 183

process at which to add gibberellic acid have concluded that it should be
sprayed on soon after the grain is removed from the steep (Brookes, Lovett,
and MacWilliam, 1976). Other methods to remove dormancy in barley in-
clude the use of dilute solutions of hydrogen sulfide and keeping the grains
for three days at 40°C, either in the open air when their moisture content fell
to about 8 percent, or in closed vessels, when moisture contents were un-
changed at between 17 and 20 percent (Pollock, 1962).

As with other cultivated species such as Lactuca sativa (Abeles, 1986)
and Arachis hypogaea (Ketring, 1977), ethylene (C,H,) and etephon
strongly stimulate the germination of dormant sunflower seeds (Srivastasa
and Dey, 1982; Corbineau and Coéme, 1987; Corbineau, Bagniol, and
Come, 1990). In contrast, gibberellic acid and cold stratification do not
overcome dormancy in this species (Bagniol, 1987) though it was shown
that 1 mM GA; is effective for overcoming dormancy in some wild sun-
flowers (Seiler, 1998). Corbineau, Bagniol, and Come (1990) showed that
ethylene and its immediate precursor (1-aminocyclopropane-1-carboxylic
acid) strongly stimulated germination of primary dormant sunflower seeds;
on the contrary, inhibitors of ethylene (i.e., amino-oxyacetic acid and
CoCl,) or ethylene action (silver thiosulfate and 2.5 norbomadiene) inhib-
ited germination of nondormant seeds. Beyond the evident practical impli-
cations of these results, they also indicate that ethylene synthesized by the
seeds themselves is involved in the regulation of sunflower seed germina-
tion. The use of ethylene or its precursors appears as a promising technol-
ogy to stimulate the germination of dormant sunflower lots. Possibly, seed
companies have not adopted it yet, due to the inexistence of adequate de-
vices to treat large amounts of seeds.

GENETICS AND MOLECULAR BIOLOGY
OF DORMANCY IN GRAIN CROPS

Although some investigations indicate that dormancy is controlled by
one or two recessive genes (Bhatt, Ellison, and Mares, 1983), in several
studies, seed dormancy has been revealed as a quantitative trait (i.e., a trait
with continuous phenotypic variation). Consequently, modern approaches
for determining the genetic bases of seed dormancy include the use of mo-
lecular markers (AFLP [amplified fragment length polymorphism] or RFLP
[restriction fragment length polymorphism]) to identify QTLs (quantitative
trait loci) or, in other words, loci controlling the quantitative trait “dor-
mancy.” Wheat had three QTLs that explained more than 80 percent of the
total phenotypic variance in seed dormancy (Kato et al., 2001). A major
QTL was located on the long arm of chromosome 4A, and two minor QTLs
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were on chromosomes 4B and 4D. In sorghum, two unlinked QTL, phsE
and phsF, were found to influence dormancy in an F, population generated
by the cross of a sprouting-susceptible variety with a sprouting-resistant
one. These two QTLs accounted together for 53 percent of the phenotypic
variance for preharvest sprouting (Lijavetzky et al., 2000).

Early genetic investigations (Buraas and Skinnes, 1984) revealed that
seed dormancy in Scandinavian barleys was governed by several recessive,
nucleoplasmic loci with high heritability. Genetic control of barley seed
dormancy has also been studied by means of QTL mapping (Ullrich et al.,
1993; Takeda, 1996). A saturated molecular marker linkage map based on
the six-row Steptoe/Morex (S/M) mapping population has been developed
(Kleinhofs et al., 1993) and extensively used for QTL analysis by the North
American Barley Genome Mapping Project (Hayes et al., 1993; Han et al.,
1996; Romagosa et al., 1996). Steptoe is a six-row feed barley with high
levels of dormancy (Muir and Nilan, 1973). Morex is a six-row malting type
that does not express dormancy (Rasmusson and Wilcoxson, 1979). Four
regions of the barley genome on chromosomes 1 (7H), 4 (4H), and 7 (5H)
were associated with most of the differential genotypic expression for dor-
mancy in the S/M cross (Ullrich et al., 1996; Oberthur et al., 1995; Han
etal., 1996; Larson et al., 1996). They were designated SD1 to SD4 by Han
and colleagues (1996) and accounted for approximately 50, 15, 5, and 5
percent of the phenotypic differences, respectively, in germination follow-
ing several post-harvest periods. In an early study, Livers (1957; cited by
Romagosa et al., 1999) found some evidence that one or more postharvest
dormancy (phd) genes may be located on chromosome 7, which is where
two of the S/M QTLs are located. Takeda (1996), using QTL analysis with
the Harrington/TR306 (H/T), population identified one region each on
chromosomes 5 (1H) and 7 (5H) that controlled dormancy. The chromo-
some 7 (S5H) H/T QTL coincides with the S/M QTL SD2 on the end of the
long arm and was suggested to be allelic. In a recent study, Romagosa and
colleagues (1999) investigated the individual effects on the S/M SD QTL on
dormancy during seed development and after-ripening. With this aim, three
pairs each of doubled haploid lines (DHLs) derived from Steptoe/Morex
F,s with the MM SS, SS MM, and SS SS genotypes at the SD1 and SD2
QTL and fixed M genotypes (MM MM) at the SD3 and SD4 QTL were
identified by RFLP analysis. Morex and genotype MM SS MM MM were
the first to start losing dormancy throughout development; the other geno-
types remained dormant until the end of seed development (Figure 5.6a).
Similarly, Morex and genotypes MM SS MM MM and MM SS SS SS had
completely lost dormancy after 30 days of after-ripening, while other geno-
types presented a pattern of exit from dormancy which progressively resem-
bled that observed for the highly dormant Steptoe (Figure 5.6b). Since the
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FIGURE 5.6. Germination percentage of various barley genotypes during seed
development (A) and during after ripening after crop harvest (B). Genotypic
means followed by the same letter are not statistically significant according to
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MM MM. (Source: From Romagosa et al., 1999. Reproduced with permission.)
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presence of the Steptoe allele at SD1 on chromosome 7 (5H) delayed exit
from dormancy, the authors concluded that SD1 is the most important QTL
in determining the time of dormancy release.

We are not aware of any study carried out to identify the genetic basis of
dormancy in the sunflower crop.

Although work with molecular markers is extremely valuable, studies
linking the molecular biology with the physiology (i.e., identification of
candidate genes) appear to be a promising means of achieving the objective
of adjusting release from dormancy to a precise and narrow time window as,
for example, is required in the case of barley. The gene Vp/ encodes a tran-
scription factor whose involvement in the control of embryo sensitivity to
ABA has been evidenced since the isolation of maize vp/ mutants that are
insensitive to ABA and present viviparity (McCarty etal., 1991). Preharvest
sprouting in cereals is very similar phenotypically to the vp/ mutation in
maize, raising the interesting possibility that preharvest sprouting in barley
and other cereals is caused, in part, by the physiological disruption of the
Vp1 function. Genes homologous to Vp/ from barley (Hollung et al., 1997)
and other Gramineae such as rice (Hattori, Terada and Hamasuna, 1994),
sorghum (Carrari et al., 2001), and Avena fatua (Jones, Peters, and Holds-
worth, 1997) have been cloned and sequenced, and, in some cases, close
correlations between Vp! expression and dormancy were found (Jones, Pe-
ters, and Holdsworth, 1997). In other cases, however, such a correlation was
not found. Carrari and colleagues (2001), using two sorghum varieties with
contrasting duration of dormancy, did not see any straightforward relation-
ship between VpI expression during seed development and the particular
pattern of exit from dormancy. In other words, the expression levels of Vp1
during development cannot predict the future germination behavior of the
immature seed upon imbibition. Moreover, Vp! has recently been mapped
using the Redland B2/IS 9530 system used by Lijavetzky and colleagues
(2000) to identify QTLs controlling dormancy in sorghum. Vp/ did not map
within any of these QTLs (Lijavetzky et al., 2000). Nevertheless, McKibbin
and colleagues (2002) have recently analyzed VpI-transcript structure in
wheat embryos during grain development and found that a homeologue
produces cytoplasmic mRNAs of different size. They observed that the ma-
jority of transcripts are spliced incorrectly, contain insertions of intron se-
quences or deletions of coding region, and do not have the capacity to en-
code full-length proteins. These authors suggest that missplicing of wheat
Vpl genes contributes to an early release of dormancy of the grains which
frequently results in preharvest sprouting (McKibbin et al., 2002). In con-
trast, Avena fatua Vpl genes do not show the same missplicing and, in
agreement with the idea that Vp/ gene exerts control on dormancy, A. fatua
grains present a persistent dormancy. Interestingly, developing embryos
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from transgenic wheat grains expressing the Avena fatua Vpl showed en-
hanced responsiveness to applied ABA, and ripening ears were less suscep-
tible to preharvest sprouting (McKibbin et al., 2002). These results, then,
identify a possible route to manipulate dormancy duration in wheat.

Protein kinases often act in the transduction of external signals and could
have a role in the effects of environmental conditions on expression of dor-
mancy. For that reason a protein kinase mRNA (PKABA1) that accumu-
lates in mature wheat seed embryos and that is responsive to applied ABA
was cloned and its expression analyzed during imbibition of dormant and
nondormant wheat seeds. When dormant seeds are imbibed, embryonic
PKABA1 mRNA levels remain high for as long as the seeds are dormant,
while they decline and disappear in embryos of germinating seeds (Ander-
berg and Walker-Simmons, 1991; Holappa and Walker-Simmons, 1995).
The role of this kinase in dormant seeds is currently under investigation, but
a potential role of phosphorylation-dependent responses in maintenance of
seed dormancy is also supported by characterization of the abil mutant of
Arabidopsis (an ABA-insensitive with no dormancy) (Meyer, Leube, and
Grill, 1994). The participation of this protein kinase in maintaining dor-
mancy in grains from other crops remains to be investigated. G-protein-
coupled receptors can participate in hormone-dependent signaling cascades
affecting germination-related genes. Recently it has been shown that over-
expression of GCR1, a G-protein-coupled receptor gene, decreases seed
dormancy in Arabidopsis (Colucci et al., 2002). Whether expression of this
type of gene is related to dormancy depth in cereal seeds is not yet known,
although it is an interesting possibility.

Differences in gene expression in imbibed dormant and nondormant
caryopses of Avena fatua (wild oats) have been determined through the
technique of differential display (Li and Foley, 1994, 1995; Johnson et al.,
1995). Monitoring gene expression in dormant and nondormant caryopses
of barley through differential display could eventually evince yet unknown
physiological and biochemical mechanisms controlling dormancy, pro-
vided the function of genes that are differentially expressed is finally eluci-
dated.

In summary, both genetics and molecular biology studies could aid in the
search for cultivars that, without having a long-lasting dormancy, could
present resistance to preharvest sprouting. However, the complementarity
with physiological studies is essential if such a goal is to be attained. The
most profitable genetic investigations would be those that, for example,
through QTL analysis, demonstrate the participation of genes with known
physiological function. If in the end the phenotype happens to correlate
well with some characteristic of that gene (i.e., differences between pheno-
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types in terms of gene expression timing, sequence, regulation, etc.) then
the possibilities for manipulating the system are high.

ENVIRONMENTAL CONTROL OF DORMANCY
IN GRAIN CROPS

The duration of dormancy is determined mainly by the genotype, but, as
in many other species, it is known that dormancy in grain crops can also be
influenced by the environment experienced by the mother plant (Kahn and
Laude, 1969; Nicholls, 1982; Reiner and Loch, 1976; Schuurink, Van
Beckum, and Heidekamp, 1992; Cochrane, 1993; see also Auranen, 1995,
for references). Indeed, the effects of the parental environment on seed dor-
mancy have been reported for a wide range of species (for reviews, see
Fenner, 1991; Wulff, 1995). Some well-defined patterns emerge, however,
with certain environmental factors tending to have similar effects in differ-
ent species. For example, low dormancy is generally associated with high
temperatures, short days, drought and nutrient availability during seed de-
velopment (Walker-Simmons and Sesing, 1990; Fenner 1991; Benech-
Arnold, Fenner, and Edwards, 1991, 1995; Gate, 1995). The assessment
and quantification of these effects might lead to the development of predic-
tive models that could be of great help for reducing the incidence of prob-
lems derived from either a short or a persistent dormancy.

Among the different factors acting on the mother plant, temperature ap-
pears to be primarily responsible for year-to-year variation in grain dor-
mancy within a genotype. Evidence suggests that temperature might be ef-
fective only within a sensitivity period during grain filling (Kivi, 1966;
Reiner and Loch, 1976; Buraas and Skinnes, 1985). Reiner and Loch
(1976) determined that low temperatures during the first half of grain fill-
ing, combined with high temperatures during the second half, result in a low
dormancy level of the barley grain and, presumably, in preharvest sprouting
susceptibility. Conversely, high temperatures during the first half combined
with low temperatures during the second produced the highest dormancy
levels. The authors established a linear relationship between the ratio of the
temperatures prevailing at both halves of the filling period and the dor-
mancy level of the grains three weeks after harvest. This model has since
been used by the German malting industry to predict dormancy level in the
malting barley harvest lots.

In a recent work, Rodriguez and colleagues (2001) identified a time win-
dow within the grain-filling period of cultivar Quilmes Palomar with sensi-
tivity to temperature for the determination of dormancy. This time window
was found to occur a few days before physiological maturity (PM). Specifi-
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cally, the duration of the phase heading PM for this cultivar was determined
to last, on a thermal time scale, 420°C days (accumulated over a base tem-
perature of 5.5°C). The sensitivity window was found to start at 300°C day
after heading and to finish at 350°C day after heading. A positive linear rela-
tionship was established between the average temperature perceived by the
crop during this time window and the germination index of the grains 12
days after PM (Figure 5.7).

Twelve days after PM is approximately halfway between physiological
and harvest maturity; grain germination index measured at this stage is a
good estimate of the rate at which the grains are being released from dor-
mancy after PM. According to this model, the higher the temperature expe-
rienced during the sensitivity time window, the faster the rate with which
grains will be released from dormancy after PM and, consequently, the
lower the dormancy level prior to crop harvest. Such a situation, combined
with a forecast of heavy rains for the forthcoming days, implies a risk for
the crop and the farmer could decide to harvest before the crop has reached
full maturity. Conversely, low temperatures experienced by the crop during
the sensitivity window would result in a high dormancy level prior to har-
vest, making the crop resistant to sprouting. This model was successfully
validated with data collected from commercial plots 700 km away from the
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FIGURE 5.7. The relationship between temperature experienced by the crop in
the sensitivity window going from 300 to 350°C days after heading (Tmzgg.350),
and the germination index of grains harvested 12 days after physiological matu-
rity (GI [12 DAPM]) and incubated at 20°C. (Source: Redrawn with data from Ro-
driguez et al., 2001.)
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site where the model was produced (Rodriguez et al., 2001). However, it
was also noted that temperature explains only one dimension of the ob-
served variability in dormancy. Indeed, some other unknown factors were
responsible for influencing the relationship between temperature and dor-
mancy (Rodriguez et al., 2001). Current efforts are directed toward identi-
fying these factors and quantifying their effects.

As an exception to the general rule stating that low dormancy is gener-
ally associated with high temperatures experienced during grain filling, it
has been found for sunflower that high temperatures during grain develop-
ment result in an extended period of dormancy (Fonseca and Sdnchez,
2000). In this case, germination was tested at low incubation temperatures
(i.e., grains that had developed at high temperatures required longer time of
dry after-ripening to acquire the capacity to germinate at low temperatures).
Since embryo dormancy is expressed at low temperatures, it might be, then,
that high temperatures during grain filling extended the duration of embryo
dormancy. Germination at high temperatures, however, was not tested, and
therefore it is not possible to say whether the duration of seed coat dor-
mancy was also extended by high temperatures during grain development.

CONCLUDING REMARKS

The task of adjusting the timing of exit from dormancy of grain crops to
the needs of both farmers and industry does not seem to be an easy one.
However, an adequate knowledge of the physiology and the genetics of dor-
mancy in grain crops should help to solve the conflict between obtaining
cultivars with low dormancy at harvest but not with such an anticipated ter-
mination of dormancy that leads to sprouting. Although much progress has
been made in recent years, we are still far away from having detailed knowl-
edge on the physiology and genetics of dormancy. It is worth emphasizing
that studies linking the genetics (and the molecular biology) with the physi-
ology appear to be the most promising ones. For example, if genes control-
ling sensitivity to hormones (either ABA or GAs) are finally identified and
their participation in the control of dormancy is eventually evidenced, then
efforts should be directed to understand the regulation of those genes. It
would not be surprising to find out that the action of genes controlling, for
example, sensitivity to ABA, is cancelled after the grain has undergone des-
iccation (Kermode, 1995). If the transduction pathway is finally under-
stood, then it should not be very difficult to manipulate the timing of such
cancellation. This is just one example to illustrate how molecular studies
oriented by physiological studies could yield tools for the production of ge-
notypes with a precise timing of dormancy release.
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Our knowledge on how the environment modulates the timing of exit
from dormancy in grain crops could also help to make management decisions
to reduce the incidence of problems derived from dormancy. Throughout
this chapter it was described how a comprehensive assessment of the effects
of temperature on dormancy during seed development can be used for de-
ciding management practices. It is quite evident, however, that other factors
in addition to temperature modulate the timing of exit from dormancy.
When these factors are identified and their effects quantified, decisions on
management practices will be made on an even more solid basis.
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Chapter 6

Preharvest Sprouting of Cereals

Gary M. Paulsen
Andrew S. Auld

INTRODUCTION

Preharvest sprouting of cereals is defined as germination of physiologi-
cally ripe kernels before harvest (Derera, 1989b). This simple definition en-
compasses numerous factors: maturation, ripening, and after-ripening of
grain; innate dormancy; the presence of conditions to initiate germination;
induction of enzymatic activities; involvement of plant hormones; and suit-
ability of the grain for its intended use. The classical definition of germina-
tion as the sum total of processes preceding and including protrusion of the
radicle/coleorhiza through the surrounding structures (Hilhorst and Toorop,
1997) may not be entirely appropriate to the study of preharvest sprouting.
Changes that occur early in the endosperm before new seedling tissues may
be so deleterious as to make sprouted grain unfit for many purposes.

Preharvest sprouting is usually associated with prolonged or repeated
rain, heavy dew, high humidity, and low temperature following ripening of
the grain (Nielsen et al., 1984). The conditions that favor sprouting often
compound the problem by delaying harvest. Such conditions occur through-
out the world: northern and western Europe; parts of Africa; tropical and
semitropical Asia, including southeastern China; northern Australia; north-
ern and northwestern areas of the United States and adjacent areas in Can-
ada; and a broad band across South America (Derera, 1989). The problem
may be exacerbated by cultivation of susceptible crops in those areas. An
example is production of white wheat (Triticum aestivum L.), which has lit-
tle resistance to preharvest sprouting in the northern wheatbelt of Australia.
However, damage also occurs with some frequency even in areas where
conditions do not normally favor sprouting. For instance, in Kansas, the
major wheat state in the United States, hot, dry weather following ripening
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of resistant hard red wheat usually results in little preharvest sprouting.
Still, significant damage occurred in parts of the state during 1979, 1989,
1993, and 1999, when conditions were particularly favorable.

Instances of preharvest sprouting have been reported for all cereals.
Most damage occurs to common wheat because it is the most widely grown
of all cereals, including cultivation in areas where sprouting is likely to oc-
cur. Many cultivars are susceptible, and sprouting is highly deleterious to
some of the products.

Rye (Secale cereale L.) is particularly susceptible to preharvest sprout-
ing because the flowers are cross-pollinated, and the open structures of the
glumes allow water to reach the grain (Derera, 1989b). Preharvest sprouting
of barley (Hordeum vulgare 1L..) damages the quality of the grain for baking
and viability of the kernels for malting. However, germination may increase
digestibility of both crops and enhance their feeding value for livestock.
Sprouting of oat (Avena sativa L.) occurs episodically in some areas, partic-
ularly northern regions, but has little effect on the quality of the grain for
feed. Triticale (xTriticosecale Wittmack), like rye, is extremely liable to
preharvest sprouting. Sprouting has the same deleterious effect on baking
quality of triticale as on wheat, but the bulk of the crop is used for livestock
and its value is affected little. Preharvest sprouting of maize (Zea mays L.)
is usually associated with vivipary (Smith and Fong, 1993) because the
grain is protected by the husk from the moist conditions that promote ger-
mination in other cereals. Sorghum [Sorghum bicolor (L.) Moench] and
pearl millet [Pennisitum glaucum (L.) R. Br.] are rarely subject to preharvest
sprouting because of the semiarid nature of the regions where they are
grown. However, grain of both species sprouts when conditions are appro-
priate. Japonica rice (Oryza sativa L.), which is usually grown in more tem-
perate regions, sprouts more easily than Indica rice of the tropics, which is
highly resistant (Yamaguchi et al., 1998).

The most extensive survey of direct losses to producers from preharvest
sprouting of cereals was reported by Derera (1989c). Average annual losses
in 37 countries totaled over US$450 million, mostly to wheat, from 1978 to
1988. However, the major cereal-producing countries of China, India,
USSR, and Argentina were not included in the survey, and estimates were
not available from the United States and several other countries. Sprouting
of durum (7Triticum durum Desf.) wheat in the northern United States alone
caused several hundred million dollars of damage over a decade (Dick et al.,
1989). It is likely that total worldwide direct annual losses currently ap-
proach US$1 billion.

Direct economic losses to producers from preharvest sprouting occur in
several ways. The yield may be reduced by loss of dry matter and shattering
of the grain, the volume density (test weight) may decrease from loss of dry
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matter and irreversible swelling of the kernels, and suitability of the grain
for many food products may be diminished. Because payments to producers
in the United States and many other countries are determined by the yield,
volume density, and grade of the grain, any of the effects of sprouting re-
duce their income. In the United States, for instance, more than 4 percent
damaged kernels—including sprouted kernels—causes hard wheat to be
rated Grade 3 or lower and unacceptable for bread making. The loss in value
from diminished quality, however, is usually offset by use of sprouted grain
for livestock feed.

Indirect losses should be added to the total economic losses from pre-
harvest sprouting of cereals. Traditional markets are lost when exporters
cannot supply sound grain to customers (Briggle, 1979). Producers in parts
of China would benefit from growing white wheat because of higher pay-
ments from the government but must grow red wheat because of the hazard
of sprouting damage (Paulsen, 1985). Production of some cereals in the hu-
mid tropics is limited, in part, by the possibility of preharvest sprouting.

THE PREHARVEST SPROUTING PROCESS

Absorption of moisture by kernels is influenced by morphology of the
inflorescence, characteristics of the seedcoat, turgor of the embryo, and
chemical properties of the caryopsis (King, 1989). Environmental factors,
particularly temperature, also affect imbibition by influencing the proper-
ties of water (Murphy and Noland, 1982). Dry grain (9 to 12 percent mois-
ture) has an extremely low water potential, —400 MPa in the case of wheat,
and so readily imbibes water (Shakeywich, 1973). Fifty percent germina-
tion occurs at a threshold water potential of 0.8 to 1.0 MPa or about 45 per-
cent seed moisture content (King, 1989). Cereals do not have impermeable
seedcoats as do legumes, and the critical moisture content for germination
in freely available water is reached in about 3 h. However, cultivars differ
substantially in the rate of imbibition. Many factors have been implicated in
controlling imbibition, but no single factor has been identified. Conditions
that influence imbibition by wheat and other cereals were reviewed by King
(1989). Imbibition is increased by features associated with awns in wheat
and is affected by waxiness, pubescence, and angle of the inflorescence in
barley. Grain hardness, color, restriction by the seedcoat, thickness of the
testa and other layers, size, and surface:volume ratio are implicated in some
studies but not others (King, 1989). The rate of drying of the spike and grain
after moisture becomes unavailable is also likely to affect sprouting, but ap-
pears to be determined solely by evaporation and does not differ among
cultivars. Temperature affects imbibition by influencing the viscosity of
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water and probably the wetability of tissues (Vertucci and Leopold, 1986),
as well as the rate of drying by evaporation.

Water enters the grain most rapidly via tissues that overlay the embryo
(Evers, 1989). King (1989) concluded that the main path of water to the em-
bryo must be laterally through the pericarp. Starch in the endosperm of ce-
reals is much more hydrophobic than the contents of the embryo (Chung
and Pfost, 1967).

Movement of the water front through the kernel initiates numerous pro-
cesses in the embryo, endosperm, and associated tissues. Absorbed gasses
are released, membranes are reorganized, mitochondria develop, endoge-
nous enzymes are activated, and new enzymes appear by de novo synthesis
(McDonald, 1994). Most of the deleterious changes during sprouting occur
from mobilization of reserves in the endosperm. Most attention has been
given to hydrolysis of starch, but many other substrates in the endosperm—
proteins, lipids, phytin, etc.—are degraded to provide substance for the em-
bryo and developing seedling. Although the changes in the endosperm are
most prominent, they are mostly controlled by the embryo/scutellum (King,
1989).

Investigations of biochemical and physiological changes in cereals dur-
ing preharvest sprouting have emphasized the enzymes involved. Enzymes
catalyze the biochemical processes, and changes in their activities are
among the most pronounced effects of preharvest sprouting. They are also
responsible for most of the deleterious changes that occur. Several mea-
sures of preharvest sprouting are based on changes in enzyme activity.

Hydrolysis of starch in the endosperm to simple sugars for use by the em-
bryo involves numerous enzymes: endoamylases (o-amylases), debranching
enzymes (R-enzyme, pullulanase), isoamylase, exoamylase (B-amylase),
and oa-glucosidase (maltase) (Beck and Ziegler, 1989). a-Amylase is the
only enzyme that can hydrolyze raw starch. It cleaves 2(164) glucosidic
bonds in amylose and amylopectin and is often considered to be the key to
the problem of preharvest sprouting (Duffus, 1989).

a-Amylase in cereals is commonly divided into two types, an endoge-
nous late maturity, green, or low-pl group and a germination or high-pl
group that is associated with sprouting (Kruger, 1989). Numerous isozymes
occur within both groups, and differences between groups are not distinct.
Late-maturity a-amylase also occurs during germination, and some iso-
zymes that form during maturation have pls that are typical of isozymes that
appear during germination (Mares and Mrva, 1993). Production of late-matu-
rity o-amylase is controlled by the pericarp or embryo, whereas a.-amylases
that form during germination are associated with the aleurone and/or the
scutellum (Kruger, 1989).
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The relative importance of o-amylase activity that was retained in the
pericarp or formed during late maturity, during germination before matura-
tion, or during germination after maturation of wheat was assessed by Lunn
and colleagues (2001). Late-maturity a.-amylase was most widespread, oc-
curring in 25 of 32 cultivar x location X year instances where sprouting was
identified. However, a-amylase that formed during sprouting occurred in
21 of the 32 instances and was primarily responsible for damage to the grain
from preharvest sprouting. Late-maturity, low-pl a-amylase in the wheat
cultivar Chinese Spring was controlled by a single recessive gene on the
long arm of chromosome 6BL, and synthesis of high-pl a.-amylase in the
aleurone also involved a gene on the long arm of chromosome 6BL (Mrva
and Mares, 1998).

Debranching enzymes, including isoamylase, as their name suggests,
hydrolyze o-(1—6)-glucosidic bonds in amylopectin to accelerate break-
down of the starch by ai-amylase (Kruger, 1989). The enzyme is formed dur-
ing early stages of maturation, and at least two isozymes occur in wheat. In
some species, the enzyme accumulates in an inactive form that is liberated
by proteolysis during germination (Beck and Ziegler, 1989).

B-Amylases hydrolyze alternate o (164) bonds of starch to form maltose.
They develop during maturation and occur in free and bound forms in ripe
grain (Beck and Ziegler, 1989). The enzyme is present in both the pericarp
and the endosperm, although the former disappears during maturation and
only the latter structure contains the enzyme when the grain ripens (Kruger,
1989). B-Amylases may be important in preharvest sprouting of wheat if
insufficient activity relative to a-amylases leads to an accumulation of
dextrins that make bread crumbs sticky (Duffus, 1989).

Maltase is generally present at low levels in mature grain and increases
by de novo synthesis during germination. It is mostly produced in the
scutellum and secreted into the endosperm (Beck and Ziegler, 1989).

Proteolytic enzymes function during sprouting to mobilize N for the em-
bryo and seedling and to release bound or inactive enzymes. -Amylase,
debranching enzymes, and probably other enzymes are complexed with
proteins during maturation and then freed by proteolysis during germina-
tion (Beck and Ziegler, 1989).

Many types of proteolytic enzymes—endopeptidases, carboxypeptidas-
es, aminopeptidases, etc.—are associated with sprouting. Knowledge of
their roles is complicated by their complexity, difficulty of extraction and
purification, and differing reactions to assay conditions and substrates
(Kruger, 1989). An endopeptidase that attacks modified gluten occurs in
nongerminated wheat, and it and another endopeptidase increase rapidly
during germination (McMaster et al., 1989). The first enzyme was appar-
ently distributed throughout the endosperm, whereas the enzyme that was
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activated by germination was derived from the aleurone and scutellum. Ac-
tivity of the enzymes in damaged grain affected quality of the dough for
bread, and activity during processing affected the quality for alkaline noo-
dles. Nongerminated barley, in contrast, contained endopeptidase that hy-
drolyzed edistin but not gelatin or hordein (Jones and Wrobel, 1993). Ger-
mination induced a number of proteinases, most of which were associated
with aleurone, scutellar, and endosperm tissues.

A carboxypeptidase in the endosperm of wheat increases throughout
maturation, whereas one in the outer layers of the kernel disappears (Kruger,
1989). During germination, activity of the enzyme in the endosperm near
the scutellar epithelium increases, apparently due to dissipation of inhibi-
tors.

Lipases have little or no activity in nongerminated cereals (Jensen and
Heltved, 1982). During germination, activity appears first in the scutellum,
followed by the scutellum-endosperm interface, and then gradually pro-
gresses throughout the endosperm. Enhanced activity of lipases may affect
the viability of sprouted kernels during storage (Kruger, 1989). However,
the increase in lipases is usually much smaller than the change in a-amylase
(Fretzdorft, 1993).

Activity of many other enzymes increases markedly during sprouting of
cereals. Phytases increase to release phosphorus for the new seedling.
Monophenol oxidase and polyphenol oxidase may increase up to 33-fold
and cause the gray crumb discoloration of bread and the off color of noodles
made from sprouted wheat (Kruger, 1989). However, the increase in poly-
phenol oxidase is typically much less than a-amylase, and little of the en-
zyme occurs in flour after milling (Kruger and Hatcher, 1993). Catalases
and peroxidases catalyze oxidative reactions that may affect the rheological
properties of dough. Other enzymes that increase during sprouting, such as
ribonucleases, are important for the developing seedling but have no known
effects on cereal products.

PHYSIOLOGICAL CONTROL
OF PREHARVEST SPROUTING

Preharvest sprouting is affected at numerous levels by factors ranging
from inhibitors in awns (bracts) to control of a-amylase synthesis by
gibberellic acid (GA) (Gale, 1989). As discussed in Chapter 5, many of
these factors involve dormancy, which is the inability of a viable, mature
seed to germinate even under favorable conditions (Hilhorst and Toorop,
1997). Of the two types of dormancy— coat-imposed dormancy derived
from the presence of endosperm plus pericarp (plus glumellae in the case of
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barley) and true embryo dormancy—only the former occurs in cereals. Im-
mature embryos of barley, rice, and wheat, for example, rapidly germinate
when they are removed from developing kernels and placed in water or
other media (Kermode, 1990).

All of the factors discussed earlier that affect imbibition also influence
sprouting. Resistance to expansion of the germinating kernel and its em-
bryo by the pericarp and testa may also inhibit germination (Wellington,
1956). Other unknown factors may cause differences in the rate of germina-
tion among genotypes even when the rate of imbibition and other traits are
similar (Gale, 1989).

Inhibitors of various types play central roles in preharvest sprouting. The
glumes (bracts) of wheat, for instance, contain an unknown inhibitor that
delays sprouting and is simply inherited (Derera and Bhatt, 1980; Wu and
Carver, 1999). Similarly, the well-known resistance to preharvest sprouting
of red wheats relative to white wheats has been attributed to precursors of
the pigment phlobaphene in the testa layer of the former (Miyamoto,
Tolbert, and Everson, 1961). These compounds, catechin and tanninlike
materials, occurred in lower amounts in white wheats than in red wheats, in
which they declined during after-ripening to permit germination. Pigments
in the seedcoat may be part of a two-factor system that inhibits germination
directly or by interfering with gaseous exchange (Mares, 1998).

Numerous plant growth substances are directly implicated in preharvest
sprouting. In addition to the pregerminative action of gibberellic acid dis-
cussed in Chapter 5, the postgerminative role of GA from the embryo and
scutellum in inducing synthesis of a-amylase in the aleurone is well known
(Beck and Ziegler, 1989). Debranching enzymes, maltase, some protein-
ases, phytase, ribonuclease, and others are also induced by GA, but the
mechanisms may differ. Whereas de novo synthesis and secretion of a-
amylase are stimulated by GA, other enzymes may be activated by GA or
would increase even without GA (King, 1989). In barley and presumably
other cereals, GA promotes accumulation of a-amylase mRNA in the
aleurone and involves synthesis of a protein factor for efficient expression
(Muthukrishnan, Chaudra, and Maxwell, 1983). The GA acts as a positive
regulator of expression of a-amylase genes in vivo in barley (Chandler and
Mosleth, 1989).

Abscisic acid has many imputed functions in addition to regulating de-
velopmental changes from maturation to germination (Kermode, 1990).
Dormancy of cereals is roughly proportional to their abscisic acid (ABA)
content, suggesting that the growth substance is involved in both the initia-
tion and maintenance of nongerminability (King, 1989). Other work sug-
gests that wheat cultivars that differ in dormancy have similar contents of
ABA but vary in sensitivity to the compound (Walker-Simmons, 1987). The
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role of this hormone in controlling the timing of dormancy release in cereal
grains is thoroughly treated in Chapter 5. In addition, and from a post-
germinative standpoint, it has been found that an ABA-responsive protein
kinase mRNA mediated the suppression of GA-inducible genes in the
aleurone of wheat (Walker-Simmons et al., 1998).

Other growth substances—jasmonic acid, ethylene, and cytokinins—
modify germination of many species but have not been studied extensively
in cereals (Hilhorst and Toorop, 1997). Liu and colleagues (1998) con-
cluded that indole-3-acetic acid (IAA) inhibited germination and acted in
concert with GA and cytokinins to regulate the process. The observation
that tryptophan, a purported precursor of IAA, inhibited sprouting of resis-
tant wheat cultivars supports a role for the auxin in controlling germination
(Morris et al., 1988).

Several proteins, mostly albumins, that inhibit endogenous a-amylase
occur in wheat and barley (Gale, 1989). The proteins increase during ger-
mination and may control a-amylase activity. Only proteins from sprout-
ing-resistant genotypes inhibited oi-amylase from a sprouting-susceptible
genotype of wheat (Abdul-Hussain and Paulsen, 1989). However, adding
ethylenediaminetetraacetic acid (EDTA) to chelate calcium caused inhibi-
tion by all genotypes, suggesting that the proteins interacted with the metal.
Phytic acid from the bran also inhibited o-amylase activity in wheat, again
by lowering the level of the calcium cofactor (Cawley and Mitchell, 1968).

QUALITY OF PRODUCTS FROM SPROUTED CEREALS

The consequences of preharvest sprouting directly depend on the types
of products for which the cereal is intended and on the processing methods
used. Severely sprouted grain might be blended with sound grain in some
cases and almost always has considerable residual value as livestock feed.
Sprouting might even increase the value of cereals for feed by making them
more palatable and digestible.

Breads

Breads baked from hard wheats are affected more than most products by
preharvest sprouting of the grain. Production of the bread is complicated by
extreme stickiness of the dough, which necessitates special handling in
small bakeries and can disrupt operations of large bakeries. Even slicing
bread made from sprouted wheat can be difficult, and the resulting loaves
are often cavitated and grayish.
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Extensive studies with field-sprouted wheats by Kulp, Roewe-Smith,
and Lorenz (1983) and Lorenz and colleagues (1983) illustrate the problem.
Sprouting weakened the dough strength, decreased the amylograph peak
viscosities, and caused poor handling and machining properties. Loaf vol-
ume increased, but the internal quality was poor. Thickening ability of
starch from sprouted wheat was adversely affected.

Stickiness of dough is usually attributed to extensive enzymic hydrolysis
of damaged starch and altered rheological properties to proteolytic en-
zymes (Kruger, 1989). Kulp, Roewe-Smith, and Lorenz (1983) and Lorenz
and colleagues (1983) also concluded that elevated a-amylase and pro-
teinase activities were responsible. However, electron microscopy and X-ray
diffraction found no changes in starch that were attributable to sprouting.
Sticky dough might also be caused by the limit dextrins that result from ex-
cessive a-amylase relative to f-amylase activity and possibly a-amylase to
debranching activity (Duffus, 1989). Proteinases and lipases that open the
starch granule to amylosis might also be involved.

Hearth breads appear to be degraded less than Western-style pan breads
by sprouted grain. Seven of nine international leavened and unleavened
breads from flour from soft white wheat that sprouted in the field had ac-
ceptable quality (Finney et al., 1980).

Cakes and Cookies

Field sprouting of soft wheats had little effect on crumb properties of
sponge cake but increased the cake volume at low levels and decreased it at
high levels of sprouting (Finney et al., 1981). Sprouting of hard wheats also
increased the volume and coarsened the grain of yellow cake (Lorenz et al.,
1983); however, the cake texture was smoother and softer. In other studies,
sprouting caused poor baking quality, a depressed center, coarse grain, and
a firm texture in cakes (Lorenz and Valvano, 1981). When flour from
sprouted grain was used for cookies, the spread increased and the top grain
score improved, but the crust darkened.

Speciality Batters

High a-amylase in sprouted wheat generally reduces the quality of bat-
ters for many uses (Nagao, 1995). Batter for coating fish and vegetables as
tempura loses its light and viscous character and coats poorly. Batter for
takoyaki, coated octopus tentacles, loses its shape. When used for Japanese
muffins with a sweet bean filling, the batter may not be viscous enough to
cover the contents.
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Pasta

Sprouting affects both the processing and quality of the many kinds of
noodles that are made from wheat. In dry noodles, high a-amylase weakens
the dough so that the noodles cannot support their own weight and break
during the dehydration process (Nagao, 1995). For wet noodles, where
color, brightness, and texture are of major importance, the enzymes that in-
crease during sprouting seriously affect product quality (Kruger, Hatcher,
and Dexter, 1995). Cantonese noodles were slightly less bright when they
were prepared from sprouted wheat but had similar textural properties as
noodles from sound wheat. Raw noodles differed only slightly in firmness
and resistance to compressibility.

Changes in noodle quality are usually attributed to a-amylase, pro-
teinase, and polyphenol oxidase enzymes that increase during sprouting
(Kruger, 1989). a-Amylase might be most problematic, since it typically
increases several-thousand-fold during sprouting, and over 75 percent of
the activity in whole meal occurs in the flour (Kruger and Hatcher, 1993).
Effects of increased proteinase activity may be overshadowed by the a.-am-
ylase (Kruger, 1989). Polyphenol oxidase, in contrast to o.-amylase, in-
creases only about 2.5-fold during sprouting and is localized in the bran so
that only about 1 percent of the activity occurs in the flour. Low water ab-
sorption of flours may limit the mobility between the enzymes and their
substrates, and the brief processing time may limit the period for deteriora-
tion to occur during preparation of noodles compared with bread (Kruger,
Hatcher, and Dexter, 1995).

Alcoholic Beverages and Glucose Syrups

Amylosis is a primary step in the processing of cereals for beverages and
syrups. Starch is hydrolyzed to dextrins for beer and glucose syrup but must
be completely converted to fermentable sugars for production of alcohol
and spirits (Peiper, 1998). Malt from barley is generally used for controlled,
uniform amylosis in most fermentation processes. Cultivars that have low
or no dormancy are greatly preferred for malting (Aastrup, Riis, and
Munck, 1989). However, preharvest sprouting of the barley may shorten its
viability during storage, lower conversion of the malt and extractability of
fermentable material, and increase the growth of molds (Kruger, 1989).

Seed Quality

The quality of sprouted grain for seed concerns seedsmen and farmers.
Wheat seed that is severely sprouted loses viability rapidly, is easily dam-
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aged, and deteriorates quickly during storage (Elias and Copeland, 1991;
Barnard and Purchase, 1998). The emergence percentage in the field may
be substantially lower than the germination percentage in the laboratory,
and stands may be reduced further by treatment of the seed with fungicides
(Barnard and Purchase, 1998). Adverse storage conditions may accelerate
the decline in seed germination and seedling vigor (Stahl and Steiner,
1998). However, it is doubtful that severely sprouted seed appears often in
commercial channels.

Wheat seed that has low or incipient levels of sprouting (mean Hagberg
falling number of 107) but is otherwise sound may be used for planting
(Foster, Burchett, and Paulsen, 1998). Germination and emergence from
deep planting and field establishment declined in some cultivars, but grain
yields were not affected even after storing the seed for 27 months.

MEASUREMENT OF PREHARVEST SPROUTING

Evaluation of damage to grain from preharvest sprouting and of resis-
tance to the problem involves numerous considerations (Mares, 1989; Wu
and Carver, 1999). Routine assays of sprouting mostly involve proper stor-
age and preparation of the samples and measurement of sprouting damage.
Experimental evaluation of sprouting resistance has similar requirements
plus the inclusion of a suitable wetting treatment to induce sprouting.

Sampling

Grain should be sampled at uniform stages of development to avoid dif-
ferences in dormancy during maturation. This might be at physiological
maturity, when the grain contains 25 to 35 percent moisture, or at harvest
ripeness, when the grain moisture is at 12 to 13 percent. Samples may be ei-
ther assayed immediately or dried to 15 percent or less moisture and stored
for future use. Drying with ambient air is often satisfactory and forced air, if
used, should not exceed 30°C and only for the briefest duration. Lyophili-
zation is not recommended in most cases because of the possibility of freeze
damage to the embryo and other parts of the grain. Once the sample is dry, it
can be held at room temperature, where it will after-ripen naturally but incur
little change in a-amylase activity and most constituents. Alternatively,
dried samples may be held at —20°C to arrest the after-ripening process and
preserve dormancy. If the intact spike is used, 5 to 10 cm of culm should be
left for handling and if the grain is threshed, hand rubbing or dissection
should be used instead of mechanical methods to avoid damage to the ker-
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nels. Detailed discussions of these considerations are given by Mares
(1989).

Controlled Sprouting

Assaying sprouting in intact spikes is often preferred over other methods
because it incorporates differences in wetting, water movement, inhibitors
in the glumes, and other factors. Rain simulators of various types, misting
chambers, immersion in water, burial in moist sand, and other methods are
used. Rain simulators do not duplicate the kinetic energy, velocity, and ran-
dom size of natural rain (King, 1989), but consistent results among various
methods suggest that the effect is small (Mares, 1989). Sprouting of kernels
in the spike can be assessed visually, by dissecting the grain, and by analyz-
ing a-amylase activity.

Sprouting of kernels on commercial germination paper, filter paper, or
other media, often in petri dishes, is practiced routinely. The technique is
criticized for its lack of physiological integrity, particularly in water con-
tent, but it does measure relative dormancy under standard conditions
(Mares, 1989). Results may be expressed as percentage of kernels germi-
nating, time to 50 percent germination, or other expressions. A germination
promptness index,

GPI = Zi, (6.1)
i=1 1
where d; = number of kernels germinating on day i, incorporates both the
rate and magnitude of germination.

Excised embryos are germinated on media with various adjuncts be-
cause of the importance of their response to preharvest sprouting. Sensitiv-
ity of the embryos to ABA, catechins, or other substances is associated with
resistance to sprouting and controlled simply by a few genes in wheat and
barley (Gale, 1989). Embryos are easily dissected from kernels and germi-
nate rapidly in water or basal media.

Measuring Sprouting

Various methods are available for measuring sprouting, and their choice
depends on the requirements for the test. Visual counting of sprouted ker-
nels and the Hagberg falling number are generally used for commercial
samples, whereas these and other methods, many of which measure activi-
ties of enzymes, are used experimentally.
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Visual counting of sprouted kernels is usually the first measure of dam-
age to grain at local elevators and terminal elevators. In the United States,
sprouted wheat is rated by the Federal Grain Inspection Service (1997) as
“kernels with the germ end broken open from germination and showing
sprouts or from which the sprouts have broken off” (p. 32). The method,
which judges kernels to be sprouted or not sprouted, lacks precision and
typically has extremely high coefficients of variation for experimental use.
In addition, considerable damage from elevated a.-amylase activity may oc-
cur well before any seedling structures are evident.

The Hagberg falling number method (Falling Number Corp., Huddinge,
Sweden) measures the time in seconds for a plunger to fall through the
gelatinized starch in a slurry of ground grain. Values range from 60 for
highly sprouted grain to 500 or higher for sound grain; a minimum of 250 to
300 is generally required for wheat grain for bread. The procedure is af-
fected by a number of factors but is rapid, simple, and gives good precision.
It has been adopted as the official method by several associations and much
of the grain industry. The relatively large sample sizes, 300 g for the sample
and 7 g for the assay, are barriers for many experimental uses.

The stirring number as measured by the Rapid Visco Analyzer (Foss
Technology Corp., Eden Prairie, Minnesota) is another viscometric method
that uses a slightly smaller sample (4 g) than the falling number procedure
and is highly reproducible. The Brabender amylograph (C.W. Brabender
Co., South Hackensack, New Jersey) measures changes in the viscosity of a
flour-water paste with increased temperature. The method detects low lev-
els of sprouting and other properties. It has the disadvantages of requiring a
large sample (60 g) and long running time (ca. 60 min).

Falling number, stirring number, and amylograph peak viscosity values
are affected by sample size, temperature, and often by barometric pressure
(Koeltzow and Johnson, 1993). The values are usually highly correlated,
but results cannot be easily converted from one method to another.

A number of methods are available for measuring a-amylase. Older
methods that determine gas production or reducing power are used infre-
quently because they are time-consuming and often require specialized
equipment. Several procedures measure o-amylase activity with a dye-
labeled starch substrate. The action of the enzyme on the substrate liberates
the soluble dye, which is usually measured spectrophotometrically. The
method requires a constant temperature water bath, shaker, centrifuge,
spectrophotometer, and other equipment and is not suited for many uses.
However, it provides a direct measure of a.-amylase activity, which is often
of interest for experimental purposes.

Nephelometry, which measures scattering of light by suspended parti-
cles, also directly measures a-amylase activity. As the -limit dextrin sub-
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strate is hydrolyzed by the enzyme, the nephelor decreases linearly. The
method is highly sensitive to low levels of a.-amylase but requires substan-
tial expertise for its use (Kruger and Hatcher, 1993). A kinetic microplate
modification of the method has been described (Kruger and Hatcher, 1993).

Several procedures measure a-amylase that diffuses from sectioned
grain into an agar-starch substrate. Diffusion of the enzyme is deleted with
iodine-iodide or by using a dye-labeled starch; the logarithm of activity is
measured by the diameter of the digested area. The procedure takes about
one day to complete but requires little equipment and expense.

Other enzymes, including proteinases, oxalate oxidase, and lipases, have
been suggested as measures of preharvest sprouting. Proteinases offer little
advantage over a.-amylase, which causes most of the damage during sprout-
ing and can be assayed by a variety of methods. Oxalate oxidase might be
useful for detecting early sprouting, but it may not be applicable to severely
sprouted samples (Fretzdorff and Betsche, 1998). The increase in lipase ac-
tivity during sprouting can be visualized by hydrolysis of nonfluorescent
fluorescein dibutyrate to fluorescent fluorescein (Jensen and Heltved,
1982).

Monoclonal antibodies are also used to measure sprouting by detecting
specific enzymes or other constituents. The antibodies are typically labeled
with fluorescein to visualize the reaction. Several commercial systems that
employ the method for routine sampling have been developed, and the pro-
cedure is extremely useful for determining specific changes during sprout-
ing.

CONTROLLING SPROUTING BY BREEDING

Similar to many other plant adversities, preharvest sprouting is con-
trolled most effectively and economically by genetic resistance. However,
as noted by Derera (1989b), breeding practices by scientists and production
practices by farmers often work against dormancy of cereals. Breeders, for
instance, often shuttle their experimental lines between the field and the
greenhouse or between summer and winter nurseries to raise as many gen-
erations as possible each year. Farmers in northern latitudes may plant win-
ter cereals from seed that was recently harvested. In some cases, industry
may require cereals that have little or no dormancy, as with barley for malt-
ing (Aastrup, Riis, and Munck, 1989).

Breeding for resistance to preharvest sprouting can take many approaches
because of the numerous morphological, physiological, and biochemical
factors that influence the trait. Multiple sources of genetic resistance are
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available in wheat, barley, and rye (Derera, 1989a), and their dissimilar ge-
netic mechanisms suggest that different genes can be “pyramided” into sin-
gle genotypes to create highly resistant genotypes (Allan, 1993). Genetic
engineering may likewise hold considerable promise for increasing resis-
tance of cereals to preharvest sprouting (Anderson, Sorrels, and Tanksley,
1993).

Resistance to preharvest sprouting is strongly associated with red grain
color in wheat, and much of the effort to improve the trait has focused on
white wheat (Gale, 1989). Most studies find that resistance of white wheat
to preharvest sprouting is a quantitative trait (e.g., Upadhyay and Paulsen,
1988; Paterson and Sorrells, 1990; Allan, 1993). This result may be associ-
ated with the different dormancy mechanisms that occur (Paterson and Sor-
rells, 1990). Other studies indicate that dormancy is controlled by one or
two recessive genes (Bhatt, Ellison, and Mares, 1983).

Four quantitative trait loci (QTLs) for dormancy were detected in barley
(Han et al., 1996), and five QTLs for dormancy were detected in rice (Lin,
Sasaki, and Yano, 1998). Wheat had three QTLs that explained more than
80 percent of the total phenotypic variance in seed dormancy (Kato et al.,
2001). A major QTL was located on the long arm of chromosome 4A, and
two minor QTLs were on chromosomes 4B and 4D. Comparative maps sug-
gested a homologous relationship between the major QTL and barley gene
SD4.

‘Clark’s Cream’ white wheat illustrates the use of resistance in an un-
adapted cultivar to improve resistance to preharvest sprouting in a modern
cultivar. One of the present authors (GMP) received a bushel of ‘Clark’s
Cream’ seed from Mr. Earl Clark, a breeder-farmer who developed many
important early cultivars for the Great Plains, for agronomic studies in
1976. The cultivar had a low level of sprouting after persistent rains in 1979,
and subsequent studies showed that it expressed both high dormancy and
low a-amylase production (McCrate et al., 1981). The traits were later asso-
ciated with extreme embryo sensitivity to an endogenous inhibitor (Morris
et al., 1989). An earlier report by Heyne (1956) stated that Clark normally
left his experimental lines in the field for eight weeks after they ripened,
suggesting that modifiers accumulated for resistance to sprouting. Broad-
sense heritability estimates for sprouting resistance were moderate, and the
trait was quantitatively inherited (Upadhyay and Paulsen, 1988). ‘Clark’s
Cream’ was used to develop the sprouting-resistant cultivar Cayuga and
identify four genetic markers for the trait (Anderson, Sorrels, and Tanksley,
1993).
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CONTROLLING SPROUTING IN THE FIELD

Few remedies are available for preventing preharvest sprouting when
weather conditions promote germination. Planting of resistant species and
cultivars, if they are available, is obvious. In some cases, cultivars that have
the appropriate maturity to ripen before or after seasonal rains that cause
sprouting may be selected.

Prompt harvest of the grain is usually the best means to prevent pre-
harvest sprouting. In some cases, this involves harvesting immediately after
the grain ripens, i.e., contains 12 to 13 percent moisture and can safely be
stored. In other cases, the grain must be harvested earlier at a moisture level
of 16 to 20 percent and artificially dried at extra expense. Grain that is
swathed before it is ripe may be more dormant and resistant to sprouting
than grain that is allowed to dry while standing. However, grain that is
swathed dries slowly, and rain may increase the level of preharvest sprout-
ing.
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Chapter 7

The Exit from Dormancy
and the Induction of Germination:
Physiological and Molecular Aspects

Rodolfo A. Sanchez
R. Alejandra Mella

INTRODUCTION

Timing and location of germination are crucial for the chances of success
of the newly produced plant, and, accordingly, the temporal and spatial pat-
terns of germination of the seeds of many species are finely tuned to the en-
vironmental scenario. Dormancy plays a central role in the adjustment of
the behavior of seed populations to the restrictions and opportunities of a
given environment (Chapter 8).

Dormancy is a physiological condition that prevents germination in an
otherwise favorable set of external conditions (for a more detailed discus-
sion of the definition of dormancy see Chapter 8). At first sight it may seem
paradoxical that a sophisticated mechanism evolved in seeds to block their
only function. However, it takes only a very brief inspection of the conse-
quences of the lack of dormancy to appraise its importance. Were it not for
dormancy, the seeds of many species would germinate when still attached
to the parent plant, not surviving to be established in the soil, or the seed-
lings of an annual summer weed would be produced at the end of fall and so
be condemned to die because of the cold of winter. The varied aspects of the
relationships between dormancy and population dynamics of many species
have been treated in excellent books such as those by Bewley and Black
(1994) and Baskin and Baskin (1998).

The level of dormancy varies with time, provoking changes in the sensi-
tivity of germination to various environmental factors (Chapter 8). At cer-
tain times dormancy is low enough and allows that a certain environmental
factor (i.e., light, temperature, nitrates, or combinations of them) can termi-
nate dormancy and induce germination. For seeds in soil, these factors rep-
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resent important signals carrying essential information, cueing germination
to the proper environmental situation.

Once the proper signal is perceived, a series of processes are set in motion
that finally result in reactivation of embryo growth and radicle protrusion
through the covering structures. Expansion of the embryonic axis requires
changes in the embryo as well as in the surrounding tissues. In this chapter
we will consider the physiological and molecular aspects of these pro-
cesses. A significant proportion of the physiological research has been car-
ried out with seeds of lettuce (Bewley and Halmer, 1980/1981; Borthwick
and Robbins, 1928; Carpita, Ross, and Nabors, 1979; Carpita et al., 1979;
Psaras and Georghiu, 1983; Psaras, Georghiu, and Mitrakos, 1981) and
some Solanaceae species (tomato, pepper, Datura) (Dahal, Nevins, and
Bradford, 1996; de Miguel et al., 2000; de Miguel and Sanchez, 1992;
Groot and Karssen, 1987, 1992; Groot et al., 1988; Mella, Maldonado, and
Séanchez, 1995; Ni and Bradford, 1993; Nonogaki and Morohashi, 1996,
1999; Nonogaki, Nomaguchi, and Morohashi, 1995, 1998; Sdanchez and de
Miguel, 1985, 1997; Sanchez et al., 1990; Watkins and Cantliffe, 1983;
Watkins et al., 1985), although most of our knowledge of the molecular and
genetic aspects of germination has been derived mainly from work with
seeds of Arabidopsis, tomato, and tobacco (Bradford et al., 2000; Grappin
et al., 2000; Karssen and Lacka, 1986; Koornneef and van der Veen, 1980).
Several of these aspects have been covered by excellent reviews (Bewley,
1997; Hilhorst, 1995; Koornneef, Bentsink, and Hilhorst, 2002; Peng and
Harberd, 2002). Since in almost all of these species germination is con-
trolled by light, this chapter will focus in the light control of germination in
species with coat-imposed dormancy. In seeds with this type of dormancy,
germination depends on the balance between the expansive capacity of the
embryo and the restrictions imposed by the surrounding tissues. Light per-
ception by the photoreceptors may affect processes in components of the
balance, initiating or blocking germination. In the following sections we
will describe, after a brief description of the known photoreceptors, the
changes in the embryo and the surrounding tissues (mainly the endosperm)
related to germination.

THE EFFECTS OF LIGHT PHOTORECEPTORS

Light can promote or inhibit germination depending on its spectral com-
position and irradiance, the physiological status of the seeds, and the condi-
tions of the other environmental factors, particularly temperature and water
potential (Bewley and Black, 1994; Casal and Sénchez, 1998).
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Promotion of germination by light has so far been found to be mediated
only by the phytochromes. The loss of dormancy associated with certain sit-
uations found in the soil, or some incubation conditions in controlled envi-
ronments, cause some seeds to display an extreme sensitivity to light (Casal
and Sanchez, 1998). In those cases, millisecond exposures to sunlight are
sufficient to induce germination; this is known as a very low fluence re-
sponse (VLFR), which in Arabidopsis is mediated by phytochrome A
(Botto et al., 1996; Shinomura et al., 1996). This response is saturated with
very low levels of Pfr form of phytochrome (often less than 1 percent of to-
tal phytochrome [Pt] in the Pfr form) and does not display the classical red
light (R)—far-red (FR) light reversibility (Casal, Sdnchez, and Botto, 1998;
Mandoli and Briggs, 1981). This mode of action of the phytochromes al-
lows the detection of the brief exposure to light the seeds experience during
soil disturbances such as those occurring during agricultural tillage opera-
tions (Scopel, Ballaré, and Sanchez, 1991).

In other physiological conditions, termination of dormancy requires
light establishing Pfr/Pt > 0.05, and the photocontrol of germination dis-
plays the classical R-FR reversibility (Borthwick et al., 1952). This is called
the low fluence response (LFR). When influenced by this mode of action,
germination depends on the R:FR ratio of the light reaching the seeds,
which is a good signal of the density of the canopy covering the soil
(Insausti, Soriano, and Sanchez, 1995; Vazquez-Yaiiez et al., 1996; Vazquez-
Yafiez and Smith, 1982). The photoreceptors of this mode of action identi-
fied in Arabidopsis seeds are phytochromes B and E (Hennig et al., 2001).
Almost all the research so far published on the physiological and molecular
processes involved in the promotion of germination by light has been done
with seeds displaying the LFR.

Inhibition of germination can be produced by light in the FR or blue (B)
spectral regions (Bewley and Black, 1978). With few exceptions, inhibition
by FR requires prolonged exposures to continuous light (A ,,, 710 to 720
nm) or very frequent pulses and is irradiance dependent (Hartmann, 1966;
Mancinelli, 1980). This effect is mediated by the high irradiance response
(HIR) mode of action of phytochrome. In tomato seeds it has been shown
that phyA is the photoreceptor (Shichijo et al., 2001). The HIR can both in-
hibit germination of dark-germinating seeds and antagonize the promotion
of germination initiated by an LFR or a VLFR (Burgin et al., 2002; de
Miguel et al., 1999). A continuous FR treatment can block germination
even if given many hours after the R pulse starting the LFR (even very close
to the time of radicle emergence). A subsequent pulse of R can relieve the
inhibition imposed by the continuous FR treatment; therefore, the possibil-
ity of the antagonism LFR-HIR is there for much of the duration of the ger-
mination process (de Miguel et al., 2000). Blue light can also inhibit germi-
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nation of many species, and R antagonizes its effect (Gwynn and Schiebe,
1972; Malacoste et al., 1972). The photoreceptor for the blue light action in
seeds has not been identified so far.

Itis clear that the control of germination is influenced by different photo-
receptors interacting in a variety of ways. We are only beginning to under-
stand the complex set of coordinated physiological and biochemical events
involved in the photocontrol of germination and their regulation by cross
talk between transduction chains initiated by endogenous and environmen-
tal signals.

EMBRYO GROWTH POTENTIAL

The promotion of germination is commonly associated with an increase
in embryo growth potential. Although in seeds with coat-imposed dor-
mancy the isolated embryos can grow without any particular stimulus, it has
been observed that the embryos from seeds that are less dormant or have
been exposed to a promotive treatment (i.e., light) have a greater growth
rate than those from nonstimulated seeds (Figure 7.1a and b). The differ-
ence in growth potential is more evident when the incubation medium con-
tains a factor opposing embryo expansion, such as an osmoticum. Growth
of embryos isolated from lettuce (Carpita, Ross, and Nabors, 1979; Carpita
et al., 1979) and Datura ferox seeds (de Miguel and Sanchez, 1992) is pro-
moted by an R pulse, and the promotion by R is reversed if immediately fol-
lowed by an FR pulse, displaying a typical LFR (Figure 7.2). Abscisic acid
(ABA) antagonizes the LFR promotion of growth potential, whereas exoge-
nous gibberellins (GAs) enhance growth potential in dark-incubated seeds
(Karssen and Lacka, 1986). On the other hand, lowering the external water
potential interacts with phytochrome in a complex fashion; small reduc-
tions in water potential enhance the phytochrome promotion of embryo
growth potential, whereas large reductions block the LFR (de Miguel and
Sanchez, 1992).

Although, as discussed earlier, an increase in the embryo growth poten-
tial accompanies the stimulus of germination, and the available evidence
supports the contention that it may be necessary for radicle protrusion, the
physiological and molecular bases of the enhancement in the embryo’s ex-
pansion capacity are poorly understood. In the pioneering work of Carpita
and colleagues (1979) with lettuce seeds it was shown that phytochrome-
mediated K+ transport could led to a decrease in the osmotic potential suffi-
cient to explain a good part of the growth response. However, as the authors
pointed out, it was likely that a change in the cell wall extensibility might
also be involved. That modification of wall extensibility plays a predomi-
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FIGURE 7.1 The effect of ABA on embryo length frequency distribution. Seeds
were incubated in water or 100 um ABA for 46 h after R. At the end of the incuba-
tion the seeds were detipped, irradiated with FR, and transferred to water. After
further 24h incubation at 25°C in the dark, embryo length was measured.The
seed pool in (a) has a higher degree of dormancy (12 months of dry storage)
than seeds in (b) (24 months in dry storage). Data from ABA-treated seeds in (b)
could not be fitted to a normal distribution. Assuming two subpopulations with dif-
ferent sensitivity to ABA allowed a good fit. (Source: de Miguel, L., Burgin, J.,
Casal, J. J., and Sanchez, R. A., unpublished results.)

nant role in ABA inhibition of embryo growth and germination is supported
by studies with Brassica napus seeds (Schopfer and Plachy, 1985). The pos-
sibility that wall extensibility changes may participate in the expansion ca-
pacity of the embryo is also suggested by changes in expression of expansin
genes. The temporal and spatial pattern of expression of two expansin genes
in tomato seeds, LeEXPS8 and LeEXPI0, are consistent with a role for
expansins, and GA promotes the transcription of both genes in gibberellin-
deficient gib! seeds (Chen, Dahal, and Bradford, 2001). On the other hand,
low water potential blocks expression of LeEXPS8, which is also inhibited
by ABA (Chen, Dahal, and Bradford, 2001). Expansin transcript levels are
also increased by R in the embryos of D. ferox seeds, an FR-reversible effect
that is in good agreement with the photocontrol of germination (Mella et al.,
2004). Although these results do not establish a direct causal connection be-
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FIGURE 7.2. Growth in osmotica of radicles from R- and FR-treated lettuce
embryos. ‘Grand Rapids’ lettuce seeds were exposed to red (closed squares) or
far-red (open squares) light. The embryos were removed and placed in solutions
of polyethylene glycol of different osmotic strengths and the growth rate over 24
h was determined. (Source: Adapted from Carpita et al., 1979.)

tween expansin gene expression and embryo growth potential, they cer-
tainly support an intervention of expansins in this process.

Taken together, the results obtained with seeds of different species sug-
gest that the increase in embryo growth potential associated with germina-
tion may include a decrease in osmotic potential, consequently a rise in
turgor pressure, and an increase in cell wall extensibility, probably with the
participation of expansins.

ENDOSPERM WEAKENING

In seeds whose embryos are completely surrounded by a rigid endo-
sperm, radicle emergence requires a significant reduction in the physical re-
striction that the endosperm opposes to embryo expansion. In particular, the
micropylar endosperm (named the endosperm cap), which is the region di-
rectly opposed to the embryo radicle, must be weakened. Endosperm cap
weakening has been shown to precede radicle protrusion (Groot and Kars-
sen, 1987; Sanchez et al., 1990; Watkins and Cantliffe, 1983) (Figure 7.3)
and is accompanied by extensive structural changes. In addition to changes
in the cell walls, profound alterations are produced in other parts of the
cells, protein and lipid reserves are degraded, and extensive vacuolation
takes place; the structure changes from that typical of reserve cells to meta-
bolically active ones (Figures 7.4 and 7.5) (Mella, Maldonado, and Sanchez,
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A B C

FIGURE 7.3. Photographs of the external aspect of the micropylar region of
decoated Datura ferox L. seeds. (A) 46 h after a noninductive far-red pulse; (B)
46 h after an inductive R pulse (red light) showing signs of weakening; (C) germi-
nated seed, with the protruded radicle and broken micropylar endosperm.

1995; Psaras, Georghiu, and Mitrakos, 1981; Sanchez et al., 1990). This
preradicle protrusion syndrome is restricted to the micropylar region; the
rest of the endosperm (frequently called the lateral endosperm) remains un-
changed.

In relation to weakening, the attention has been focused on changes in
the cell walls. The reduction in the mechanical resistance of the endosperm
cap has been associated with the hydrolysis of cell wall polysaccharides,
primarily of the main component: a mannose polymer, probably a 3-(1,4)-
mannan (Table 7.1) (Sanchez et al., 1990). A large increase in the activity of
mannan-degrading enzymes precedes radicle protrusion when germination
is promoted by light, through a LFR of the phytochromes, or GA in tomato
(Groot and Karssen 1987; Nonogaki and Morohashi, 1996) and D. ferox
(de Miguel and Sanchez 1992; Sanchez et al., 1990) seeds. In tomato seeds,
a endo-fB-mannanase gene (LeMAN?2) is exclusively expressed in the endo-
sperm cap prior to radicle emergence (Nonogaki, Gee, and Bradford, 2000).
Consistently, red light strongly increases, in an FR-reversible fashion, the
transcript level of DfMAN1 (which shows high homology with LeMAN2) in
D. ferox seeds only in the endosperm cap (Burgin et al., 2000). Although di-
rect evidence is not yet available, the information from tomato and Datura
strongly supports the possibility that cell wall mannan degradation is part of
the mechanism of endosperm cap softening (Figure 7.6). This does not im-
ply that mannan degradation or high mannanase activity is sufficient for en-
dosperm softening or, even less, for germination. As described in the previ-
ous section, inhibiting embryo expansion may by itself block germination
even in cases when the surrounding tissues offer little or no resistance to
embryo growth (Schopfer and Plachy, 1993). Endosperm weakening may
also involve changes in cell wall components other than mannose polymers.
Several hydrolases (xyloglucan endotransglycosylase, arabinosidase, etc.)
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FIGURE 7.4. Scanning electron micrographs of median sections of micropylar
and adjacent bulk endosperm of Datura seeds glutaraldehyde-osmium fixed and
critical point dried. (A, C) FR-irradiated seeds; (B, D) FR+R-irradiated seeds;
sampling at 38 hours after irradiation. Micrographs C and D are enlargements
corresponding to the encircled areas of A and B. (Source: After Sanchez et al.,
1990. Reprinted with permission of National Research Council of Canada.)

have been found to be expressed during tomato germination and could con-
tribute to cell separation (Bradford et al., 2000). In tobacco seeds, a good
correlation has been found between the increase in the activity of a class [
B-1,3-glucanase and the promotion of germination. The gene coding for
that glucanase is expressed specifically in the endosperm cap, and its over-
expression alleviates the inhibitory action of ABA on tobacco seeds
(Leubner-Metzger, Friindt, and Meins, 1996; Leubner-Metzger et al., 1995).
However, it has been shown in tomato seeds that endosperm cap weakening
begins before the expression of the -1,3-glucanase gene can be detected
and although ABA effectively inhibited -1,3-glucanase gene expression, it
did not affect endosperm softening (Wu et al., 2001). In the same work no
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FIGURE 7.5. Median and longitudinal sections of the micropylar portions of
Datura ferox L. seeds, 48 h after R light (A, B ) or FR light (C, D) treatment. (A, C)
low magnification view—the arrows in (A) indicate the zone with extensive deg-
radation of protein bodies; (B) an enlargement of a portion between the arrows—
note the vacuolation of protein bodies; (D) view of an area with similar localiza-
tion of (B) but in a FR-treated seed—note the abundance of storage material and
the absence of vacuoles. (Source: After Mella, Maldonado, and Sanchez, 1995,
© American Society of Plant Biologists. Reprinted with permission.)

evidence was found of a substrate for the enzyme in endosperm cap cell
walls; therefore, the involvement of the -1,3-glucanase in the weakening
process in tomato seeds was not supported and other functions for this en-
zyme were considered more likely. In addition, it has been suggested that
expansins could play a role in endosperm weakening either by facilitating
the access of hydrolases to their substrates or by loosening hemicellulosic
bonds (Bradford et al., 2000; Chen, Dahal, and Bradford, 2001). This prop-
osition is supported by the results of Chen, Dahal, and Bradford (2001)
showing that a specific expansin gene, LeEXP4, is expressed exclusively
in the tomato endosperm cap prior to radicle emergence and is up-regulated
by GA.

Low water potential prevents endosperm weakening (Chen and Brad-
ford, 2000; de Miguel and Sénchez, 1992; Sanchez et al., 2002). In D. ferox
seeds it has been shown that germination is inhibited by water potentials
that do not reduce phytochrome promotion of embryo growth potential but
prevent endosperm weakening (de Miguel and Sanchez, 1992). Therefore,
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TABLE 7.1. Sugar composition of cell wall polysaccharides in the micropylar por-
tion of the endosperm of Datura ferox L. seeds induced to germinate and
noninduced controls

R FR
(mg/micropylar portion)

Rha 0.5 0.35
Rib 0.025 0.04
Ara 4.4 3.2
Xyl 0.6 0.6
Man 11.2 3.3
Gal 1.7 1.1
Glc 0.9 0.65
Uronic acid 2.3 1.75
Cell 4.2 3.3

Source: Adapted from Sanchez et al., 1990, © American Society of Plant Biolo-
gists. Reprinted with permission. Note: Sampling was made 38 h after irradia-
tion. The data are averages of two determinations.

Puncture force (N)
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12 24 36 48 60
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FIGURE 7.6. Puncture force analysis of wild-type (‘Money Maker’) seeds in
water (closed circles) and gib-1 mutant seeds in water (open squares) and 100 mM
GA (closed squares). Error bars indicate standard errors (n=24) when larger than
the symbols. (Source: Chen and Bradford, 2000, © American Society of Plant
Biologists. Reprinted with permission.)
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low water potential, at least at certain values, can prevent the induction of
germination mainly through its effect on endosperm softening. The mecha-
nisms involved, however, are not clear yet. A relationship does exist be-
tween low water potential effects on the phytochrome-induced reduction in
mannose content of the cell walls and endosperm cap weakening in D. ferox
seeds (Sanchez et al., 2002); in addition, the inclusion of an osmoticum in
the incubation medium reduced the release of mannose by tomato endo-
sperm caps (Dahal, Nevins, and Bradford, 1997). These results suggest that
interference with mannan degradation could be one of the ways through
which water availability influences endosperm resistance to embryo pene-
tration. On the other hand, low water potential does not prevent the increase
in mannanase activity in phytochrome-promoted D. ferox (Sanchez et al.,
2002) or in tomato seeds (although see Toorop, van Aelst, and Hilhorst,
1998). In D. ferox low water potential inhibits the increase in mannosidase
associated with germination (and this could indirectly hamper mannan deg-
radation), whereas in tomato it has been found that LeEXP4 expression is
reduced proportionally to the inhibition of endosperm cap weakening
(Chen and Bradford, 2000). If LeX P4 facilitates the access of the hydrolases
to their substrates, inhibiting its production may be an obstacle to weaken-
ing, even if the activity of some of the hydrolases (i.e., mannanase) remains
high. It seems likely, then, that a restriction in water supply may interfere
with endosperm weakening, down-regulating the genes encoding some of
the proteins contributing to the cell wall changes, but not necessarily affect-
ing all of them.

Endosperm cap weakening is also blocked when the promotion of germi-
nation by an LFR of the phytochromes is antagonized by exposure to con-
tinuous FR through an HIR (de Miguel et al., 2000; Mella et al., 2002).
Since the HIR does not affect embryo growth potential, it should influence
germination interfering with endosperm cap softening. The continuous FR
treatment can block germination of a part of the seed population even if it is
applied when endosperm weakening has already advanced perceptibly. In-
terestingly, in a similar part of the population it provokes a sharp reduction
in mannanase activity (Figure 7.7) (down to the values typical of
noninduced seeds) and the interruption of the weakening process. The HIR
can disengage the weakening process even at relatively advanced stage, but,
apparently, the antagonism does not involve every process promoted by the
LFR, and even some of the ones affected may be influenced in different
ways by each of the phytochromes’ modes of action. While the LFR pro-
motes mannanase activity and increases the transcripts level of DfMANI
and DfEXP2 in D. ferox seeds, the HIR inhibits mannanase activity but does
not modify the transcript levels of neither of them (Burgin et al., 2000;
Mella et al., 2004).
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FIGURE 7.7. Endo-B-mannanase activity measured seed by seed in the popula-
tion of Datura feroxinduced by LFR or by LFR-HIR. R light promotes germination
and the activity of endo-f-mannanase. In the noninduced seeds treated with FR
immediately after R (FR) the values are substantially lower than in those seeds
induced by R (R). The activity was evaluated 45 h after light treatments in dark-
ness (20 to 30°C) (FRp). When an FR pulse is given 45 h after R (FR pulse 3
min-h=1, 300 mmol-m—2.s~1), and the activity is measured 6 h later, mannanase
activity decreases in part of the population. The endo-B-mannanse activity was
evaluated 51 h after initial light treatment (FRc). If instead of a pulse, FR is given
continuously during 6 h (15 mmo-I=2.s~1), mannanase activity decreased in a
larger fraction of seeds. The endo-f-mannanase activity was evaluated 51 h
after initial light treatment. (Source: Modified from Mella et al., 2002).
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Whether the inhibition of germination by ABA includes an effect on en-
dosperm softening is not completely clear. Although some experiments
show that part of endosperm cap weakening is blocked by ABA in tomato
seeds (Toorop, van Aelst, and Hilhorst, 2000), in other studies, with the
same genotype and similar methods, no effect of ABA was found (Chen and
Bradford, 2000). So far none of the physiological steps that are thought to
be related to endosperm softening, such as mannanase and LeEXP4, are af-
fected by exogenous applications of ABA; if there is an ABA-sensitive
phase in the weakening process it depends on a process that has so far
eluded us (Chen and Bradford, 2000; Nonogaki, Gee, and Bradford, 2000).

Although we do not yet have definite knowledge on the process of endo-
sperm softening, it is apparent that it may depend on a variety of mecha-
nisms and not every regulatory factor affects all of them.

Other tissues that restrict the expansion of the embryos are the testa, as
shown in Arabidopsis (Debeaujon and Koornneef, 2000), and the perisperm
of muskmelon (Welbaum et al., 1995).

TERMINATION OF DORMANCY: ITS RELATIONSHIP
WITH THE SYNTHESIS AND SIGNALING
OF GIBBERELLINS AND ABA

The paramount importance of GA for germination has been recognized
for a long time (Bewley and Black, 1994) and is most clearly demonstrated
in studies with mutants of Arabidopsis and tomato that are severely GA de-
ficient (Groot and Karssen, 1987; Koornneef and van der Veen, 1980). The
induction of germination by light requires GA synthesis (Derkx and Kars-
sen, 1993; Yang et al., 1995), and in lettuce seeds an R pulse causes a signif-
icant increase in GA content; the effect of R is FR-reversible as in the classi-
cal LFR (Toyomasu et al., 1993). In addition to increasing the GA content,
the reversible R-FR response enhances the sensitivity to GA in seeds (Yang
etal., 1995). In lettuce and Arabidopsis, R promotes the expression of genes
encoding GA 3-B-hydroxylase, a key enzyme in the active GA biosynthetic
pathway (Toyomasu et al., 1998; Yamaguchi et al., 1998). In Arabidopsis,
two GA 3-B-hydroxylase genes, GA4 and GA4H, are under the control of
the phytochromes. The Pfr of phyB promotes GA4H, whereas GA4 is con-
trolled by some other stable phytochrome (Yamaguchi et al., 1998). Whether
promotion of germination by the VLFR, which in Arabidopsis is mediated
by phyA, is also related to the up-regulation of these genes is still unknown.

Although the increase in GA levels affects processes in both the embryo
and the endosperm, the available evidence suggests that the synthesis of GA
takes place only in the embryo. Light promotes changes only when the em-
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bryo is in contact with the endosperm cap (Sdnchez and de Miguel, 1997),
and the presence of the embryo can be replaced by supplying the endosperm
caps with exogenous GA (Groot et al., 1988; Sidnchez and de Miguel,
1997). Moreover, the transcripts of DfHydrox, a GA 3-B-hydroxylase gene,
are only found in the embryo and in significantly higher amounts after an R
pulse than when R is immediately followed by FR (Burgin et al., 2000). The
GA synthesized in the embryo would migrate to the endosperm cap where it
induces weakening. In the micropylar endosperm of tomato, GA promotes
the expression of a number of cell wall hydrolases and related proteins:
endo-f-mannanase, cellulase, arabinosidase, xyloglucan endotransglyco-
sylase, expansin, etc. (Bradford et al., 2000). Because the path of GA from
the embryo to the micropylar endosperm includes an apoplastic segment, it
seems likely that the GA may reach other endosperm cells in addition to
those in the micropylar region. However, only the cells of the endosperm
cap respond to GA (before radicle protrusion), suggesting a greater sensi-
tivity of these cells to GA.

Recent work has shown the participation in the control of germination of
two GA-response regulators: RGL1 and RGL2 (Peng and Harberd, 2002).
Both are repressors of GA responses; loss-of-function mutations in RGL2
completely restored germination to gal-3, eliminating the requirement for
exogenous GA (Lee et al., 2002). In wt Arabidopsis, RGL2 transcript levels
show a transitory increase after the initiation of imbibition followed by a
decrease with the advance of germination; interestingly, in the GA-defi-
cient gal-3 the RGL2 transcripts remained at high levels throughout the in-
cubation period unless exogenous GA was supplied (Lee et al., 2002). It has
also been shown that SPY (O-GlcNAc transferase) influences seed germi-
nation. In Arabidopsis, SPY alleles confer resistance of germination to the
GA-synthesis inhibitor paclobutrazol and restore the germination capacity
to gal-2 (Jacobsen and Olszewski, 1993). On the basis of the available evi-
dence, Peng and Harberd (2002) have proposed the following scheme. In
dormant seeds upon imbibition proteins are expressed that repress germina-
tion (Peng and Harberd, 2002). In the proper physiological scenario phyto-
chrome activation by light induces GA synthesis. The increased GA level
down-regulates the expression of repressors such as RGL2 and SPY that
might increase the germination potential of the embryo. At the same time
the increase in GA reaches the endosperm cap where signaling factors
(GCR1, SLY, and CTS are candidates) would induce the expression of the
proteins (e.g., mannanase, expansins, XET, etc.) related to weakening. Al-
though testing of several of these propositions is still pending, it is consis-
tent with most of the information at hand and is useful to guide the design of
future experiments.
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ABA has an essential role in establishing dormancy during seed develop-
ment (Hilhorst and Karssen, 1992; Hilhorst, 1995), which influences the re-
sponses of mature seeds to various environmental factors. In addition, syn-
thesis of ABA during imbibition has been shown to be important for
germination. ABA levels increase upon imbibition different in dormant and
nondormant seeds (Grappin et al., 2000; Le Page-Degivry and Garello,
1992), and inhibitors of ABA biosynthesis promote germination (Grappin
et al., 2000). In the same line are observations of a decline in ABA content
after a R pulse promoting germination (Tillberg and Bjorkman, 1993) and
the prevention of the decline of the ABA content normally occurring in ger-
minating lettuce seeds by high-temperature treatments inhibitory of germi-
nation (Yoshioka, Endo, and Satoh, 1998). Mutations in several genes
change the sensitivity of germination to ABA. The abi and era mutants have
reduced and enhanced responses respectively (Koornneef, Bentsink, and
Hilhorst, 2002), the ethylene insensitive 2 (ein2) and ethylene response (etr)
mutants of Arabidopsis are hypersensitive, while the ctr genes have less
sensitivity to ABA. Moreover, ABA and ethylene signaling interact with
sugar signaling (Finkelstein, Gampala, and Rock, 2002) and mutants defi-
cient (det2-1) or insensitive (bril-1) to brassinosteroids are also more sensi-
tive to ABA, suggesting that the BR signal participates in the control of ger-
mination opposing ABA inhibition (Steber and McCourt, 2001). Although
the description of the components of the web of signaling networks modu-
lated by different regulators is incomplete, it shows the variety and com-
plexity of the system that permits the integration of environmental and in-
ternal signals which modulate germination.

CONCLUDING REMARKS

Germination is a crucial process for the adjustment of many plant popu-
lations to their environment. Taking into account the variety of environmen-
tal scenarios and plant genotypes, it is not surprising that the diversity of
external factors and their combinations can control seed responses. Germi-
nation itself is a complex process involving a number of finely coordinated
changes in the embryo and the surrounding tissues with the participation of
a large number of genes. Congruent regulation of the several molecular,
biochemical, and physiological events leading to germination requires
cross talk between endogenous and environmental signals. The elements of
this dialogue (several phytochromes, GA, ABA, ethylene, BR, sugars, etc.)
are part of an intricate network with versatile switches and multiple path-
ways. In this context it is to be expected that a particular factor may not al-
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ways have the same relevance and that correlations could vary according to
the physiological and environmental scenario.

In the interplay between the embryo and the enveloping tissues, the role
of the embryo seems to be central. It is in the embryos where the light sig-
nals are perceived (and the same is probably the case with other environ-
mental signals) and there where GA and likely other regulators are pro-
duced that profoundly influence the activity in the surrounding tissues.
Particularly when the endosperm is the main barrier to embryo growth, the
GA synthesized in the embryo provokes changes in the expression of genes
coding for cell wall hydrolases and other proteins involved in weakening.
When the testa is limiting embryo expansion, as in Arabidopsis, it is also
thought that testa weakening may depend on GA action (Debeaujon and
Koornneef, 2000). Figure 7.8 shows a tentative scheme in which data from
several species (we do not have the whole picture in just one species) and
some components of the processes with different degrees of experimental
support are included depicting some of the connections between the em-
bryo and the endosperm and the points of action of some internal and exter-
nal factors. The data available seem to indicate that not all of these factors
influence the same processes. No master switch appears to be in control of
the whole system. Once germination is promoted (e.g., by light) a number
of activities are set in motion in the embryo and the endosperm. The action
of some of the factors which can block that response may affect only part of
them. For instance, ABA can sharply decrease embryo growth potential
without affecting most of the endosperm softening; in contrast, the HIR of
the phytochromes interferes with endosperm softening but does not seem to
affect embryo growth potential. However, we have still a long way to go be-
fore being able to put the central pieces of the puzzle in their proper places.
It would be helpful to have integrated information about more than one sys-
tem. This is currently limited by the problem that knowledge on certain
parts of the system has advanced more in some species than in others and, in
fact, all the processes and their interactions may not be identical in the dif-
ferent species from which most of the information has been gathered so far.
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