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7
Principles of Propagation
from Seeds
learning objectives

INTRODUCTION

• Describe the process of
germination.

Seed germination, from an ecological standpoint, is the beginning of
the next sexual generation. It is the first adaptive step toward colonizing
an environmental niche. Therefore, plant species have developed a variety of seed germination and dormancy strategies that make the study of
seed germination one of the most fascinating areas of plant growth and
development.
From a human ecology standpoint, humankind’s recognition that
seeds were highly nutritious and could be selected and used to propagate
crop plants was pivotal to establishing communities that were self-sustaining
for food. Seeds are the genetic repositories of thousands of years of selection
for crop plants.
From the standpoint of modern commercial crop production,
more plants are propagated from seeds for food, fiber, and ornamental
use than any other method of propagation. In Chapter 7, we will
summarize the important physiological mechanisms responsible for seed
germination and dormancy. A command of these basic principles allows
growers to take full advantage of cultural practices to optimize plant
production.

• Compare methods for
measuring germination.
• Define the environmental and
disease factors influencing
germination.
• Describe the types of seed
dormancy and how dormancy
controls germination.

THE GERMINATION PROCESS
A seed is a ripened ovule. At the time
of separation from the parent plant, it
consists of an embryo and stored food
supply, both of which are encased in a
protective covering (Fig. 7–1). The
activation of the seed’s metabolic
machinery leading to the emergence of
a new seedling plant is known as
germination. For germination to
be initiated, three conditions
must be fulfilled (51, 128):

seed The next sexual
generation for a plant. It
consists of an embryo, food
storage tissue, and a
protective covering.
germination The
committed stage of plant
development following
radicle emergence from the
seed coverings, which leads
to a seedling.

1. The seed must be

viable; that is, the embryo must be alive and capable
of germination.
2. The seed must be subjected to the appropriate environmental conditions: available water, a proper
temperature range, a supply of oxygen, and, sometimes, light.
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Cotyledons

Seed coat

3. Any primary dormancy condition present within the

seed (19, 56) must be overcome. Processes leading to
removal of primary dormancy result from the interaction of the seed with its environment. If the seeds are
subjected to adverse environmental conditions, a
secondary dormancy can develop and further delay
the period when germination takes place (133, 142).

Transition from Seed Development
to Germination
As reviewed in Chapter 4, many seeds lose water during
the maturation drying stage of seed development. These
seeds are either dormant
dormancy The
or nondormant at the
condition where seeds
time they are shed from
will not germinate
the plant. However, some
even when the environseeds either do not enter
ment is suitable for
the maturation drying
germination.
stage of seed development and germinate
prior to being shed from the plant (vivipary or precocious
germination) or can tolerate only a small degree of desiccation (recalcitrant seeds). Figure 7–2 illustrates the fate of
various seeds as they approach the end of seed development. Viviparous and recalcitrant seeds are discussed in
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Endosperm

Radicle

Figure 7–1
A seed consists of an embryo, a
food supply (usually endosperm or
cotyledon) and a protective covering
(seed coat or pericarp). Intact seed
on the left and half seed on the right,
exposing the embryo.

detail in Chapters 4 and 6. The discussion of seed germination in this chapter will focus on the basic process of seed
germination in orthodox seeds that complete maturation
drying and are dormant or nondormant after separation
from the mother plant.

Phases of Early Germination
Early seed germination begins with imbibition of water by
the seed and follows a triphasic (three-stage) increase in
seed fresh weight due to increasing water uptake (Fig. 7–3,
page 202); the three phases are described as follows:
1. Imbibition is characterized by an initial rapid

increase in water uptake.
2. The lag phase follows imbibition and is a period of

time where there is active metabolic activity but
little water uptake.
water potential
3. Radicle protruAs it relates to seed
sion results from
germination, is a measa second period
ure of the potential for
of fresh weight gain
a cell to take up water
driven by additional
from its surrounding
water uptake.
These processes
rely on the water
potential of the cells

environment. Changes
in the seed’s water
potential are the driving
force behind germination.

Figure 7–2
The transition from seed development
to seed germination. Seeds may end
seed development and display viviparous,
recalcitrant, or orthodox seed behavior.
Viviparous and recalcitrant seeds
germinate before completing the
maturation drying stage of development.
Orthodox seeds continue to dry to about
10 percent moisture and can be either
nondormant (sometimes termed
quiescent) or dormant.
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GETTING MORE IN DEPTH ON THE SUBJECT

WATER POTENTIAL AND SEED GERMINATION
Water potential as it impacts water movement in plants is
described as
Water potential (ψcell) = Matric potential (ψm) +
Osmotic potential (ψπ) + Pressure potential (ψp)
Matric potential is the major force responsible for
water uptake during imbibition. Matric forces are due to
the hydration of dry components of the seed including cell
walls and macromolecules like starch and proteins. Water
uptake due to matric forces during imbibition is usually
rapid, as might be expected because the seed is very dry
(less than 10 percent moisture) at the end of seed development; see Chapter 4.
Osmotic potential and pressure potential determine
water uptake during the radicle protrusion phase of seed
germination. The initial stage of radicle protrusion is due
to enlargement of the cells in the radicle corresponding to
increased water uptake. Osmotic potential is a measure of
the osmotically active solutes in a cell, including molecules
like organic or amino acids, sugars, and inorganic ions.
Osmotic potential is expressed as a negative value. As the
number of osmotically active solutes increases in a cell,
the osmotic potential becomes more negative (i.e., from
-0.5 MPa to -1.0 MPa). This can result in more water moving into the cell. [Note: Water potential is expressed
as either megapascals (MPa) or bars. One MPa is equal to
10 bars.]

On the other hand, pressure potential is an opposing
force and is expressed as a positive value. The pressure
potential is the turgor force due to water in the cell pressing against the cell wall. It is also an expression of the
ability of the cell wall to expand. Cell wall loosening in
the radicle is determined by the physical properties of the
cell wall and the counterpressure exerted by the seed
tissues covering the radicle (Fig. 7–4). A combination of
increasing osmotic potential (more negative) and/or
change in the pressure potential can result in cell
enlargement and initiate radicle protrusion. This is
termed growth potential (21). Thus, changes in osmotic
potential of radicle cells, and cell wall loosening in radicle or seed covering cells, are essential components
controlling radicle growth and germination. An understanding of this concept is essential to understanding
aspects of seed dormancy, effects of hormones on germination, and treatments like seed priming.
Growth Potential The relative force generated by the
radicle during germination. Conceptually, a seed germinates when the radicle force is sufficient to penetrate the
seed coverings. This is accomplished by an increase in
radicle growth potential and/or weakening of the seed
coverings.

Figure 7–4
Schematic representation of water
uptake in a cell. The opposing
forces of osmotic potential (ψπ)
and pressure potential (ψp)
determine water uptake by the
cell and the cell’s ability to
expand.

in the seed and embryo (see text box on water potential
and Chapter 3 for additional information).
Most seeds are
dry (less than 10 percent moisture) after completing
seed development. This results in a very low water
Water Uptake by Imbibition (Phase I)

potential in dry seeds of near
–100 to –350 MPa (216, 217).
Imbibition is a physical process
related to matric forces that
occurs in dry seeds with waterpermeable seed coats whether they

imbibition The
initial stage of
water uptake in
dry seeds.

are alive or dead,
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Figure 7–3
There are three phases to germination that can be
described by the seed’s increase in fresh weight
(water uptake). These include the imbibition, lag,
and radicle emergence phases.

dormant or nondormant. There are two stages to imbibition (Fig. 7–5) (186, 218). Initially, water uptake is
very rapid over the first 10 to 30 minutes. This is followed by a slower wetting stage that is linear for up to
an hour for small seeds or several hours (5 to 10) for
large seeds. Water uptake eventually ends as the seed
enters the lag phase of germination.
The seed does not wet uniformly during imbibition. There is a “wetting front” that develops as the
outer portions of the seed hydrate while inner tissues
are still dry. Seed parts may wet differentially depending on their contents. Starch is more hydrophobic than
protein, and the starchy endosperm will hydrate more
slowly compared to the protein-rich embryo. Another
characteristic of seeds during imbibition is that they are
“leaky.” Several compounds, including amino acids,
organic acids, inorganic ions, sugars, phenolics, and
proteins can be detected as they leak from imbibing
seeds (218). “Leakiness” is due to the inability of

cellular membranes to function normally until they are
fully hydrated (25, 168). However, there are some
seeds, like members of the cucumber family, which
have a perisperm envelope that surrounds the embryo
and inhibits ion leakage (241).
The quantity of leaked solutes is diagnostic for
seed quality and is the basis for the electrolyte leakage
assay for seed vigor testing (see page 184). Solute leakage
is also important because it influences detection of
the seed by insects and fungi (both pathogenic and
beneficial—like mycorrhiza) during germination. Seeds
that are slow to germinate or which leak excessively due
to poor seed quality are more susceptible to attack by
insects and diseases.
Seeds can be physically damaged during imbibition. Seed coverings are usually very hydroscopic, thus
slowing the influx of water that could damage internal
tissues. Therefore, seeds with physical damage to the
seed coverings may be injured by the inrush of water

Figure 7–5
Water uptake during seed imbibition.
A rapid initial stage followed by a
slower linear stage of water uptake is
typical for most seeds.
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during imbibition. Raising the moisture content of
seeds (up to 20 percent) prior to sowing can reduce
imbibitional injury in susceptible seed lots. In addition,
some tropical and subtropical species (like cotton, corn,
lima bean) are sensitive to chilling injury when
imbibed in cold soil (117).
Lag Phase of Germination (Phase II) Although the
lag phase is characterized as a period of reduced or no
water uptake following imbibition, it is a highly active
period physiologically (Fig. 7–3) (25, 218). Phase II is a
period of metabolic activity that prepares the seed for
germination. Cellular activities critical to normal germination during the lag phase include:

1. Mitochondria “Maturation.” Mitochondria are

present in the dry seed and these must be rehydrated, and membranes within the mitochondria
must become enzymatically active. Within hours of
imbibition, mitochondria appear more normal
when viewed by electron microscopy, and both respiration and ATP synthesis increase substantially.
2. Protein Synthesis. Although mRNA is present
within the dry seed (see Box 7.2 below), protein
synthesis does not occur until polysomes form after
seed hydration. New proteins are formed within
hours of the completion of imbibition. New
protein synthesis during the lag period is required
for germination.
3. Storage Reserve Metabolism. This is the enzymatic breakdown of storage macromolecules to produce substrates for energy production and amino
acids for new protein synthesis. Reserve metabolism
also produces osmotically active solutes (like

BOX 7.2

sucrose) that can lead to a change in water potential of cells within the embryo in preparation for
radicle protrusion.
4. Specific enzymes, including those responsible for
cell wall loosening in the embryo or tissues surrounding the embryo, can be produced.
Radicle Protrusion (Phase III) The first visible evidence of germination is protrusion of the radicle. This
is initially the result of cell enlargement rather than cell
division (14, 106). However, soon after radicle elongation begins, cell division can be detected in the radicle
tip (163, 201).
Radicle protrusion is controlled by the opposing
forces between the growth potential in the embryo and
the physical resistance presented by the seed coverings
(Fig. 7–6). Radicle protrusion occurs when (a) the
water potential of the cells in the radicle becomes more
negative due to metabolism of storage reserves; (b) cell
walls in the hypocotyl and radicle become more flexible to allow cell expansion; or (c) cells in the seed
tissues surrounding the radicle weaken to allow cell
expansion in the radicle (25, 179). A combination of
these factors may be involved to control germination,
depending on the species and the tissues covering the
radicle.
In non-endospermic seeds like radish (Brassica)
and lentil (Lens), the seed coat is thin and presents very
little resistance to radicle protrusion (Fig. 7–7a). In
these seeds, changes in the water potential of the cells
in the radicle and cell wall flexibility are responsible for
radicle elongation (211). In this case, the activity of
gibberellin may be to promote germination by a change

GETTING MORE IN DEPTH ON THE SUBJECT

PROTEIN SYNTHESIS AND mRNA IN SEEDS
In the dry seed, there is a complement of mRNA made
during the final stages of seed development (see Chapter 4).
There are two types of stored mRNA in dry seeds: residual
and conserved mRNA (25). Residual mRNA are messages
left over from seed development. They persist in dry
seeds but are rapidly degraded after imbibition and are
not involved in germination. Conserved or stored mRNA
are produced (transcribed) during late seed development,
stored in dry seed, and translated into proteins during
the lag phase of germination. Translation of conserved
mRNA is an important step in the germination process. In
Arabidopsis, germination (radicle protrusion) can still occur
even if transcription is inhibited (195). This suggests that all
of the mRNA required for germination is pre-packaged in
the seed as conserved mRNA.

Conserved mRNA have the genetic code for both
“housekeeping” genes necessary for normal cellular activities and for germination-specific proteins like “germin”
(149). Germin is an oxylate oxidase that may function to
release calcium from calcium oxylate. Changes in cellular
calcium have been shown to be important during germination (206). Most conserved mRNA are degraded within
several hours of imbibition and a new mRNA population
must be made (transcribed) for germination to be completed. All of the components for new mRNA synthesis
(DNA and RNA polymerases and ribonucleotide triphosphate precursors) are present in dry seed, and new mRNA
can be detected in the lag phase. Using microarray analysis, it has been calculated that Arabidopsis seeds express
over 6,500 genes during germination (196).
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Gibberellin promotes, while
ABA inhibits changes in growth
potential of the radicle.
Growth potential in
radicle cells.
vs.
Physical
resistance
2
of the seed coverings.

1

2
1

Gibberellins promote, while ABA
inhibits enzymatic cell wall
loosening in the seed coverings.

Figure 7–6
The balance of forces involved in germination.
In many seeds, the seed coverings provide a
physical resistance to radicle emergence. The
ability of the radicle to penetrate the seed
coverings determines the speed of germination
and can be an important mechanism for
controlling germination in dormant seeds. Adapted
from Bradford and Ni, 1993.

in the embryo’s water potential, allowing phase III
water uptake (hydraulic growth), while the action of
abscisic acid is to inhibit germination by preventing
this water potential change.
In endospermic dicot seeds, the seed coverings
(especially the endosperm cap) can be a significant
barrier to germination in some species. Endosperm
properties are especially important under conditions
that reduce germination, like low temperature conditions in pepper (237) or dormancy as in iris (27),
redbud (Cercis) (94), and lilac (Syringa) (132). In
Seed coat

Arabidopsis, a single outer layer of endosperm is sufficient to impede germination (84). Partial control of
germination by gibberellin and prevention of
germination by abscisic acid may be mediated by the
induction or inhibition of hydrolytic enzymes acting
on the endosperm (179, 184). In solanaceous seeds
(such as tomato and tobacco), hydrolytic cell wall
enzymes (like endo-b-mannanase and extensins) soften
endosperm cell walls (49, 184), and other cell wall
enzymes (like ␤-1,3-glucanases) cause cell-to-cell separation (189, 248), permitting germination by reducing

Cotyledon
Epicotyl

Radicle

Radicle

(a)
Cotyledons

Seed coat

Radicle

(b)

Endosperm

Radicle

Endosperm cap

Figure 7–7
Seed morphology related to germination. (a) Lentil
(lens) is non-endospermic and most of the seed
cavity is filled with cotyledon tissue. The seed coat
restricts radicle protrusion. (b) In tomato the embryo
is embedded in endosperm, the endosperm cap
covers the radicle, and is the restraint to radicle
protrusion.
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(b)

Seed coat

Endosperm

Endosperm

(c)

Seed coat

Seed coat

(d)

Seed coat

Endosperm
Radicle

Endosperm

Radicle

the force of the seed coverings restricting radicle
elongation and, finally, releasing the radicle for germination. In some seeds with an endosperm cap, germination proceeds in two stages (84). First, radicle
elongation initiates seed coat cracking while the
endosperm stretches over the radicle (Fig. 7–8). In the
second step, the endosperm ruptures releasing the radicle. Hormones may act differently in each step. For
example, in tobacco and Arabidopsis, abscisic acid does
not inhibit initial radicle elongation and seed coat
rupture, but does inhibit endosperm rupture (174).

Figure 7–8
Petunia seed demonstrating two-step germination
(a) Seed coat cracks. (b) Endosperm stretches
over emerging radicle. (c) Radicle protrudes from
endosperm. (d) Hypocotyl and radicle elongation.

The perisperm also can be a barrier for germination as observed in members of the cucumber family
(Fig. 7–9). In cucumber and melon, the perispermendosperm forms an envelope surrounding the embryo.
This envelope shows reduced and selected permeability to ions due to lipid and callose content of the
envelope (197, 241). In dormant seeds or non-dormant
seeds germinated at low temperature (74), removal of
embryos from the seed coat and perisperm-endosperm
envelop is sufficient to permit germination. Prior to
radicle emergence, cell wall enzymes work to make the

Radicle

Envelope
Envelope
alone

Embryo
alone

Embryo +
envelope

(a)

(b)
Embryo with
envelope

(c)

Seed coat

Embryo without
envelope

Figure 7–9
In the cucumber family, there is a perisperm (or perisperm + endosperm)
envelope that surrounds the embryo. It is usually a semi-permeable membrane
that limits the movement of ions into or away from the embryo. (a) Isolated
seeds of prickly cucumber (Sycos) with and without the surrounding envelope.
(b) A longitudinal section showing the location of the envelope between the
embryo and seed coat. (c) Seeds isolated from the seed coat with the
envelope intact do not germinate, but those with the envelope removed
germinate readily.
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envelope more ion-permeable and to weaken the envelope around the radicle tip (197).

Seedling Emergence
Seedling emergence begins with elongation of the root
and shoot meristems in the embryo axis, followed by
expansion of the seedling structures (Fig. 7–10). The
embryo consists of a shoot axis bearing one or more
cotyledons and a root axis (radicle). The seedling stem
is divided into the hypocotyl, cotyledonary node, and

chapter seven

the epicotyl. The hypocotyl is the stem section
between the cotyledons and the radicle. In some
seedlings, there is a noticeable swelling at the
hypocotyl-radicle juncture called the collet or collar.
The epicotyl is the section between the cotyledons and
the first true leaves.
Once growth begins, fresh and dry weight of
the new seedling plant increases, as storage tissue
weight decreases. The respiration rate, as measured
by oxygen uptake, increases steadily with advance in

Shoot axis

Hypocotyl

Collet

Adventitious roots

(a)

Radicle

(b)

True leaves
Apical
meristem

Cotyledon
Hypocotyl
Epicotyl

Roots

(c)

207

Figure 7–10
A seedling usually consists of radicle, hypocotyl, and
shoot axis.
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Epigeous germination

Hypogeous germination

Hypocotyl hook
Epicotyl

Melon

(a)

Figure 7–11
Typical patterns of germination include epigeous where
the hypocotyl hook raises
the cotyledons above the soil
and (b) hypogeous where the
cotyledons remain below
ground and the epicotyl and
shoot emerge from the soil.

Pea

(b)

growth. Seed storage tissues eventually cease to
be involved in metabolic activities except in plants
where persistent cotyledons become active in photosynthesis. Water absorption increases steadily as root
mass increases. Initial
epigeous
seedling growth usually
Germination when
follows one of two pata seedling emerges
terns (Fig. 7–11). In
from the soil using
epigeous germination,
the hypocotyl hook to
the hypocotyl elongates,
penetrate the soil first.
forms a hypocotyl hook,
gypogeous
and raises the cotyledons
Germination when a
above the ground. Hyposeedling emerges from
geous germination is the
the soil using the shoot
other pattern of germinatip to penetrate first.
tion and is characterized
by a lack of hypocotyl expansion so only the epicotyl
emerges above the ground, and the cotyledons remain
within the seed coverings.

Storage Reserve Utilization
Initially, new embryo growth is dependent on the storage reserves manufactured during seed development
and stored in the endosperm, perisperm, or cotyledons.
The major storage reserves are:
1. proteins
2. carbohydrates (starch)
3. lipids (oils)

These are converted to amino acids or sugars to
fuel early embryo growth (Fig. 7–12). The embryo is
dependent on the energy and structural materials from
stored reserves until the seedling emerges into the light
and can begin photosynthesis.
Use of Storage Proteins Storage proteins are stored
in specialized structures called protein bodies. Protein
bodies are located in cotyledons and endosperm.
Enzymes (proteinases) are required to catabolize storage
proteins into amino acids that, in turn, can be used by

the developing embryo for new protein synthesis (25).
These enzymes can be present in stored forms in the
dry seed, but the majority of proteinases are synthesized as new enzymes following imbibition.
Starch is a
major storage material in seeds and is mostly stored in
the endosperm but can also be found in the embryo
and cotyledons. Catabolism of starch has been studied
extensively in cereal grains
(barley, wheat, and corn),
aleurone A special
and shows a coordinated
layer of cells that
system for starch mobilizasurrounds the
tion (82, 109). Following
endosperm in
imbibition, gibberellin in
monocot seeds. It is
the embryo axis and the
responsible for
scutellum is translocated
making the enzymes
to the cells of the aleurone
used to degrade
layer (Fig. 7–13). The
storage materials in
aleurone is a layer of secrethe endosperm to be
tory cells that surrounds
used by the embryo
the non-living starchy
for germination.
Use of Storage Carbohydrates (Starch)

(a)
(b)

(c)

Figure 7–12
The general pattern of seed reserve mobilization leading to
germination. These include the conversion of (a) starch to
sugar, (b) lipids to sugar, and (c) storage protein to amino
acids.
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Figure 7–13
The cereal grain model for starch mobilization in seeds.

endosperm. Gibberellin initiates the de novo synthesis
of numerous enzymes in the aleurone that are secreted
into the endosperm, including amylases that hydrolyse
starch to sugar.
The major starch-degrading enzyme is ␣-amylase.
It hydrolyses starch in the starch grains of the endosperm
to simple glucose and maltose sugar units that are eventually synthesized into sucrose for transport to the
embryo axis. Enzymes break down the cell walls of
the endosperm to allow movement of sucrose to the
scutellum for transport to the growing axis. Gibberellininitiated synthesis of ␣-amylase has been studied extensively in the cereal aleurone system and has significantly
improved our understanding of the molecular mechanisms for hormone-regulated gene expression in
plants (25).
Lipids are stored in specialized structures called oil bodies located in the
endosperm and cotyledons of seeds. Catabolism of
lipids in seeds is a complex, unique interaction among
the oil bodies, glyoxysomes, and mitochondria (Fig.
7–14, page 210). The main storage forms of lipids in
the oil body are triacylglycerides. In the oil body, triacylglycerides are catabolized to glycerol and free fatty
acids. Free fatty acids are moved to the glyoxysome.
Glyoxysomes are specialized structures only present in
Use of Storage Lipids (Oils)

oil-storing seeds. They function to convert free fatty
acids to the organic acids, malate, and succinate using
enzymes in the glyoxylate cycle. Glyoxysomes and the
glyoxylate cycle are unique to germinating seeds and are
not found in any other part of the plant. The end result
of this biochemical process is the production of sucrose
from storage lipids for use by the developing embryo.

Measures of Germination
A seed lot completes germination when either the radicle protrudes through the seed coverings or the seedling
emerges from soil or media. In either case, the time
required for individual seeds in a seed lot to complete
germination usually produces a sigmoidal germination
curve (Fig. 7–15, page 210). This sigmoid curve is
indicative of the way a seed population behaves. There
is an initial delay in the start of germination and then a
rapid increase in the number of seeds that germinate,
followed by a decrease in their appearance over time. In
addition, when a population of seeds is graphed as the
number of seeds that germinate per unit of time, the
curve roughly follows a near normal distribution (Fig.
7–16, page 210). These two germination curves are the
basis for describing characteristics of a seed lot and for
models that predict the time to seedling emergence
under a variety of environments (31, 33).
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Figure 7–14
Lipid conversion to starch is a complex set of
enzymatic reactions coordinated between the oil
body, mitochondria, and glyoxysome. Key steps
include the conversion of triacylglycerides (the
storage form for oils in the seed) to glycerol and
free fatty acids, the production of succinate and
malate in the glyoxylate cycle in the glyoxysome,
and then reverse glycolysis (sometimes termed
gluconeogenesis) to produce sucrose for use by
the embryo.

Seed lots, even within a species, can vary in their
germination patterns related to these three parameters.
The ideal seed lot germinates at nearly 100 percent and
has a fast germination rate that produces uniform
seedling emergence.
Germination percentage is the number of seeds
that produce a seedling from a seed population expressed
as a percentage. For example, if 75 seeds germinate from

germination
a seed lot of 100 seeds, the
percentage Not the
germination percentage
same as germination
would be 75 percent (75
rate. Percentage is
germinated seeds divided
a measure of the
by 100 seeds in the seed
number of seeds that
lot multiplied by 100 to
germinate, while rate
give a percentage).
is a measure of how
Germination speed
fast the seeds
or rate is a measure of how
germinate.
rapid a seed lot germinates.
It is the time required for a
seed lot to reach a predetermined germination percentage; for example, the time required for a seed lot to reach
50 percent germination based on the final germination

Figure 7–15
Typical sigmoidal germination curve for a sample of
germinating seeds. After an initial delay, the number of seeds
germinating increases then decreases.

Figure 7–16
The number of seeds that germinate per unit of time
can usually be represented as a normally distributed
curve.

Important aspects of seed germination can be
measured by three parameters:
1. Percentage
2. Speed (Rate)
3. Uniformity
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GETTING MORE IN DEPTH ON THE SUBJECT

MEASURES OF GERMINATION RATE
Germination curves are the best representation of germination patterns. The mathematical equations used to
describe a particular germination pattern can vary for
seed lots and germination environment. In some cases, a
simple sigmoid equation explains the germination pattern. In other cases, the pattern is better represented by
other curve-fitting equations like Richard’s or Weibull
functions (23, 37, 38) because they provide better estimates of early and late aspects of germination.
Although germination curves adequately describe
germination data, researchers have attempted to represent cumulative germination data as a single germination
value. Obviously, germination percentage is a single value
that can be used to compare seed lots for superior germination characteristics. Standard germination tests are basic
for describing seed lots as prescribed by Federal and
International seed laws (see Chapter 4). But germination

percentage. This value is the T50 and can be seen on the
sigmoidal and normal distribution curves (Figs. 7–15 and
7–16). Since this value is calculated as 50 percent germination based on the final germination, it is a more meaningful descriptor for high-germinating seed lots.
Germination uniformity measures how close in
time seeds germinate or seedlings emerge. In some seed
lots, the time between the first and last seedling emergence is clustered closely around the mean time to 50 percent emergence, while in others this time is spread out.
One way to express germination uniformity is as the standard deviation around the mean. This can be reported
as the time to 75 percent germination (T75) minus the
time to 25 percent germination (T25).
These properties are nicely illustrated in the germination curves for seed lots in Figure 7–17. All three
seed lots have 100 percent germination. In the highervigor seed lot (seed lot #1), the T50 is reached sooner
than in the other two seed lots. However, even though
seeds in seed lot #2 germinate much later than those in
seed lot #1, they both have the same germination uniformity as indicated by the width of the curve. Also,
notice how the T50 for seed lots #1 and #3 are the same,
but the germination is more uniform for seed lot #1.

Environmental Factors
Influencing Germination
Factors in the environment that impact germination
properties include:
1. Temperature
2. Water

patterns can be very different, while final germination percentages can be nearly identical (Fig. 7–14). In addition to
germination percentage, germination speed can be adequately represented as the T50, and germination uniformity can be expressed as the standard deviation of the
population mean.
Numerous single values for germination have been
developed to describe germination, including Kotowski’s
coefficient of velocity, Czabator’s germination value,
Maguire’s speed of germination, Diavanshir and Poubiek’s
germination value, and Timson’s cumulative germination.
These were nicely compared by Brown and Mayer (37),
who concluded that there were inherent problems in using
a single value to describe germination. Therefore, it is
most descriptive to use three independent properties of
germination—percentage, speed, and uniformity—when
comparing seed lots.

3. Gases
4. Light
Temperature Temperature is a most important environmental factor regulating the timing of germination,
partly due to dormancy release and partly due to climate adaptation. Temperature control is also essential
in subsequent seedling growth. Dry, non-imbibed seeds
can withstand extremes of temperature. For disease

Figure 7–17
Germination curves for three seed lots of tomato illustrate
how germination can be described. Seed lot #1 has high
vigor. This is shown with high germination, reduced T50, and
a small standard deviation around the T50. Seed lot #2 has
high germination but requires more time to germinate. Seed
lot #3 has reduced overall germination and although the time
to 50 percent germination is not different from seed lot #1,
this seed lot does not germinate uniformly.
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Figure 7–18
A thermogradient table
allows for the simultaneous
evaluation of germination
over a range of temperatures.
The table is an aluminum
plate with a differential
heating source at each end of
the table, which establishes
a linear temperature gradient
across the table.

control, seeds can be placed in hot water for short periods without killing them. In nature, brush fires are
often effective in overcoming dormancy without damaging seeds. Seeds show prolonged storage life when
stored at low temperatures, even below freezing for dry
seeds (see Chapter 8).
Temperature effects on germination. Temperature
affects both germination percentage and germination
speed (75). Three temperature points (minimum, optimum, and maximum), varying with the species, are
usually designated for seed germination. Optimum temperature for seed germination produces the largest percentage of seedlings in the shortest period of time. The
optimum temperature for non-dormant seeds of most
commercially produced plants is between 25 and 30°C
(77 and 86°F) but can be as low as 15°C (59°F).
Minimum is the lowest temperature for effective germination, while maximum is the highest temperature at
which germination occurs. Above the maximum temperature, seeds are either injured or go into secondary dormancy.
Germination speed is usually slower at low temperatures but increases gradually as temperatures rise,
similar to a chemical rate-reaction curve (145). Above
an optimum level, a decline occurs as the temperature
approaches a lethal limit where the seed is injured.
Germination percentage, unlike the germination speed,
may not change dramatically over the middle part of
the temperature range, if sufficient time is allowed for
germination to occur.
Thermoinhibition is the inhibition of germination by high or low temperature. It is commercially
important in vegetable (lettuce and celery) and flower
(pansy) crops whose crop cycles can require germination
when soil or greenhouse substrate temperatures exceed
approximately 30°C (86°F) or in direct-seeded warm
season vegetables (sweet corn and cucumber) sown into
cold soils (less than 15°C, 59°F). Thermoinhibition can
be impacted by environmental (light and temperature),

physiological (hormones), and genetic factors (44). A
thermogradient table (Fig. 7–18) can be used to screen
for thermotolerant genotypes or the effectiveness of seed
treatments. Seed priming generally has been an effective
treatment to circumvent thermoinhibition (169). Seeds
of different species, whether cultivated or native, can be
categorized into temperature-requirement groups. These
are related to their climatic origin.
Cool-Temperature Tolerant. Seeds of many kinds of
plants, mostly native to temperate zones, will germinate
over a wide temperature range from about 4°C (39°F)
(or sometimes near freezing) up to the lethal limit—
from 30°C (86°F) to about 40°C (104°F). The optimum germination temperature for many cool-tolerant
seeds—including broccoli, cabbage, carrot, alyssum, and
others—is usually about 25 to 30°C (77 to 86°F).
Cool-Temperature Requiring. Seeds of some coolseason species adapted to a “Mediterranean” climate require
low temperatures and fail to germinate at temperatures
higher than about 25°C (77°F). Species of this group tend
to be winter annuals in which germination is prevented in
the hot summer but takes place in the cool fall when winter rains commence. Seeds that require cool temperatures
include various vegetables, such as celery, lettuce, and
onion, as well as some flower seed—coleus, cyclamen,
freesia, primrose (Primula), delphinium, and others (7).
Warm-Temperature Requiring. Seeds of another broad
group fail to germinate below about 10°C (50°F) (asparagus, sweet corn, and tomato) or 15°C (59°F) (beans,
eggplant, pepper, and cucurbits). These species primarily
originated in subtropical or tropical regions. Other
species, such as lima bean, cotton, soybean, and sorghum,
are also susceptible to “chilling injury” when exposed to
temperatures of 10 to 15°C (50 to 59°F) during initial
imbibition. Planting in a cold soil can injure the embryo
axis and result in abnormal seedlings (117, 190).
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Figure 7–19
Effect of different amounts of available soil moisture on
the germination (emergence) of ‘Sweet Spanish’ onion
seed in Pachappa fine sandy loam. From Ayers, 1952.

Alternating Temperatures. Fluctuating day/night
temperatures, rather than providing a constant temperature, often gives better results for both seed germination and seedling growth. Use of fluctuating
temperatures is a standard practice in seed testing laboratories. The alternation should be a 10°C (18°F)
difference (231). This requirement is particularly
important with some freshly harvested seeds (6).
Seeds of a few species will not germinate at all at constant temperatures. It has been suggested that one of
the reasons imbibed seeds deep in the soil do not germinate is that soil temperature fluctuations disappear
with increasing soil depth (19).
For many non-dormant seeds, water availability is the only factor limiting germination at suitable
temperatures. The mechanism for water uptake by
seeds has been discussed in detail as it relates to the
phases of germination (page 201).
The rate of water movement into the seed is
dependent on the water relations between the seed and
its germination medium. Water moves from areas of
high (more positive value) water potential to areas of low
(more negative value) water potential (see page 201).
The water potential of the seed is more negative than
moist germination substrates, so water moves into the
seed. Rate of water movement within the soil or germination substrate depends on (a) pore structure (texture),
(b) compaction, and (c) the closeness and distribution of
soil-seed contact. As moisture is removed by the imbibing seed, the area nearest the seed becomes dry and must
be replenished by water from adjacent soil.
Consequently, a firm, fine-textured seed bed in close
contact with the seed is important in maintaining a uniform moisture supply.

Water

Osmotic potential in the soil solution depends on
the presence of solutes (salts). Excess soluble salts (high
salinity) may exert strong negative pressure (exosmosis)
and counterbalance the water potential in seeds. Salts
may also produce specific toxic effects. These may inhibit
germination and reduce seedling stands (8, 116). Such
salts originate in the soil or may come from the irrigation
water or excessive fertilization. Since the effects of salinity
become more acute when the moisture supply is low and,
therefore, the concentration of salts is increased, it is particularly important to maintain a high moisture supply in
the seed bed where the possibility of high salinity exists.
Surface evaporation from subirrigated beds can result in
the accumulation of salts at the soil surface even under
conditions in which salinity would not be expected.
Planting seeds several inches below the top edge of a sloping seed bed can minimize this problem (24).
Water stress can reduce germination percentage
(69, 111). Germination of some seeds, particularly
those that can be difficult to germinate (e.g., beet, lettuce, endive, or celery) are reduced as moisture levels
are decreased. Such seeds may contain inhibitors that
require leaching. Seeds of other species (e.g., spinach),
when exposed to excess water, produce extensive
mucilage that restricts oxygen supply to the embryo,
reducing germination (5). In these cases, germination
improves with less moisture. Substrate moisture content can also impact germination percentages during
plug production of flower crops (46, 47).
Moisture stress strongly reduces seedling emergence rate from a seed bed. This decline in emergence
rate occurs as the available moisture decreases to a
level approximately halfway through the range from
field capacity to permanent wilting point (Fig. 7–19)
(8, 69, 111). Once the seed germinates and the radicle
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emerges, the seedling water supply depends on the ability of the root system to grow into the surrounding soil
and the new roots’ ability to absorb water.
Seed Priming.

Seed priming is a form of controlled
seed hydration that can
priming A
improve the germination
pregermination
properties of a seed lot,
treatment that
particularly germination
enhances germination.
rate and uniformity
It is a controlled
(Fig. 7–20) (169, 222).
hydration treatment
Controlled seed hydrathat allows seeds to
tion has a long tradition
begin the germination
as a seed treatment.
process, but prevents
Theophrastus
(4th
radicle emergence.
Century BC) observed
that cucumber seeds soaked in water prior to sowing
would induce faster emergence (80). In 1600, Oliver de
Serres described the “clever trick” of soaking grains
(wheat, rye, or barley) for two days in manure water followed by drying in the shade before planting the seeds.
He noted that soaked seeds emerged more quickly,
avoiding “the danger of being eaten away by soil pests”
(222). In experiments conducted in 1855, Charles
Darwin hinted at the possibilities for osmotic seed
priming (3). Darwin submerged seeds in salt water to
show that they could move across the sea between land
masses as a means to explain geographic distribution of
plant species. Not only did seeds survive immersion in
cold salt water for several weeks, but some species, like
cress and lettuce, showed accelerated germination.
The potential significance of this observation to
agriculture was not recognized in Darwin’s time.
However, in 1963, Ells (77) treated tomato seed with a

nutrient solution and observed improved germination. At
the same time, it was observed that seeds dried following
various times of imbibition showed quicker germination
after subsequent rehydration (167). This was termed
“imbibitional drying” (112). Heydecker et al. (120) used
polyethylene glycol to treat seeds, and this prompted
interest in “priming seeds” (121) that has led to a commercially significant practice for the seed industry.
Seed priming is a seed presowing treatment that can
significantly enhance germination efficiency in a diverse
group of plants including agronomic, vegetable, and ornamental crops (240). It is a treatment for controlled seed
hydration. Priming permits the early metabolic events of
germination to proceed while the seeds remain in the lag
phase of germination (Fig. 7–21). Radicle emergence is
prevented by the water potential of the imbibitional
medium. After priming is complete, the seed is dried to
nearly its original water content. Various techniques have
been used to control seed hydration while not permitting
radicle emergence (32, 143). These treatments provide
conditions for priming that have an imbibitional medium
that (a) has a water potential usually between –1.0 and
–2.0 MPa (–10 and –20 bars); (b) temperatures between
15 and 25°C (59 and 78°F); and (c) keeps seeds in the lag
phase of germination for an extended time (up to
20 days, but usually less than 2 weeks) (39).
Techniques used for seed priming include:
1. Osmotic priming by imbibing seeds in osmotic

solutions.
2. Matrix priming using solid carriers with appropriate matric potential.
3. Drum priming that hydrates seeds with water in a
tumbling drum.

Figure 7–20
A major advantage for primed seeds is
faster, more uniform germination. This
is illustrated for a primed and controlled
seed lot of purple coneflower (Echinacea
purpurea). Both sets of seeds germinated at the same percentage, but
primed seeds germinated faster and
more uniformly Geneve, et al. 1991.
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Figure 7–21
Phases of germination related to water uptake
modified to describe seed behavior during seed
priming. Seed priming extends the time the seed
remains in the lag phase of germination. Primed seeds
are dried to near their original weight prior to radicle
emergence.

In osmotic seed priming (also termed osmoconditioning or osmopriming), osmotic solutions are
made using various inorganic salts, or more commonly
polyethylene glycol (PEG) (118, 143). The osmotic
potential of the solution, temperature during priming,
and duration of priming vary for different species but
must hydrate seeds in an aerated solution without
allowing the radicle to emerge (30). Seeds are primed in
aerated solutions (60) using either a bubble column or
stirred bioreactor (101, 102, 180). Following priming,
seeds must be dried using forced air, fluidized beds
(166), or centripetal dryers.
Problems with aeration, large solution volumes,
and disposal of PEG has prompted the use of matrix
BOX 7.4

seed priming (also termed matriconditioning or solid
matrix priming) as an alternative to osmotic priming,
especially in large-seeded species like beans (114, 223).
Matrix priming uses similar water potential, temperature, and treatment duration as osmotic priming, but
uses materials like moistened vermiculite, Leonardite
shale, diatomaceous silica, or calcined clay to prime
seeds. Materials are mixed with seeds at a ratio of 0.2 to
1.5 g of material to 1 g seed and 60 to 300 percent
water (based on dry weight of solid material), depending on the matrix material. The material is usually
removed prior to sowing but may be left on the seed.
Drum priming is simple in concept, but sophisticated in practice (207, 236). The amount of water

GETTING MORE IN DEPTH ON THE SUBJECT

PHYSIOLOGY OF SEED PRIMING
Several biochemical changes occur during priming (36,
141, 143). There is very little increase in DNA synthesis
during priming. This is expected because during priming
seeds remain in the lag phase of germination prior to the
onset of cell division. In contrast to DNA synthesis, RNA
synthesis increases during priming. However, seeds
primed in the presence of RNA synthesis inhibitors indicate that RNA synthesis is not required for the observed
priming effect on seeds. One characteristic of primed
seeds is that they resume RNA synthesis quicker than nonprimed seeds during germination. It is not clear if this is a
cause or an effect of the priming process.
Protein synthesis increases substantially during and following priming (143, 169). This includes both the quantity
and the type of proteins being made. Inhibiting protein
synthesis during priming prevents enhanced germination,
indicating that protein synthesis is an important part of the
priming process. Metabolic enzymes involved in storage
reserve mobilization have been shown to increase, including ␣-amylase, malate dehydrogenase, and isocitrate lyase,
which implies that one mechanism for priming is a change
in the osmotic potential of cells in the embryo due to the
increase in osmotically active solutes like sugars and amino

acids mobilized from starch and proteins. However, there is
also some evidence to suggest that cell wall properties of
the seed coverings also change during priming.
Transcriptome and microarray experiments showed
that approximately 20 percent of genes were expressed
differentially during priming compared to untreated seeds
(155). Of the priming-specific genes, subsets of genes for
signal transduction and energy production were downregulated, while subsets for cellular stress tolerance and
transcription were up-regulated. However, there were a
significant number of genes showing differential regulation that remain with unknown function.
Primed seeds tend to have a shorter life in storage
than nonprimed seeds, and the benefits of priming can be
lost during storage (169). Primed seed storage life may be
most impacted by conditions during drying after seed
hydration. Temperature should be cool and the drying
rate rapid enough to prevent germination processes to
proceed any further. However, rapid drying can cause
damage in some seeds. Also, in primed pepper seeds, a
brief heat shock for 3 hours at 40°C reduced subsequent
seed deterioration in storage (40).
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required to obtain seed hydration that allows priming
but prevents radicle emergence is determined for a
quantity of seeds. This amount of water is applied to
seeds in a fine spray as seeds slowly rotate in a drum to
provide uniform seed hydration. The drum is positioned on a scale that continually weighs the seeds, signaling a computer to add additional water as necessary
to maintain the predetermined hydrated seed weight.
Otherwise, the parameters of hydration, temperature,
and duration are similar to other priming treatments.
Seed priming has become a commercially important seed treatment, especially for high-value seeds
where uniform germination is required; for example,
plug production of bedding plants (see Chapter 8). The
major benefit found in primed seeds is more rapid and
uniform germination compared to untreated seeds. It
has also become important for crops that experience
thermoinhibition, including summer seeded lettuce
(43, 232) and summer greenhouse-sown pansy (46).
Water and Temperature Models for Germination

Germination is primarily a function of temperature and
germination models
available water (85,
Mathematical equations
239). Mathematical
based on a seed’s response
equations have been
to available water and
developed to predict
temperature. They are useful
the time required to
for determining the time
complete germinarequired for germination to
tion. Germination
occur under variable
models are based
environmental conditions.
on
temperature

BOX 7.5

(thermal time), moisture availability (hydrotime), or a
combination of moisture and temperature (hydrothermal
time).
Models can be useful to predict germination, but
they are also useful to help conceptualize environmental
effects on germination. Faster-germinating seeds require
less accumulated thermal time to germinate than slowergerminating seeds in the seed lot. At the same time, seeds
vary in their base water potential that permits radicle
emergence. If the temperature or water potential in the
soil or germination substrate falls below the base values
for that seed, then germination is delayed. For example, if
adequate temperature and moisture is available following
sowing, quicker-germinating seeds (those that require less
thermal or hydrotime) are able to germinate and emerge
(83). As the seed bed dries out (water potential falls below
base water potential), or temperature is reduced, the
remaining seeds in the population are unable to germinate. These seeds germinate only after warmer conditions or subsequent irrigation. This helps visualize how
environmental changes could lead to erratic seedling
emergence under field conditions. Using this concept,
Finch-Savage et al. (87) was able to schedule irrigation at
critical stages of germination predicted by thermal time to
optimize seedling emergence for various vegetable crops.
Exchange of gases
between the germination substrate and the embryo is
essential for rapid and uniform germination. Oxygen
(O2) is essential for the respiratory processes in germinating seeds. Oxygen uptake can be measured shortly

Aeration Effects on Germination

GETTING MORE IN DEPTH ON THE SUBJECT

GERMINATION MODELS
Thermal Time
At constant moisture levels (water potential), germination
has been described by a thermal-time model (93, 229).
Thermal time is the accumulated hours above a predetermined base temperature that is required for germination.
The base temperature must be determined for each
species and is defined as the minimum temperature where
germination occurs. The thermal time required for seeds
within a seed lot to germinate can vary, but the base temperature for a species or seed population is relatively stable. Thermal time is a good predictor of germination
under conditions that are not limiting water availability to
the seed (113).

can differ in their ability to germinate at given water
potentials because the base water potential is not the
same for all seeds in a seed lot. The base water potential
is defined as the minimum water potential needed to initiate radicle emergence (31, 34, 105). Therefore, models to
describe the time to radicle emergence based on water
potential are population-based models. There is evidence
that the base water potential in seeds can change due to
seed priming and treatments to relieve dormancy (34,
239), and that this change can account for more rapid germination in treated seeds because they now require less
hydrotime to germinate.

Hydrothermal Time
Hydrotime
Hydrotime is an analogous calculation to thermal time,
where the temperature does not vary, and the germination rate is a function of the time above a base water
potential. Seeds within a seed lot or between seed lots

Under field conditions, where moisture and temperature
vary, the time to radicle emergence can be predicted
using a hydrothermal time model (4, 59). This model uses
both base values for temperature and water potential to
predict the time to radicle emergence.
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after water imbibition. Rate of oxygen uptake is an
indicator of germination progress and has been suggested as a measure of seed vigor. In general, O2 uptake
is proportional to the amount of metabolic activity taking place. Oxygen supply is limited where there is
excessive water in the germinating medium. Poorly
drained outdoor seed beds, particularly after heavy
rains or irrigation, can have soil pore spaces so filled
with water that little oxygen is available to seeds. The
amount of oxygen in the germination medium is
affected by its low solubility in water and its slow ability to diffuse. Thus, gaseous exchange between the soil
and the atmosphere, where the O2 concentration is
20 percent, is reduced significantly by soil depth and,
in particular, by a hard crust on the surface, which can
limit oxygen diffusion (15, 111). Seeds of different
species vary in their ability to germinate at very low
oxygen levels, as occurs under water (172). Seeds of
some water plants germinate readily under water, but
their germination is inhibited in air. In some species,
such as white mustard, basil, and spinach, mucilaginous layers in seed coats or fruit tissue are produced
(particularly under high moisture conditions), which
can restrict gaseous exchange (Fig. 7–22). The mucilage
may provide contact between the soil environment and
the seed for better water uptake, but under wet conditions the mucilage can restrict oxygen diffusion to the
seed and inhibit germination (119).
Carbon dioxide (CO2) is a product of respiration and, under conditions of poor aeration, can accumulate in the soil. At lower soil depths, increased CO2
may inhibit germination to some extent but probably
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plays a minor role, if any, in maintaining dormancy. In
fact, high levels of CO2 can be effective in overcoming
dormancy in some seeds (145).
Light Effects on Germination Light has been recognized since the mid-20th Century as a germinationcontrolling factor (57). Recent research demonstrates
that light acts in both dormancy induction and release
and is a mechanism that adapts plants to specific niches
in the environment, often interacting with temperature. Light effects on germination can involve both
quality (wavelength) and photoperiod (duration). See
Chapter 3 for a detailed description of light.
Light-sensitive seeds are characterized by being
small in size, and a shallow depth of planting is an
important factor favoring survival (171). If covered
too deeply, the epicotyl may not penetrate the soil.
Some important flower crops requiring light for
germination include alyssum, begonia, Calceolaria,
coleus, Kalanchoe, primrose, and Saintpaulia (13).
Germination can also be inhibited by light in species,
such as Phacelia, Nigelia, Allium, Amaranthus, and
Phlox. Some of these are desert plants where survival is
enhanced if the seeds are located at greater depths
where adequate moisture might be assured. Certain
epiphytic plants, such as mistletoe (Viscum album) and
strangling fig (Ficus aurea), have an absolute requirement for light and lose viability in a few weeks without
it. Additional aspects of light on germination are
discussed under photodormancy (page 226).

Disease Control during
Seed Germination
Control of disease during seed germination is one of the
most important tasks of the propagator. The most universally destructive pathogens are those resulting in
“damping-off,” which may cause serious loss of seeds,
seedlings, and young plants. In addition, there are a
number of fungal, viral, and bacterial diseases that are seedborne and may infect certain plants (11). In such cases, specific methods of control are required during propagation.
(See the discussion of sanitation in Chapter 3.)
Damping-off is a term long used to
describe the death of
damping-off The
small seedlings resultcollective term for various
ing from attacks by
disease organisms that
certain fungi, primacan cause early seedling
rily Pythium ultimum
death.
and Rhizoctonia solani,
although other fungi—for example, Botrytis cinerea and
Phytophthora spp.—may also be involved (Fig. 7–23).
Mycelia and spores from these organisms occur in soil,

Damping-Off

Figure 7–22
When basil seeds are imbibed, the outer cells in the seed
coat exude a mucilage that encompasses the seed.
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(a)

(b)

Figure 7–23
Damping-off in a seedling tray and plug flat. (a) In a community seeded flat, damping-off can move from seedling to seedling,
killing whole areas of the flat. (b) One symptom of damping-off is a constricted hypocotyl and severe wilting.

in infected plant tissues, or on seeds, from which they
contaminate clean soil and infect clean plants. Pythium
and Phytophthora produce spores that are moved about
in water.
The environmental conditions prevailing during
the germination period will affect the growth rate of
both the attacking fungi and the seedling. For instance,
the optimum temperature for the growth of Pythium
ultimum and Rhizoctonia solani is between approximately 20 and 30°C (68 and 86°F), with a decrease in
activity at both higher and lower temperatures. Seeds
that have a high minimum temperature for germination (warm-season plants) are particularly susceptible
to damping-off, because at lower or intermediate temperatures (less than 23°C or 75°F), their growth rate is
low at a time when the activity of the fungi is high. At
high temperatures, not only do the seeds germinate
faster, but the activity of the fungi is less. Field planting
of such seeds should be delayed until the soil is warm.
On the other hand, seeds of cool-season plants germinate (although slowly) at temperatures of less than
13°C (55°F), but since there is little or no activity of
the fungi, they can escape the effects of damping-off.
As the temperature increases, their susceptibility
increases because the activity of the fungi is relatively
greater than that of the seedling.
The control of damping-off involves two separate
procedures: (a) the complete elimination of the
pathogens during propagation, and (b) the control of
plant growth and environmental conditions, which will
minimize the effects of damping-off or give temporary
control until the seedlings have passed their initial vulnerable stages of growth.

If damping-off begins after seedlings are growing,
treatment with a fungicide may sometimes control its
spread. The ability to control attacks depends on their
severity and on the modifying environmental conditions (see Chapter 3).
Symptoms resembling damping-off are also produced by certain unfavorable environmental conditions in the seed bed. Drying, high soil temperatures,
or high concentrations of salts in the upper layers of
the germination medium can cause injuries to the tender stems of the seedlings near the ground level. The
collapsed stem tissues have the appearance of being
“burned off.” These symptoms may be confused with
those caused by pathogens. Damping-off fungi can
grow in concentrations of soil solutes high enough to
inhibit the growth of seedlings. Where salts accumulate in the germination medium, damping-off can be
particularly serious.

DORMANCY: REGULATION
OF GERMINATION
In some cases, seeds may be non-dormant when they
are separated from the plant. Non-dormant seeds need
only be imbibed at
primary dormancy
permissive temperaA common condition of
tures to initiate gerseeds when they are shed
mination. In other
from the plant. Seeds with
cases, seeds display
primary dormancy will not
primary dormancy.
germinate even under
Dormancy is
normally permissive
a condition in
conditions for germination.
which seeds will not
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germinate even when the environmental conditions
(water, temperature, and aeration) are permissive for
germination.
Seed dormancy prevents immediate germination
but also regulates the time, conditions, and place that
germination will occur. In nature, different kinds of
primary dormancy have evolved to aid the survival of
the species (19, 146, 181, 182, 225, 228) by programming germination for particularly favorable times in
the annual seasonal cycle.
Secondary dormancy is a further survival
mechanism that can be induced under unfavorable
environmental conditions and may further delay the
time germination occurs. Some seeds will cycle
between dormant and non-dormant states numerous
times before germinating. Knowledge of the ecological characteristics of a species’ natural habitat can aid
in establishing treatments to induce germination
(200, 246).

BOX 7.6
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Domestication of seed-propagated cultivars of
many crop plants, such as grains and vegetables,
undoubtedly has included selection for sufficient primary dormancy to prevent immediate germination of
freshly harvested seed, but not enough to cause problems in propagation. Dormancy facilitates seed storage, transport, and handling. Changes take place with
normal dry storage handling of many agricultural,
vegetable, and flower seeds to allow germination to
proceed whenever the seeds are subjected to normal
germinating conditions. Problems can occur when
seed testing is attempted on freshly harvested seeds.
Seeds of some species are sensitive to high temperature and light conditions related to seed dormancy.
Many weed seeds persist in soil due to either primary
or secondary dormancy, and provide “seed banks” that
produce extensive weed seed germination whenever
the soil is disturbed (19). Practical problems occur
with nursery propagation of seeds of many tree and

GETTING MORE IN DEPTH ON THE SUBJECT

ECOLOGICAL ADVANTAGES OF SEED DORMANCY
Seed dormancy is an evolutionary adaptation to delay
germination after the seed has been shed from the plant.
There are numerous advantages to germination delay:
1. Permitting germination only when environmental conditions favor seedling survival. For example, temperate
species require a period of moist, chilling conditions
(i.e., winter conditions) before germination in the
spring; desert species germinate only after rainfall;
small-seeded species require light; and even species
that require extremely high temperatures prior to germination to become the primary species in an area
following a forest fire.
2. Creation of a “seed bank.” In nature, a seed bank
ensures that not all seeds of a species germinate in a
single year. This is insurance against years when flowering or fruiting may not occur due to some catastrophic
environmental reason. Some seeds remain dormant in a
seed bank for decades. Although this is a wonderful
ecological adaptation, it is also the basis for persistent
weed problems in agricultural fields. Some species take
this concept one step further and produce polymorphic
seeds. In this case, seeds produced on the same plant
or different plants in a population have different
degrees of dormancy. Often these seeds have a different physical appearance. A classic example is found in
cocklebur (Xanthium pennsylvanicum). Each cocklebur
fruit contains two seeds of different sizes (Fig. 7–24).
One seed is non-dormant, while the other seed is dormant, and is for the seed bank and future germination.

3. Dormancy can also synchronize germination to a particular time of the year, which ensures that springgerminating seedlings have the entire growing season
to grow and develop or that summer-germinating
seedlings are at a proper stage of development entering the winter. Although environmental cues signal
flowering for most crops, synchronizing germination
also ensures a population of plants at the same stage of
development to facilitate genetic outcrossing when all
plants flower at the same time.

Figure 7–24
Cocklebur (Xanthium) fruits have two seeds. The
smaller of the two seeds is dormant (red arrow).
This is an example of polymorphic seed production.
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shrub species, which require specific treatments to
overcome dormancy in order to satisfy the requirements needed to bring about germination (see
Chapters 19 and 20).

KINDS OF PRIMARY
SEED DORMANCY
Propagators of cultivated plants have long recognized
germination-delaying phenomena and have learned to
manipulate different kinds of seed dormancy. The first
recorded discussion of seed dormancy was by
Theophrastus around 300 BC (80). He recognized that
most seeds germinated less after time in storage (seed
deterioration), while other seeds germinated at a higher
percentage (dormancy release). Much scientific thought
has gone into defining a uniform terminology for different kinds of seed dormancy. A historically early system
for dormancy categories was formulated by Crocker in
1916 (56, 58), who described seven kinds of seed dormancy based primarily on treatments to overcome them.
Subsequently, Nikolaeva (182) defined a system based
predominantly upon physiological controls of dormancy.
Atwater (7) has shown that morphological characteristics,
including both seed morphology and types of seed covering characteristic of taxonomic plant families, could be
associated with dormancy categories particularly significant in seed testing. More recently, a universal terminology for seed and bud dormancy was proposed (150). It
uses the terms eco-, para-, and endo-dormancy to refer to
dormancy factors related to the environment (eco),
physical or biochemical signals originating external to
the affected structure (para), and physiological factors
inside the affected structure (endo). These terms are better at describing bud dormancy than the many different
seed dormancy conditions.
Dormancy will be discussed in this chapter
(Table 7–1) using a system adapted from Crocker (56)
and Nikolaeva (182), and further modified by Baskin
and Baskin (19). Major categories include
I. Primary dormancy
a. exogenous
b. endogenous
c. combinational
II. Secondary dormancy
a. thermodormancy
b. conditional
Primary dormancy is a condition that exists in the
seed as it is shed from the plant. In contrast, secondary
dormancy occurs in seeds that were previously nondormant but reenter dormancy because the environment was unfavorable for germination.

Primary Exogenous Dormancy
Exogenous dormancy is imposed upon the seed from
factors outside the embryo, including the seed coat
and/or fruit parts. The tissues enclosing the embryo
can impact germination by:
1. inhibiting water uptake,
2. modifying gas exchange (i.e., limit oxygen to the

embryo),
3. preventing inhibitor leaching, and
4. supplying inhibitors to the embryo.

Seeds with physical dormancy
fail to germinate because seeds are impermeable to
water. Physical dormancy is most often caused by a
modification of the seed coverings (seed coat or
pericarp) becoming hard, fibrous, or mucilaginous during dehydration and ripening. For most seeds with
physical dormancy, the outer integument layer of the
seed coat hardens and becomes impervious to water.
Cells of the outer integument coalesce and deposit
water-repellant matemacrosclereid cells Cells
rials within the cells
in the seed coat that are
and on their surface.
responsible for preventing
These materials inwater uptake in seeds with
clude lignin, suberin,
exogenous, physical
cutin, and waxes (76,
dormancy. An older term for
202). These cells are
these cells was Malpighian
macrosclereids but
cells in honor of the early
can also be referred
17th-century plant anatomist
to as Malpighian or
Marcello Malpighi of Italy.
palisade cells (Fig.
7–25, page 222). Seeds with this condition are often
termed “hard” seeds.
Physical dormancy is a genetic characteristic
found in species from at least 15 plant families, including Fabaceae, Malvaceae, Cannaceae, Geraniaceae, and
Convolvulaceae. Physically dormant seeds in the
Anacardiaceae have impermeable fruit coats. Among
cultivated crops, hard seeds are chiefly found in the
herbaceous legumes, including clover and alfalfa, as
well as many woody legumes (Robinia, Acacia, Sophora,
etc.). The degree to which seeds are impervious to
water is also increased by environmental (dry) conditions during seed maturation and environmental
conditions during seed storage. Drying at high temperatures during ripening will increase hardseededness.
Harvesting slightly immature seeds and preventing
them from drying can reduce or overcome this condition in some cases.
Seeds with physical dormancy become impermeable to water late in seed development when they fall
below 20 to 15 percent moisture (19). In papilionoid
Physical Dormancy
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Table 7–1

C ATEGORIES

OF

S EED D ORMANCY

Types of dormancy

Causes of dormancy

I. Primary dormancy

Dormancy condition at the end
of seed development.
Imposed by factors outside the
embryo.
Impermeable seed coat.

a. Exogenous
dormancy
i. Physical
ii. Chemical
b. Endogenous
dormancy
i. Physiological
1. Nondeep

2. Intermediate

3. Deep

ii. Morphological

iii. Morphophysiological

c. Combinational
dormancy

II. Secondary dormancy
a. Thermodormancy

b. Conditional
dormancy

Inhibitors in seed coverings.
Imposed by factors in the
embryo
Factors within embryo inhibit
germination.
Embryo growth potential
inadequate to escape seed
coverings. Can be light
sensitive.
Embryo growth potential
inadequate to escape seed.
Embryo germinates if
separated from the seed coat.
Embryo does not germinate
when removed from seed
coat or will form a
physiological dwarf.
The embryo is not fully
developed at the time the
seed sheds from the plant.
Combination of an underdeveloped embryo and
physiological dormancy.

Conditions to
break dormancy

Scarification
Removal of seed coverings
(fruits). Leaching seeds.

Short periods of moist
chilling. After-ripening
(dry storage).
Moderate periods (up to
8 weeks) of moist chilling
(stratification).
Long periods (>8 weeks)
of moist chilling
(stratification).

Representative genera

Baptisia, Convolvulus,
Gleditsia, Lupinus
Beta, Iris

Most common form
of dormancy.
Lactuca, Primula,
Cucumis, Impatiens.
Common in
temperate woody
plants. Cercis,
Cornus, Pinus.
Dictamnus,
Euonymus, Prunus,
Rhodotypos.

Warm or cold stratification.

Anemone, Daucus,
Cyclamen, Viburnum

Cycles of warm and cold
stratification.

Asimina, Helleborus,
Ilex, Magnolia,
Asarum, Paeonia,
Trillium.
Cercis, Tilia

Combinations of exogenous
and endogenous dormancy
conditions. Example: physical
(hard seed coat) plus
physiological dormancy.

Sequential combinations
of dormancy-releasing
treatments. Example:
scarification followed by
cold stratification.

After primary dormancy is
relieved, high temperature
induces dormancy.
Change in ability to germinate
related to time of the year.

Growth regulators or cold
stratification.

Apium, Lactuca, Viola

Chilling stratification.

Many species with
endogeneous
dormancy display
conditional
dormancy.
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(a)

(b)
Macrosclereids

Light line

legume seeds, the point of seed attachment (hilum) acts
as a valve during late stages of development; it opens to
allow water vapor to escape in a dry atmosphere, and
closes in a moist atmosphere to prevent water uptake
(Fig. 7–26) (127). This valve action allows the last bit
of water to leave the seed as the seed coat becomes
impermeable.
Seed coat impermeability is maintained by a layer
of palisade-like macrosclereid cells. There is usually a single area of the seed coat that acts as a water gap to initiate
imbibition (22). For many legumes, the area is the lens
(strophiole) or hilum (Fig. 7–27). For example, in Albizia
lophantha (65), a small opening at the lens near the hilum
is sealed with a corklike plug that can be dislodged with
vigorous shaking or impact (110) or by exposure to dry
heat as in a fire (65). For members of the Malvaceae, it is
a chalazal plug that must be dislodged to allow imbibition. In the Convolvulaceae, there are two bulges (bumps)
on either side of the hilar rim that raise up to initiate
imbibition after exposure to dry heat (Fig. 7–28) (129).
These water gap structures act as environmental
sensors to detect appropriate times for germination

Seed coat

Funiculus
Fruit pod

(a)

(22). For many seeds, it is temperature that is the environmental cue to relieve physical dormancy. Some
seeds require relatively high temperatures (greater than
35°C, 95°F) and either moist or dry conditions to
relieve dormancy. For others, daily fluctuations (greater
than 15°C change; i.e., 50°C down to 25°C) in temperature allow imbibition. Temperature is postulated to
be a way for seeds to detect differences in the seasonal
year or whether they are in an open or protected area—
that is, detecting a gap in the forest canopy after tree
fall or fire. The higher temperature or temperature fluctuation would occur in the open area, ensuring less
competition due to the shade of other plants.
In cultivation, any method to break, soften,
abrade, or remove the seed coverings is called scarification and is immediately effective for inducing imbibition and germination (see Chapter 8 for specific
methods for scarification). Physical abrasion breaks
through the impermeable outer cell layer to admit
water to the permeable cells below. Acid scarification
removes the water-repelling materials on the surface
of the macrosclerieds, exposing the inner lumen of the

Trachied value

Trachied value

(b)

Figure 7–25
(a) Cross-section of a redbud (Cercis
canadensis) seed showing the typical
macrosclereid layer in the seed coat.
Notice the light line that is the top
half of each macrosclereid cell.
(b) Individual macrosclereid cells
from a chemically digested seed
coat. These cells show the interior
lumen (red arrow) surrounded by the
non-living thickened cell walls.

Figure 7–26
A characteristic of
papillionoid legume seeds is
the presence of the trachied
valve under the hilum. This
valve opens or closes during
the final stages of maturation
drying to allow water to leave
the seed. The hilum is also
the location of initial water
entry following dormancy
release. (a) Immature bean
(Phaseolus) seed. (b) Nearly
mature scholar tree (Sophora
japonica) seed.
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Lens

Lens

(a)
Hilum

Micropyle

Micropyle

*

*

*

(b)

(c)

Lens
Hilum

Lens
Hilum
Hilum

Micropyle

(d)

(e)

(f )

Figure 7–27
Alleviation of physical dormancy in honeylocust (Gleditsia triacanthos) seeds. (a) Seeds treated with moist heat showing imbibition at
the hilar seed end (*). Electron micrographs for (b) untreated, (c) heat-treated, (d) initial imbibition in heat-treated seed, (e) surface
etching in acid-treated seeds, and (f) close-up of hilum in acid-treated seeds showing open tops on the macrosclereids.

cell for water transport (Fig. 7–27e and f ) (35, 158).
Heat treatments (like hot water) tend to target the
water gap structures for permeability. Figure 7–27
clearly shows that the hilar region of honeylocust
(Gleditsia) seeds is the initial entry point for water in
heat-treated seeds.

Bulge

Bulges

Hilum

Hilum

(a)

Chemical Dormancy Chemicals that accumulate in fruit
and seed-covering tissues during development and
remain with the seed after harvest may act as
germination inhibitors (79).
Germination inhibitors have been extracted from
the fruits and seeds of a number of species (19); however,

(b)

Figure 7–28
Dormancy release in seeds of some
members of the Convolvulaceae
involves the two bulges on either side
of the hilum that raise up to permit
imbibition. (a) Dormant seeds and (b)
non-dormant seeds beginning to
imbibe water. Electron micrographs by Gehan
Jayasuriya.
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proving their function as causal agents for dormancy
does not necessarily follow. Nevertheless, germination
can sometimes be improved by prolonged leaching with
water, removing the seed coverings, or both (73, 182).
Some examples include:

Fruit tissue

1. Fleshy fruits, or juices from them, can strongly

inhibit seed germination. This occurs in citrus,
cucurbits, stone fruits, apples, pears, grapes, and
tomatoes. Likewise, dry fruits and fruit coverings,
such as the hulls of guayule, Pennisetum ciliare,
wheat, as well as the capsules of mustard (Brassica),
can inhibit germination. Some of the substances
associated with inhibition are various phenols,
coumarin, and abscisic acid.
2. Specific seed germination inhibitors play a role in
the ecology of certain desert plants (145, 242,
243). Inhibitors are leached out of the seeds by
heavy soaking rains that also provide sufficient soil
moisture to ensure survival of the seedlings. Since a
light rain shower is insufficient to cause leaching,
such inhibiting substances have been referred to as
“chemical rain gauges.”
3. Dormancy in iris seeds is due to a water and ethersoluble germination inhibitor in the endosperm,
which can be leached from seeds with water or
avoided by embryo excision (5).
Inhibitors have been found in the seeds of such
families as Polygonaceae, Chenopodiaceae (Atriplex),
Portulaceae (Portulaca), and other species in which the
embryo is peripherally located. Likewise, seeds of a
group of such families as Brassicaceae (mustard),
Linaceae (flax), Violaceae (violet), and Lamiaceae
(Lavendula) have a thin seed coat with a mucilaginous
inner layer that contains inhibitors (7).
In many seeds, the inner seed coat becomes membranous but remains alive and semipermeable. In the
Asteraceae, for instance, this layer coalesces with the
remnant layers of the endosperm. These layers of
integument and remnants of the endosperm and nucellus remain physiologically active during ripening and
for a period of time after the seed is separated from the
plant (Fig. 7–29). Such physiologically active layers
play a role in maintaining primary dormancy, mainly
because this semipermeable nature restricts aeration
and inhibitor movement.

Primary Endogenous Dormancy
Seeds with endogenous dormancy fail to germinate
primarily because of factors within the embryo. These
factors can be either physiological or morphological.

Embryo

Membrane

(a)

(b)

Figure 7–29
The seed (achene) of purple coneflower (Echinacea) showing
the location of the semipermeable layer that is involved with
seed dormancy. (a) Transverse section through the seed and
its (b) photomicrograph.

Endogenous Physiological
Dormancy The most com-

physiological
dormancy A
condition mainly
controlled by factors
within the embryo
that must change
before the seed can
germinate.

mon mechanism for delaying germination is physiological dormancy. The
basic model for maintenance of physiological dormancy is that the embryo
lacks the growth potential
morphological
to allow the radicle to escape
dormancy Seeds
the restraint of the seed covthat have an embryo
erings (84). Growth potenthat is less than onetial is the force used by the
quarter of the size of
radicle to penetrate seed
the seed when it is
coverings (21). Many species
shed from the plant.
with physiological dormancy have seeds that germinate normally if the seed
coverings over the radicle are cut or the embryo is
removed from the coverings (the exception is deep
physiological dormancy). The physical strength of the
endosperm and seed coverings has been shown to
restrict germination in both herbaceous (lettuce, pepper, and tomato) and woody (redbud and lilac) plants.
Dormancy in these species is overcome by weakening
seed coverings, by increasing growth potential in the
embryo (see Fig. 7–6, page 205), or by a combination
of seed covering and embryo effects. This interaction
between the embryo and the seed coverings has been
clearly demonstrated by the genetic control of
dormancy in wheat (91). Dormancy in wheat is a
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multigenic trait. Genes associated with red color in
seed coverings restrain embryo expansion, while a separate set of genes control internal embryo conditions
impacting growth potential. This combination is to be
expected, because the seed coverings are maternal tissue
while the embryo is the result of sexual reproduction.
Endogenous physiological dormancy can be separated into three types based on their “depth” of dormancy. These include nondeep, intermediate, and
deep physiological dormancy, but it should be recognized that the delineation between types may not
always be clear cut.
Nondeep Physiological Dormancy. By far, endogenous,
nondeep physiological dormancy is the most common
form of dormancy found in seeds (19) and the most

BOX 7.6
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intensely studied because this is the form of dormancy
found in the model plant, Arabidopsis. This type of
dormancy includes species respond to short periods
of chilling stratification (see Box 7.6),
after-ripening Technique
that require light or
used historically to indicate
darkness to germinate
any change that occurs in
(photodormancy),
seeds leading to release
and species that can
from endogenous
undergo an “afterphysiological dormancy.
ripening” periodfor
However, it is more
dormancy release.
appropriately used to
After-ripening is the
describe changes that occur
time required for
in seeds during dry storage
seeds in dry storage to
that lead to dormancy
lose dormancy.
release.

GETTING MORE IN DEPTH ON THE SUBJECT

CHILLING STRATIFICATION
Moist-chilling is the environmental signal alleviating
physiological dormancy. A typical response for seeds
that require chilling stratification is shown in Figure 7–30.
Nursery propagators have known since early times that
such seeds required moist-chilling (25, 235, 250). This
requirement led to the horticultural practice of
stratification, in which seeds are placed between layers
of moist sand or soil in boxes (or in the ground) and
exposed to chilling temperatures, either out-of-doors or
in refrigerators (see Chapter 8). Successful stratification
requires seeds to be stored in a moist, aerated
medium at chilling temperatures for a certain period
of time.

Moisture
Dry dormant seeds absorb moisture by imbibition to around
50 percent (25). Seed moisture should remain relatively
constant during stratification. Dehydration stops the stratification process (115), and seeds may revert to secondary
dormancy. When the end of the chilling period is reached,
seed coverings “crack,” and the radicle eventually emerges,
sometimes even at low temperatures.

Aeration
The amount of oxygen needed during stratification is
related to temperature (52). At high temperature, moist
seed coverings of dormant, imbibed seeds can restrict

Figure 7–30
Pawpaw (Asimina triloba) is typical
of species that require chilling
stratification (89). It shows the
typical population effect, where
some seeds in a seed lot require
only a few weeks of chilling, while
others require longer times to be
released from dormancy (89).
(Continued )
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decreases. This period has been called conditional dormancy (170).

oxygen uptake because of (a) low oxygen solubility in
water and (b) oxygen fixation by phenolic substances in
the seed coats. At chilling temperatures, however, the
embryo’s oxygen requirement is low and oxygen is generally adequate.

Time
The time required to stratify seeds depends on the interaction of (a) the genetic characteristics of the seed population (137, 138, 213, 246), (b) conditions during seed
development (235), (c) environment of the seed bed, and
(d) management of seed handling.

Temperature
Temperature is the single most important factor controlling stratification. The most effective temperature
regimes for moist-chilling are similar to those during the
winter and early spring of the natural environment of the
species. Temperatures somewhat above freezing [1 to
7°C (33 to 45°F)] are generally most effective, with more
time required at higher and lower temperatures with a
minimum at –5°C (23°F) (213). There is a particular maximum temperature, known as the compensation temperature, where no progress is made toward dormancy
release (1, 214, 235). For apple, this point has been
determined to be 17°C (62°F) (1), but it apparently varies
with individual species (215) and different stages of stratification (221). Toward the end of the stratification
period, the maximum temperature for germination gradually increases and the minimum temperature gradually

Mechanism for Action
Stratification appears to relieve dormancy through a combination of physiological changes to the embryo and tissues surrounding the embryo. The embryo can be shown
to increase in growth potential while seed coverings (especially the endosperm in angiosperms and the megagametophyte in gymnosperms) become weaker. These active
changes occur through gene activation (173) and increased
enzyme activity (198), and the result is an embryo that can
produce more radicle force to escape the seed coverings,
and seed coverings that are weaker, presenting less of a
barrier to germination. Examples of these changes are discussed in more detail under physiological dormancy.

phytochrome A
reactive pigment called
photoreceptor pigment
phytochrome, widely
used by plants to
present in plants
perceive light.
(25, 63, 224, 233).
Exposure of the imbibed seed to red light causes
the phytochrome to change from the biologically
inactive red (Pr) to the active far-red form of phytochrome (Pfr ), which stimulates germination.
Exposing the seed to far-red light or darkness causes a
change back to the inactive Pr form, which inhibits
germination. These changes are reversible and can be
repeated many times, the last treatment being the one
that determines germination (Fig. 7–32). Borthwick

Photodormancy. Seeds that require either light or
dark conditions to germinate have historically been
termed photodormant, skotodormant, or photoblastic. It should be recognized that photodormancy may
not completely fit the definition of dormancy if you
consider light as a required environmental parameter
for germination, similar to temperature and water.
However, it is clear that light impacts germination
timing in many species. Seeds from species with nondeep physiological dormancy (especially small-seeded
species) often display a requirement for light or darkness to germinate (Fig. 7–31). The basic mechanism
of light sensitivity in seeds involves a photochemically

Dark

Light

(a)

(b)

(c)
Figure 7–31
(a) Empress tree (Paulownia) is a light-sensitive seed that
requires light to germinate. Examples of seeds germinated
(b) with or (c) without light.
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Figure 7–32
Phytochrome controls the dormancy condition of photodormant seeds. Lettuce seeds are the model to study the photoreversibility of phytochrome. The last quality of light the seeds are exposed to determines the dormancy state. Far-red
light (730 nm) or darkness keeps seeds dormant, while red light (600 nm) will relieve dormancy.

and co-workers at the USDA in Beltsville, MD, used
lettuce seeds to demonstrate this in their classic studies that established the concept of photoreversibility
and, eventually, the discovery of the two forms of
phytochrome (see Box 7.7).
In natural sunlight, red (R) wavelengths dominate over far-red (FR) at a ratio of 2:1, so that phytochrome tends to remain in the active Pfr form. Under
a foliage canopy, far-red is dominant and the R:FR
ratio may be as low as 0.12:1.00 to 0.70:1.00, which
can inhibit seed germination (201). This inhibited germination explains why in agricultural settings, weed
seeds show reduced germination as a crop canopy covers the soil. Also, in natural ecosystems, seedling survival would not be favored if the seed germinates in
close proximity to other plants, where there would be
intense competition for light, nutrients, and water by
the established plant population. Red light penetrates
less deeply into the soil than far-red, so that the R:FR
ratio becomes lower with soil depth, until eventually
darkness is complete. Imbibed light-sensitive seeds
buried in the soil will remain dormant until such time
as the soil is cultivated or disturbed, thereby exposing
them to light. Light sensitivity can be induced in some

seeds by exposing imbibed non–light-sensitive seeds to
conditions inhibiting germination, such as high temperature or high osmotic pressure (244).
For some seeds, there is a distinct light and
temperature interaction regarding dormancy and germination. A light requirement can be offset by cool germination temperatures and, sometimes, by alternating
temperatures. Lettuce seeds generally require light to
germinate; however, they lose their light requirement
and can germinate in darkness if the temperature is
below 25°C (77°F). Seeds may also lose their requirement for light after a period of dry storage. For years,
birch (Betula) seeds were thought to require chilling
stratification to permit germination. However, there is
no chilling required if seeds are germinated in light at
warm temperatures (250).
The light quality seen by the mother plant can
subsequently impact the light requirement for seed
germination. For example, lettuce seeds produced from
plants grown in a high R:FR ratio germinated at 100
percent at 23°C (73°F) and over percent at 30°C (86°F)
in the dark, while seeds from plants grown with a low
R:FR ratio germinated approximately 35 percent at
23°C (73°F) and less than 5 percent at 30°C (86°F) (53).
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Likewise, seeds of some plants (Chenopodium album) are
dormant if plants are exposed to long days and nondormant if exposed to short days (25).
A seed is a composite of maternal-only genetics
(seed coat) and a combination of maternal/paternal
genetics (endosperm and embryo). Each can influence
dormancy and germination potential. This maternal vs.
paternal inheritance factor can be illustrated in reciprocal crosses of petunia (98). In petunia (Petunia
xhybrida), the requirement for light was maternally
inherited, while endogenous dormancy within the
embryo was under paternal control.
After-Ripening. Nondeep physiological dormancy is
the general type of primary dormancy that exists in
many, if not most, freshly harvested seeds of herbaceous
plants (19, 182, 224). For most cultivated cereals,
grasses, vegetables, and flower crops, nondeep physiological dormancy may last for 1 to 6 months and disappears
with dry storage during normal handling procedures
BOX 7.7

(95). Cucumber displays nondeep physiological dormancy and is typical of many crops. Cultivated cucumber (Cucumis sativus var. sativus) has been selected over
many years of cultivation for a short dormancy period. It
loses dormancy in dry storage at room temperature after
several weeks (15 to 30 days). The hardwickii cucumber
(Cucumis sativus var. hardwickii) is considered a wild
progenitor species of the cultivated cucumber, and it can
remain dormant for up to 270 days (245). The release
from dormancy for hardwickii cucumber seeds in dry storage at various temperatures is presented in Figure 7–34.
The shorter storage time required to satisfy dormancy at
warmer temperatures is typical of seeds with nondeep
physiological dormancy. For most seeds, there is a negative log-linear relationship between after-ripening time
and temperature to reach 50 percent germination (199).
After-ripening is also impacted by seed moisture. In general, there is a reduction in after-ripening time as the seed
moisture constant rises to approximately 25 percent.
After-ripening slows or stops at greater seed moisture

GETTING MORE IN DEPTH ON THE SUBJECT

PHYTOCHROME AND SEED GERMINATION
Seeds sense their environment to schedule germination.
The two major environmental signals perceived by seeds are
temperature and light. From an ecological standpoint, light
perception by the seed acts as an indicator of the light available for seedling growth. In general, small seeds require
light to germinate including many herbaceous plants and
pioneering tree species. They perceive light to indicate:
1. how deeply the seed is buried in the soil,
2. gaps in the forest canopy, and
3. soil disturbance that might indicate an opportunity for
growth—like animal grazing or agricultural tillage.
Light is perceived in plants by light receptors called
phytochrome. Phytochrome is a chromoprotein that
undergoes photoconversion to exist in a red (Pr) or far-red
(Pfr) form (Fig. 7–32). Exposure of plants to sunlight (which
has a high R:FR spectral ratio) or red light (maximum
absorption at 660 nm) causes phytochrome to convert to
the Pfr form. Conversely, exposure to darkness or far-red
light (maximum absorption at 730 nm) causes phytochrome to be in the Pr form.
Discovery of phytochrome mutants and subsequent
isolation of phytochrome genes shows that phytochrome
is encoded as a multigene family with at least five genes
coding for different phytochromes (called PHY A-E) (48).
Interestingly, separate phytochromes can have different
functions and can act differently in seedlings compared
with seeds. The two important phytochromes for germination are PHYA and PHYB (215). PHYB is responsible for
the low fluence response (LFR) and PHYA is responsible

for the very low fluence response (VLFR). The PHYB low
fluence response is seen in seeds with the classic, photoreversible R:FR ratio that was initially thought to control all phytochrome responses. Seeds that are not
exposed to red light after the initial hours of imbibition
eventually may employ a PHYA response. PHYA accumulates in dark imbibed seeds until the seed will respond to
a relatively wide light spectral range (even FR) to initiate
germination.
Studies mostly involving Arabidopsis and lettuce provide strong evidence that light dramatically alters the gibberellin/abscisic acid interaction controlling germination
(215). Red light promotes gibberellin biosynthesis (66,
227, 230) and reduces enzymes that inactivate gibberellin,
while decreasing abscisic acid levels (215). In addition,
there is evidence that cytokinin may also participate in
light-activated germination. For example, in Scots pine
(Pinus sylvestris) red light can reduce abscisic acid levels
and increase cytokinin content in a manner that could
cause dormancy release (194). Treatments with hormones
can offset the light effect, as illustrated in Figure 7–33.
These hormone interactions most likely control germination by initiating changes in embryo growth potential as
well as decreasing the strength of the seed coverings
(209). In lettuce, endosperm cells covering the radicle tip
change in response to light that contributes to release
from dormancy (193). In radish seeds, far-red light inhibits
germination even in seeds without seed coats. This
response is reversed in red light by increasing the growth
potential of the embryo (212).
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Figure 7–33
Interaction of light and three applied hormones on the germination of ‘Grand Rapids,’ a light- and temperature-sensitive
cultivar of lettuce with physiological dormancy. In the light, untreated seeds germinate and ABA inhibits germination in the
light. Kinetin partially overcomes the ABA inhibition. Germination is inhibited in the dark and kinetin does not overcome
the dark inhibition in lettuce seeds. ABA completely inhibits germination in the dark. Gibberellic acid overcomes darkimposed dormancy with or without kinetin. ABA negates the promotive effect of gibberellic acid on germination in the
dark and kinetin counteracts this ABA effect and permits gibberellic acid to act. Redrawn from Khan et al., 1971.

levels. In nature, temperature and seed moisture content
are changing on a continual basis, but the relationship
among after-ripening time, temperature, and seed moisture remains consistent for a particular plant type, and
time to dormancy release can be predicted using a
hydrothermal time model (10).

Nondeep physiological dormancy in commercial
flower and vegetable seeds is often transitory and disappears during dry storage (after-ripening) so that it is
generally gone before the grower sows the seeds.
Consequently, it is primarily a problem with seed-testing
laboratories that need immediate germination.

Figure 7–34
Release from dormancy in hardwickii
cucumber (Cucumis sativus var. hardwickii)
stored dry at various temperatures. The
period required to after-ripen seeds and
relieve dormancy is shorter at higher
temperatures (245).
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In seed-testing laboratories such seeds respond to various short-term treatments, including short periods of
chilling, alternating temperatures, and treatment with
potassium nitrate and gibberellic acid (see page 175).
Intermediate and Deep Physiological Dormancy. Seeds
with intermediate and deep physiological dormancy are
characterized by a requirement for a period of 1 to 3
(sometimes more) months of chilling while in an
imbibed and aerated state. This type of dormancy is
most common in seeds of trees and shrubs and some
herbaceous plants of the temperate zone (56, 250). Seeds
of this type ripen in the fall, overwinter in the moist leaf
litter on the ground, and germinate in the spring.
Seeds displaying intermediate physiological
dormancy usually require chilling stratification to
release the seeds from dormancy (181, 182). These
seeds are distinguished from those with deep physiological dormancy by three key factors:
1. Embryos isolated from the surrounding seed cover-

ings of seeds with intermediate physiological dormancy germinate readily.
2. The length of time required at chilling temperatures
to satisfy dormancy is considerably shorter compared to seeds with deep physiological dormancy.
3. Intact seeds with intermediate physiological dormancy often respond to gibberellic acid as a substitute for chilling, while seeds with deep physiological
dormancy do not.
There is a correlation between the seed-chilling
requirements and the bud-chilling requirements of the
plants from which the seeds were taken (192). In studies with almond, a high quantitative correlation was
observed between the mean time for dormancy release
for seeds and buds in seedling populations, and the
mean for both the seed and pollen parents (137).
However, there was a low correlation between the time
required to release dormancy in each individual seed
compared to the buds of the new plant coming from
that embryo (138). This difference suggests that dormancy involves both a genetic component within the
embryo and a maternal component from the seed parent (interaction between the embryo and seed coverings as discussed previously). As a result, a great deal of
variability in individual seed germination time can
occur within a given seed lot and between different
seed lots of the same species collected in different years
and different locations.
For seeds with intermediate physiological dormancy, there is an interaction between temperature and
seed moisture content. Chilling stratification is not

effective unless seeds are hydrated. In nature, the degree
of seed hydration varies depending on the environment.
Therefore, there is a critical moisture content below
which seeds would not be positively affected by chilling
for dormancy release. In several conifer species, the critical moisture content appears to be approximately
25 percent moisture (99). About 33 percent seed moisture allows dormancy release to proceed without allowing
germination during prolonged storage (131). Downie,
et al. (71) also observed that dormancy release in spruce
(Picea glauca) seeds was achieved at a moisture content
starting at approximately 25 percent. In this condition,
cellular components are hydrated, but not enough to
support turgor-driven cell expansion.
Seeds exhibiting deep physiological dormancy
usually require a relatively long (8 to 20 weeks) period
of moist-chilling stratification to relieve dormancy.
Excised embryos from seeds displaying deep physiological dormancy usually will not germinate, or the
seedlings produced may be abnormal. Typically, nonchilled excised embryos develop into physiological
dwarfs (Fig. 7–35) (56, 90).
Physiological dwarfing in excised embryos from
non-chilled seeds has been shown to result from exposure of the apical meristem to warm germination temperature before chilling stratification is complete (191).
In peaches, temperatures of 23 to 27°C (73 to 80°F)
and higher produced symptoms of physiological dwarfing, but at lower temperatures the seedlings grew relatively normally. In almonds, exposing incompletely
stratified seed to high temperatures subsequently
induced physiological dwarfing in the seedling.

Figure 7–35
Physiological dwarfing of seedlings from almond. Seedlings
on the left have been exposed to chilling stratification, while
seedlings on the right were grown from embryos isolated
from dormant seeds that were never exposed to chilling
temperatures.
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Pinching out the apex can circumvent dwarfing
by forcing lateral growth from non-dwarfed lower
nodes. Exposing seedlings to long photoperiods or continuous light (90, 148), provided that this action is
taken before the apical meristem becomes fully dormant, has also offset dwarfing. Repeated application of
gibberellic acid has also overcome dwarfing (17, 90).
Some experiments have shown that systematic removal
of the cotyledons from the dormant embryo can induce
germination and overcome physiological dwarfing,
suggesting the existence of endogenous inhibitors present within the cotyledons (25).

Mechanisms of Dormancy Release
A competing two-component system maintains seed
dormancy in seeds with nondeep and intermediate
physiological dormancy. There is an embryo and a seed
covering component that interact to maintain dormancy. The seed coverings present a significant barrier
to germination because embryos can germinate and
grow if isolated from seed coverings. Therefore, dormancy release involves changes in the restraint of the
seed coverings and an increase in embryo growth
potential. Growth potential is the force used by the
radicle to penetrate the seed coverings (see Fig. 7–6,
page 205). One way to observe changes in growth
potential is to germinate isolated embryos on solutions
containing increasing amounts of an osmoticum-like
polyethylene glycol, which provides a gradient of more
negative water potentials restricting water availability
to the seed. This gradient can be illustrated using
embryos isolated from cucumber as they after-ripen
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(245) and eastern redbud (Cercis canadensis) seeds during moist chilling stratification (94) where embryos
develop a higher growth potential, as measured by radicle length, as seeds come out of dormancy (Table 7–2).
Mechanisms for after-ripening are not well
understood partly because they take place at low
embryo hydration levels where there is little enzyme
activity. They may involve non-enzymatic mechanisms
that alter membrane properties (108), remove
inhibitors, interact with stress reactions via antioxidants (9), and degrade certain proteins. Molecular
studies suggest that after-ripened embryos have
switched at the transcriptional level to be able to
express important dormancy-related genes previously
silenced in dormant embryos (28, 42).
Possible mechanisms for changes in embryo
growth potential during stratification include changes
in membrane fluidity at chilling temperatures (less than
15°C, 59°F) and differential enzyme activity for storage
reserves (25). Protease and lipase enzymes have been
shown to increase during chilling stratification, and
one lipase shows a temperature optimum of 4°C (39°F)
for activity (154). In general, there is a decrease in storage lipids and an increase in sugars and amino acids
from storage reserves during chilling stratification. This
increase in osmotically active solutes could, in part,
explain the increase in growth potential seen in
embryos following chilling stratification and the subsequent release from dormancy.
The seed coverings also participate in physiological
dormancy. For many seeds, the endosperm surrounding
the radicle forms an endosperm cap that provides

Table 7–2

I SOLATED E MBRYO G ROWTH ON P OLYETHYLENE G LYCOL (PEG) S OLUTIONS AS AN I NDICATION
E MBRYO G ROWTH P OTENTIAL DURING D ORMANCY R ELEASE IN C UCUMBER BY A FTER R IPENING (245), AND E ASTERN R EDBUD BY M OIST C HILLING S TRATIFICATION (94)
OF

Radicle length (cm) after 4-days
Time (days)

Cucumber

Water potential
MPa

0

60

120

180

0
-1.0

1.4
0

2.8
0

4.3
0.8

5.4
2.9

Time (days)

Redbud

231

Water potential
MPa

0

30

60

0
-0.6
-1.0

1.2
0.7
0.36

1.5
0.8
0.45

1.7
1.0
0.6
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Figure 7–36
Longitudinal section of the hilar end of a germinating redbud (Cercis canadensis)
seed showing the radicle elongating to rupture the seed coat. (a) Hand section
showing endosperm enclosing radicle tip. (b) Photomicrograph of germinating seed
shows the seed coat rupturing (red arrow) and the endosperm stretching as the
radicle grows. (c) Finally the endosperm also ruptures (green arrow). (d) The radicle
emerges. Abbreviations are radicle (r), endosperm (e), Mesophyll layer of the seed
coat (m), and palisade layer of the seed coat (pm) (130).

sufficient restraint to prevent germination in dormant
seeds (Fig. 7–36). Some seed-enclosing fruit structures,
such as walnut shells (58), stone fruit pits (182), and
olive stones (55), are very rigid and restrict embryo
expansion. In addition, layers of the fleshy fruit may dry
and become part of the seed covering, as in Cotoneaster
or hawthorn (Crataegus). In the caryopsis or achenes of
grains or grasses, the fruit covering becomes fibrous and
coalesces with the seed. Water may be absorbed through
these hard seed coverings, but the difficulty arises in the
cementing material that holds the dehiscent layers
together, as shown in walnut. Originally, Nikolaeva
(182) placed these types of species in a separate exogenous mechanical dormancy category that is still referred
to as “coat-imposed” dormancy (84). It seems more
appropriate to discuss them here because although the
seed coverings are a barrier to seed germination, these
seeds still require chilling stratification (and a change in
embryo growth potential) to be released from dormancy.
Endosperm weakening by cell-wall–degrading
enzymes is required to initiate germination in a number of species including tomato (183), pepper (238),
and Datura (210). The puncture force required for the
radicle to penetrate the endosperm layer in ash
(Fraxinus) seeds is reduced during stratification presumably by cell wall enzymes that provide localized
weakening of the surrounding tissues (84). For eastern
redbud seeds (Cercis canadensis), puncture force was
slightly reduced during chilling stratification but was

considered secondary to the greater change in embryo
growth potential, which was better correlated with germination potential in intact seeds (94).
Several conifer species show this interaction
between covering materials and embryo growth potential for release from dormancy. The megagametophyte
(seed storage endosperm tissue in conifer seeds) that
surrounds the conifer embryo can be a considerable
barrier to germination and may be the primary mechanism maintaining dormancy. Cell-wall–altering
enzymes are associated with weakening the megagametophyte, especially in the area covering the radicle that
contributes to release from dormancy. In white spruce
(Picea glauca) endo-β-mannanase (70) and yellow
cedar (Chamaecyparis nootkatensis) pectin methyl
esterase (198) enzyme activity increase during chilling
stratification.
In addition to the endosperm cap, the seed coat
or pericarp can also contribute to the restraint to germination in dormant seeds (64). These tissues are
entirely maternal in origin, and, therefore, differences
in dormancy related to the seed coat can be maternally
inherited. Seed coat mutations for pigmentation in
Arabidopsis (146) and tomato (72) show the importance of the seed coat in controlling germination. Seed
coats with reduced pigmentation tend to decrease the
time to radicle emergence, while those with increased
pigmentation tend to delay germination. Each of these
conditions is related to the physical restraint of the
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coverings. There is also a strong correlation between the
pericarp coloration in cereal grasses (rice and wheat)
and dormancy. Those seeds with red pigmentation in
the pericarp tend to have deeper dormancy than those
without pigmentation (104).
Several studies using global genomic approaches
are beginning to elucidate those genes important to
dormancy imposition and release, especially in seeds
with non-deep physiological dormancy (88, 123, 124).
Dormancy occurs in some
seeds where the embryo is not fully developed at the
time of seed dissemination. Seeds are considered to
have morphological dormancy if they require more
than 30 days to germinate, have an embryo that fills
less than 1/2; of the mature seed, and have an embryo
that must grow inside the seed before the radicle can
emerge (Fig. 7–37) (19). The process of embryo
enlargement is usually favored by a period of warm
temperature, but can also take place during chilling
temperatures.
It is generally felt that seeds with morphological
dormancy (a high ratio of endosperm to embryo) are
more primitive than seeds where the embryo fills the seed
cavity and consequently contain little or no endosperm
(20, 161). The types of embryos observed in seeds with
morphological dormancy include rudimentary, linear,
spatulate, and undifferentiated embryo types
(Fig. 7–37) (7, 20).
Rudimentary embryos are small, have about the
same width as length, and do not have readily identifiable seedling parts. These are found in various families, such as Ranunculaceae (anemone, Ranunculus),
Papaveraceae (poppy, Romneya), and Araliaceae (ginseng, Fatsia). Effective aids for inducing germination
Morphological Dormancy
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include (a) exposure to temperatures of 15°C (59°F) or
below, (b) exposure to alternating temperatures, and (c)
treatment with chemical additives such as potassium
nitrate or gibberellic acid.
Linear (torpedo-shaped) and spatulate (spoonshaped) embryos are longer than they are wide. Each
can be up to one-half the size of the seed cavity and
have easily observed cotyledons and radicles (Fig.
7–37a and b). Important families and species in this
category include Apiaceae (carrot), Ericaceae (rhododendron, heather), Primulaceae (cyclamen, primula),
and Gentianaceae (gentian). Other conditions, such as
semipermeability of the inner seed coats and internal
germination inhibitors may be involved. A warm temperature of at least 20°C (68°F) favors germination, as
does gibberellic acid treatment.
Morphological dormancy occurs in gymnosperms
(ginkgo, cycads), dicots, and monocots from both temperate and tropical ecosystems. Various tropical species
have seeds with embryos that require an extended
period at warm temperatures for germination to take
place. For example, seeds of various palm species
require 3 months of warm temperatures at 38 to 40°C
(100 to 104°F) before visible signs of germination
(175). Other examples include Actinidia and Annona
squamosa, whose seeds require 2 or 3 months of warmth,
respectively, to complete germination (182).
Seeds with undifferentiated embryos are very
small (often from only a few to 100 cells in size) and
have not reached the stage of cotyledon or radicle
organization. They also may lack substantial seed
storage materials (Fig. 7–37c). Families with undifferentiated embryos include the orchids (Orchidaceae),
non-chlorophytic plants that rely on fungal support
(Ericaceae, Monotropaceae, Pyrolaceae) and parasitic
Seed coat

Endosperm
Embryo

Endosperm

Embryo

Embryo

(a)

(b)

(c)

Figure 7–37
Seeds with morphological dormancy. (a) Linear embryo type in heavenly bamboo (Nandina) and (b) spatulate type in pawpaw
(Asimina triloba). (c) Orchid seeds are in the unclassified seed category with an undifferentiated embryo. The outer seed coat is
composed of a single papery layer that facilitates wind dissemination.
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plants (Orobanchaceae, Rafflesiaceae). Orchids have
undifferentiated embryos when the seed is shed from
the mother plant and require a mycorrhizal fungus
association for germination. Orchids are germinated
commercially by special tissue culture methods, as discussed in Chapter 18.
Seeds with morphophysiological dormancy have a underdeveloped embryo
that also displays physiological dormancy. In some
cases, the morphological dormancy must be satisfied
before physiological dormancy release. For example,
warm stratification to permit the embryo to grow to a
critical size, followed by moist chilling for physiological
dormancy. In others, the physiological dormancy precedes morphological dormancy. For example, moist
chilling to relieve physiological dormancy, followed by
warm temperature for embryo growth prior to germination. There are at least eight types of morphophysiological dormancy that are recognized based on different
combinations of physiological and morphological dormancy release conditions (19). Two groups that are relatively important for horticultural crops include simple
and epicotyl types.
Most seeds with simple morphophysiological
dormancy usually require warm (at least 15°C) followed
by chilling (1 to 10°C) conditions, during which time
the embryo develops and then breaks physiological dormancy. Various temperate zone herbaceous plants and
trees fall into this category, including windflower
(Anemone), twinleaf (Jeffersonia), ash (Fraxinus), yew
(Taxus), and holly (Ilex) (182). In nature, these seeds are
usually shed from the plant with an underdeveloped
embryo that must have a warm period for growth to initiate inside the seed coverings. Once the embryo reaches
a certain size, it can then respond to chilling temperature to release the seed from physiological dormancy.
Therefore, these seeds require warm followed by cold
stratification to satisfy dormancy. In some species, there
is a difference between cultivated and wild forms with
respect to morphophysiological dormancy. For example,
in Anemone, cultivated ‘de Caen’ seeds showed only
morphological dormancy (required only warm treatment), while wild populations of Anemone coronaria
displayed morphophysiological dormancy and required
warm followed by moist chilling stratification (125).
Seeds with epicotyl dormancy display the most
fascinating dormancy patterns found in seeds. These
seeds have separate dormancy conditions for the radicle
and epicotyl (18, 58, 182). These species fall into two
subgroups. In one group, seeds initially germinate during a warm period of 1 to 3 months to produce root and
Morphophysiological Dormancy

hypocotyl growth beyond the seed coverings, but then
require 1 to 3 months of subsequent chilling to enable
the epicotyl to grow. This group includes various lily
(Lilium) species, Viburnum spp., peony (Paeonia), black
cohosh (Cimicifuga racemosa), and liverwort (Hepatica
acutiloba). The dormancy-breaking response of the epicotyl to chilling is sensitive to the stage of radicle growth
(17). For peony, 85 percent of the epicotyls exposed to
7 weeks of chilling grew if the radicle had reached 4 cm
in length. In contrast, only 40 percent of the epicotyls
were released from dormancy under the same conditions with smaller 2 to 3 cm radicles.
In the second group, both the epicotyl and the
radicle require chilling to relieve dormancy, but each
is released from dormancy at different times. Seeds
in this group require a chilling period to relieve radicle
dormancy, followed by a warm period to allow the
radicle to grow, and then a second cold period to release
the epicotyl from dormancy. In nature, such seeds
require at least two full growing seasons to complete
germination. These are the seeds for which the term
double dormancy was
double dormancy One
first coined. Examples
of the original terms
include
bloodroot
used to describe
(Sanguinaria), Trillium,
morphophysiological
and lily-of-the-valley
dormancy. It was used to
(Convallaria). There are
describe seeds that took
also seed population dif2 years to germinate.
ferences in this group.
Barton (16) showed that in both bloodroot and
Solomon’s seal (Polygonatum), about half of the seeds
showed simple epicotyl dormancy, while the other half
showed the epicotyl and radicle required chilling.

Primary Combinational Dormancy
Combinational dormancy refers to seeds that have both
physical and physiological dormancy. There are two
types of combinational dormancy based on the
sequence of environmental cues required for complete
dormancy release (19). One type requires an initial
period of warm temperature to relieve nondeep physiological dormancy prior to alleviation of physical dormancy and imbibition. The second requires loss of
physical dormancy to allow imbibition, followed by a
cold stratification period to relieve physiological dormancy. To induce germination, all blocking conditions
must be eliminated in the proper sequence.
In the most typical form of combinational dormancy, physical dormancy must be relieved followed
by conditions that relieve endogenous physiological
dormancy. Therefore, the seed coat must be modified
to allow water to penetrate to the embryo, and then
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chilling stratification can release the seed from physiological dormancy. This is not a common form of dormancy. It is found in redbud (Cercis), buttonbush
(Ceanothus), golden raintree (Koelreuteria), sumac
(Rhus), and linden (Tilia) (19).

SECONDARY DORMANCY
In nature, primary dormancy is an adaptation to control
the time and conditions for seed germination. If for some
reason seeds fail to germinate after primary dormancy is
broken, seeds of many species can reenter dormancy. This
re-entry is called secondary dormancy. It is a further
adaptation to prevent germination of an imbibed seed if
other environmental
conditional dormancy
conditions are not favorA continuum seen in
able (25, 56, 133, 143).
many seeds in nature as
These conditions can
they cycle through
include unfavorably high
periods of dormancy
temperature, prolonged
and nondormancy; it is
light or darkness (skotodetected as the seed’s
dormancy), water stress,
ability to germinate
and anoxia. These conover a range of
ditions are particularly
temperature.
involved in the seasonal
rhythms (conditional dormancy) and prolonged survival of weed seeds in soil (25).

Secondary Dormancy and Light
Induction of secondary dormancy is illustrated by classical experiments with freshly harvested seeds of lettuce
(142). If germinated at 25°C (77°F), seeds require light,
but if imbibed with water for 2 days in the dark, excised
embryos germinate immediately, illustrating that only
primary dormancy was present. If imbibition in the dark
continues for as long as 8 days, however, excised embryos
will not germinate, because they have developed secondary dormancy. Release from this type of secondary dormancy can be induced by chilling, sometimes by light,
and, in various cases, treatment with germinationstimulating hormones, particularly gibberellic acid.
Baby blue eyes (Nemophila) seeds require darkness to germinate. If these seeds are exposed to light for
a period of time, they enter secondary dormancy and
will no longer germinate in the dark without a chilling
treatment (50).

Thermodormancy
For some species like lettuce (Lactuca), celery
(Apium), Schizanthus, and pansy (Viola), germination
at high temperatures (at least 30°C, 86°F) can induce
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thermodormancy. Thermodormancy should not be
confused with the therthermodormancy
mal inhibition most
A type of secondary
seeds experience when
dormancy that prevents
the temperature exceeds
seeds from germinating
the maximum temperaat high temperature.
ture for germination.
Seeds experiencing thermodormancy will not germinate when the temperature returns to near optimum
temperatures, while thermal-inhibited seeds will germinate when temperatures are lowered. Lettuce (139)
and celery (185) seeds become thermodormant at
35°C (95°F), and can be relieved by exogenous
application for combinations of GA3, cytokinin
(kinetin), and ethylene. It is most probable that
impairment for ethylene production or action has the
greatest endogenous influence on thermodormancy in
lettuce (177).

Conditional Dormancy
As seeds come out of dormancy, or begin to enter secondary dormancy, they go through a transition stage
where they will germinate, but only over a narrow
range of temperatures (Fig. 7–38, page 236). This transition stage is termed conditional dormancy (19,
234). In this way, seeds of many species cycle through
years of dormancy and non-dormancy based on germination temperature. A common dormancy cycle for
seeds would follow this basic sequence:
1. Seeds shed from the plant have primary dormancy

and fail to germinate regardless of temperature.
2. Seeds are exposed to dormancy-releasing environ-

mental conditions and gradually lose dormancy.
These conditionally dormant seeds germinate only
over a narrow range of temperatures.
3. Fully non-dormant seeds germinate over a wide
range of temperatures.
4. If non-dormant seeds fail to germinate because the
environment is unfavorable, they again become
conditionally dormant and will germinate only
over a narrow range of temperatures.
5. Eventually, conditionally dormant seeds enter secondary dormancy, where they fail to germinate
regardless of temperature.
This type of dormancy cycle can be repeated over
many years (Fig. 7–39, page 236). Dormancy cycles
ensure that seeds germinate when the environment is
most suitable for seedling survival (42). It is also the
basis for persistent weed problems in field-grown crops.
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Figure 7–38
Conditional dormancy in Cotoneaster
divaricatus. After 115 days of stratification,
seeds are fully non-dormant and germinate
well across all temperatures. After 90 days,
seeds are conditionally dormant and
germinate better at 10 and 15°C compared
to other temperatures. Seeds not receiving
stratification or those only stratified for 60
days are dormant and fail to germinate at
any temperature. Adapted from Meyer
M. M. Jr. 1988. HortScience 23:1046–7.

(26, 147, 153). Evidence for hormone involvement
comes from correlations between hormone concentrations with specific developmental stages, effects of
applied hormones, mutants for hormone production or
perception, and genome-wide microarray analysis (88).
The two most important hormones controlling seed
dormancy and dormancy release are abscisic acid and
gibberellin, and their interaction (Fig. 7–40). ABA controls the establishment and maintenance for dormancy,
while GA appears to control initiation and completion
of germination.The ratio of ABA to GA-induced signal
transduction is as important as the active hormone levels for dormancy release (84, 147). Other hormones
have a modifying impact on this relationship.

Abscisic Acid (ABA)

Figure 7–39
Dormancy cycling in seeds showing dormant, non-dormant,
and conditionally dormant states.

DORMANCY CONTROL
BY PLANT HORMONES
Much experimental evidence supports the concept that
specific endogenous growth-promoting and growthinhibiting compounds are involved directly in the control of seed development, dormancy, and germination

ABA plays a major role in preventing “precocious germination” of the developing embryo in the ovule. ABA
increases during late stages of seed development and is
a major factor in the induction of primary dormancy
(136, 152). ABA-deficient mutants show reduced
primary dormancy, while transgenic plants overexpressing ABA show increased primary dormancy
(176). ABA-deficient and ABA response mutants in
Arabidopsis (134), sunflower (81), and tomato (103)
indicate that ABA must be present during seed development to induce dormancy.
However, endogenous ABA levels may not show a
strong correlation with seed dormancy. For several
woody plants, including peach (67, 157) walnut (162),
plum (156), apple (15), and hazelnut (247), ABA concentrations are high in both the seed coat and a lesser
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(a)

(b)

Figure 7–40
A model for the relationship between ABA and gibberellin during dormancy release by moist chilling stratification and dry seed
after-ripening. (a) After seed development, ABA levels can be high in seeds. However, imbibition reduces ABA levels from
stored sources, but new synthesis of ABA maintains seed dormancy. Moist chilling tends to reduce ABA levels. Non-dormant
seeds show reduced ABA sensitivity, reduced ABA synthesis, and increased ABA catabolism, all resulting in lower ABA levels.
This is coupled with an increase in gibberellin synthesis and increased gibberellin sensitivity. (b) After-ripening occurs in dry
seeds, where there is little change in ABA levels due to low metabolism in the dry state. Upon imbibition of after-ripened seeds,
ABA levels are reduced through increased catabolism and inhibition of new ABA synthesis. Again, this is coupled with increased
gibberellin synthesis and sensitivity. Modified from Finkelstein et al. 2008.

amount in the cotyledons in freshly harvested, dormant
seeds. In peach, ABA concentration drops to near zero
after 30 days stratification, but seeds do not fully come
out of dormancy for an additional 8 weeks of stratification (97, 157). In apple, ABA levels can remain high
during stratification even as the seeds become nondormant (12, 208). Endogenous ABA may be reduced
during treatments to relieve dormancy, but this does not
appear to be a strict requirement. It is becoming apparent that continued ABA synthesis following imbibition
is the major factor required to maintain dormancy (2,
100). In Arabidopsis, ABA levels drop following imbibition regardless of whether the seeds are dormant or nondormant (2). However, after 4 days of imbibition,
dormant seeds resume ABA synthesis, while non-dormant
seeds do not. Thus, non-dormant seeds show upregulation for genes involved in ABA catabolism and
down-regulation of those for ABA synthesis. The oppo-

site is found for maintenance of the dormancy state. In
addition, treatments to relieve dormancy can induce a
reduction in ABA sensitivity—that is, it takes more
exogenous ABA to inhibit germination in stratified seeds
compared to untreated seeds (Fig. 7–41, page 238).
An important aspect of ABA action includes the
negative regulation of gibberellin levels. ABA inhibits
gibberellin-biosynthesis enzymes and promotes gibberellin-degradation enzymes that impact endogenous
gibberellin accumulation (215). ABA regulation of
active gibberellin levels directly impacts dormancy and
the seed’s ability to germinate.

Gibberellins
Gibberellins (GA) are important for both the control
and promotion of seed germination (188). Several
mutants in tomato and Arabidopsis that are impaired
for gibberellin biosynthesis fail to germinate without
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Figure 7–41
Chilling stratification changes the seeds’
sensitivity to abscisic acid (ABA).
Untreated seeds of purple coneflower
(Echinacea tennesseensis) germinate
slowly with a germination percentage
below 50 percent. Stratified seeds germinate quickly at about 85 percent
germination. ABA dramatically inhibits
germination in untreated seeds, but only
slows germination in stratified seeds.

application of exogenous gibberellin (122). These seeds
act like dormant seeds because of a failure to make
gibberellin. Gibberellins stimulate germination by
inducing enzymes that weaken the seed coverings
(endosperm or seed coat) surrounding the radicle,
inducing mobilization of seed storage reserves,
and stimulating cell expansion in the embryo (84).
Gibberellin synthesis and perception are affected by
numerous environmental signals that also influence
release from dormancy. These include light, temperature (including stratification), and nitrate levels.
Applied gibberellins (commercially as gibberellic acid
[GA3] or [GA4+7] can relieve certain types of dormancy, including nondeep and intermediate physiological dormancy, photodormancy, and thermodormancy.
Gibberellins occur at relatively high concentrations in developing seeds but usually drop to a lower
level in mature dormant seeds, particularly in dicotyledonous plants. Dormancy release treatments increase
gibberellin biosynthesis as well as gibberellin sensitivity
(147). During stratification, gibberellins are either synthesized at the chilling temperatures or are converted to
an available (or unbound) form (41, 107, 164). In
Arabidopsis, dormant seeds show high expression of an
enzyme that deactivates gibberellin, while nondormant after-ripened or stratified seeds show increases
in multiple gibberellin biosynthesis genes that increase
endogenous gibberellin levels (86, 249).
There is an interaction between ABA and gibberellin during dormancy release; ABA must be
reduced before gibberellins can promote germination.
Dormancy induction and release in filbert (Corylus
avellana) seeds illustrates this point. At the time of

ripening, a significant amount of abscisic acid can be
detected in the seed covering (247) as well as a
detectable amount of gibberellin in the embryo (203,
204). When the seed is dried following harvest, the
embryo becomes dormant, and gibberellin levels
decrease significantly (205). Stratification for several
months is required for germination. The gibberellin
level remains low during this chilling period but
increases after the seeds are placed at warm temperatures when germination begins (Fig. 7–42). Gibberellic
acid applied to the dormant seed (29) can replace the
chilling requirement (Fig. 7–42). However, ABA applied
with gibberellin offsets the gibberellin effect and
prevents germination (204).
A major mode-of-action for gibberellin is the
deactivation of gene-expression repressors called
DELLA proteins (88). At least 360 genes are repressed
by DELLA proteins prior to seed germination (45).
RGL2 is a major DELLA protein target for gibberellin.
Prior to germination, gibberellin initiates a signal transduction pathway that deactivates RGL2. The result is
the expression of a number of genes associated with
germination, including genes for important cell wall
enzymes involved in endosperm weakening.

Ethylene
Ethylene gas is an important naturally occurring hormone involved in many aspects of plant growth. Inhibitor
studies and mutant seeds impaired for ethylene production or perception indicate that ethylene is not required
for germination, because these seeds germinate at fairly
high percentages (165). However, it is becoming increasingly evident that ethylene production may be linked
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Figure 7–42
Interaction of gibberellin, stratification, and
germination in filbert seeds. Reproduced by permission from
A.W. Galston and P.S. Davies, Control mechanisms in plant
development, Prentice-Hall, Englewood Cliffs, N.J. 1970.

with aspects of germination rate and seed vigor. For a
majority of seeds, there is a burst of ethylene production
that occurs simultaneously with radicle emergence.
Ethylene is involved with dormancy release in some
seeds (135). For some species, a strong correlation has
been shown between treatments that overcome dormancy
and the ability of the seed to produce ethylene. There are
also examples where exogenous ethylene application as
either the gas or ethephon (an ethylene-releasing
compound) alleviates seed dormancy without additional
dormancy-breaking treatments (135). One dramatic
example is the response of seeds of a hemiparasitic weed
called witchweed (Striga) to ethylene exposure (78, 159).
Witchweed can be a devastating plant parasite on grain
(corn) crops, especially in tropical areas. Germinating
grain seeds provide a signal for witchweed seeds to germinate and subsequently infest the host plant. Ethylene triggers the dormant seeds to germinate without the required
host being present. This practice has been proposed as an
eradication practice for infested fields.
Beech (Fagus sylvatica) requires chilling stratification to release seeds from dormancy. In addition, gibberellic acid or ethylene application relieves dormancy.
Several genes expressed during dormancy release in
beech seeds were found to be related to ethylene receptor genes (160). Mutant screens in Arabidopsis for
reduced seed dormancy or reduced response to ABA
also uncovered ethylene receptor genes (96). It has been
shown that there is a significant antagonism between
ethylene and seed sensitivity to ABA, and it is assumed
that at least one mechanism for ethylene-induced dormancy release is reducing the embryo’s sensitivity to
ABA. In addition, Arabidopsis seeds become progressively more dormant as the number of receptor genes
are knocked out for ethylene (219).
Ethylene production and application has also been
implicated as a mechanism to alleviate thermodormancy

for chickpea (92), lettuce (126), and sunflower (54), possibly because of an interaction with polyamines.

Cytokinin
Cytokinin activity tends to be important in early developing fruits and seeds but decreases and becomes difficult to detect as seeds mature. Cytokinin does not appear
essential for germination. However, exogenous application of cytokinin can offset ABA effects and rescue seeds
from thermodormancy (220). The antagonistic interaction between cytokinin and ABA may involve cytokininenhanced ethylene production, which, in turn, reduces
the seed’s sensitivity to ABA (165). It has also been suggested that cytokinin plays a “permissive” role in germination by allowing gibberellins to function (140, 144).

Auxin
Auxin does not appear to play a major role in seed dormancy (147). Some auxin-response mutants show
increased seed dormancy, but exogenously applied
auxin does not substitute for dormancy release treatments such as after-ripening or stratification. Auxin
and stored forms of auxin are present in the seed at
maturity and are important for post-germinative
growth rather than in initial germination or dormancy
release. Auxin has a much greater role in embryo formation during seed development, and it is possible that
it is important in morphophysiological dormancy, but
this has not been investigated.

Brassinosteroids
Brassinosteroids are naturally occurring steroid-based
plant hormones. They can induce similar behavior in
plants as gibberellins. Brassinosteroids can induce germination in gibberellin mutants, but this stimulation in
germination is apparently in a gibberellin-independent
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manner (151). Brassinosteroid mutants germinate normally, suggesting that they play a modifying role in dormancy release, possibly by reducing ABA sensitivity.

overcomes certain types of dormancy, such as dormancy in Prunus seeds, as well as the high-temperature
inhibition of lettuce seeds (226). The effect of thiourea
may be due to its cytokinin activity.

Nitrogenous Compounds
Nitrogenous compounds are known to stimulate seed
germination, but their role is not clear compared to traditional plant hormones. Nitrogenous compounds
implicated in germination and dormancy release
include nitrate, nitrite, thiourea, nitric oxide, ammonium and cyanide. Use of potassium nitrate has been
an important seed treatment in seed-testing laboratories. One suggested role for these compounds is as a
possible means of sensing soil nitrogen availability (88).
A second possibility is that these compounds interact
with enzymes in the pentose phosphate pathway (86),
which involves the production of NADPH and oxygen
that are required for the catabolism of ABA. Thiourea

Butenolides
Numerous species from Mediterranean climates show
increased germination following fire. Butenolides have
been shown to be the active components in plant-derived
smoke that stimulates germination (61). This discovery
has led to the proposal for a new group of plant growth
regulators called karrikins (178), of which KAR1 has been
shown to enhance germination in approximately 1,200
species in more than 80 genera worldwide (68). It appears
that KAR1 action requires gibberellin biosynthesis and
stimulates germination through an interaction with ABA
and gibberellin. Interestingly, it is also effective in stimulating germination in parasitic weed species (62).

DISCUSSION ITEMS
The physical, physiological, and biochemical concepts
of seed germination provide important background
understanding for many practical germination practices
and the ecological implications for seed germination.
Newer practices like seed priming and pre-germination
and older practices to satisfy dormancy are easier to
understand after the basic principles are presented.
When does DNA synthesis take place during seed
germination? When does it take place during seed
priming?
2. Compare the effects of water and temperature on
seed germination.
3. Contrast thermal time and hydrotime models for
germination.
1.

4.
5.
6.
7.
8.
9.
10.
11.

How do components of water potential affect seed
germination?
Compare quiescent with dormant seeds.
Compare primary and secondary dormancy.
What are the advantages and disadvantages of seed
dormancy?
What are the ecological and agronomic implications of a seed bank?
Compare types of physiological dormancy.
Contrast thermodormancy with thermal inhibition on seed germination.
Discuss how hormone mutants are adding to our
understanding of seed germination.
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