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ABSTRACT - Seed development and germination are characterized by an arrest and a resumption of
growth, respectively. Evidently, the cell cycle plays an important role in these events. Tomato
(Lycopersicon esculentum) is one of the best studied dicot species with respect to the role of the cell cycle
in seed development, germination and dormancy. Developmental arrest after the completion of histo-
differentiation and morphogenesis is paralelled by an arrest of the cell cycle in the G1 phase and
dissapearance of the microtubular cytoskeleton. Resumption of growth occurs during germination with
DNA synthesis and replication, accumulation of tubulins, reassembly of microtubular networks and,
finally, mitosis. In dormant seeds cell cycle activity is suppressed whereas in non-dormant abscisic-acid-
deficient sitiens (sitw) mutant cell cycle activities are reactivated still during seed development, leading to
subsequent viviparous germination.

ADDITIONAL INDEX TERMS: Bromodeoxyuridine, cell cycle, DNA, dormancy, embryogenesis,
germination, Lycopersicon esculentum, microtubules, seeds, tubulin.

DORMÊNCIA, GERMINAÇÃO E O CICLO CELULAR
NO DESENVOLVIMENTO E EMBEBIÇÃO DE SEMENTES DE TOMATE

RESUMO - O desenvolvimento e a germinação de sementes são respectivamente caracterizados pela
inativação e reativação do crescimento. Evidentemente, o ciclo celular tem função relevante no contexto
destes eventos. O tomate é uma das espécies de dicotiledôneas mais bem estudadas no que diz respeito ao
papel do ciclo celular no desenvolvimento, germinação e dormência de sementes. A interrupção do
desenvolvimento ao completar a histo-diferenciação   e  morfogênese é acompanhada do bloqueio do
ciclo celular na fase G1 e  completo  desaparecimento   do  citoesqueleto  microtubular   durante  a fase de
maturação. O crescimento é complementado durante a germinação, através do reinicio da síntese e replicação
de DNA, acúmulo de tubulinas, restabelecimento do citoesqueleto, levando a ocorrência de mitoses e divisões
celulares. Em sementes dormentes, as atividades  do  ciclo celular  são suprimidas, enquanto  que nas sementes
sem dormência do mutante sitiens (sitw), deficiente em ácido abscísico, o ciclo celular é reativado ainda
durante o desenvolvimento da semente, resultando na subseqüente germinação vivípara.

TERMOS ADICIONAIS PARA INDEXAÇÃO: Bromodeoxiuridina, ciclo celular, DNA, dormência,
embriogênese, germinação, Lycopersicon esculentum, microtubulos, sementes, tubulina.
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INTRODUCTION

Seeds are the primary dispersal units of
higher plants containing the complete genetic make
up of the species. They are complex biological
structures, which, in millions of years, have
adapted to diverse and often austere environments.
Seeds are generally able to withstand drought and
extreme temperatures and may remain viable for
prolonged periods of time, which can extend to
hundreds of years. These features make seeds the
main contributor to the preservation of the plant
world’s genetic diversity, and are a fascinating system
for biological research. Furthermore, seeds are of
eminent importance as a source of food and nutrition
for more than two thirds of the world population.

The seed consists of nutrient reserve
storage tissue(s), an embryo and encapsulating
structures which aim protection and that may also
regulate germination. Seeds are unique, as their
formation requires the involvement of two
consecutive phases in the plant’s life cycle (the
sporophyte and the gametophyte), from which
tissues with differing ploidy levels develop, i.e.,
the embryo and the endosperm. They may retain
also the unique characteristic of withstanding
desiccation while retaining the capacity for
immediate metabolic reactivation upon
rehydration. Likewise, seeds may possess
mechanisms to sense the environment, thus
ensuring germination under favourable conditions.

Seeds are objects of many different kinds
of research. Over the past decades a number of
plant species have developed into models to study
different aspects of seed biology. Cereal grains
have long been used to unravel the pathways and
regulation of endosperm mobilization by the
aleurone layer (Fincher, 1989; Jones and Jacobsen,
1991). Seeds of pea (Pisum sativum) have been
used extensively for the study of seed development
and assimilate partitioning (Wang and Hedley,
1991). Arabidopsis thaliana seeds are used for
genetic and molecular studies, employing large
collections of mutants (Feldman et al., 1994). In

several cereals, such as maize (Zea mays) and
wheat (Triticum aestivum), extensive studies have
been undertaken to improve seed quality, both for
stand improvement and nutritional value. However,
the tomato seed has been used most extensively to
study the physiology and biochemistry of seed
development, germination and dormancy (Hilhorst
et al., 1998).

The morphological and physiological
processes that occur during seed development and
germination have been studied and described
extensively (Figure 1A and C). However,
information about the regulatory mechanisms
controlling these processes has begun to emerge
only after the introduction of genetic and
molecular-biological technology to this field
(reviewed by Bewley and Black, 1994; Galau et
al., 1991; Goldberg et al., 1994; Harada, 1997;
Hilhorst, 1995; Kermode, 1995; Koornneef and
Karssen, 1994; Raghavan, 1997). Analysis of
changes in gene expression patterns that occur
during seed development and postgerminative
growth (Figure 1B) has provided clues about the
regulatory programs governing both periods (Chlan
and Dure, 1983; Dure et al., 1981; Dure, 1985).

These modern molecular-genetic
approaches have often been based on studies using
seeds and have immensely contributed to our
understanding of plant developmental biology.
However, seeds have been used in these studies
mostly because they are convenient objects of
study. Yet, the present knowledge is by far not
enough to explain and understand the functioning
and the behavior of seeds.

There is no doubt that our
understanding of the processes involved in seed
development and germination has expanded over
the last decades. Notwithstanding these
advances, very little is known about dormancy,
as well as many other subjects of primary
importance in seed science. As discussed by
Karssen (1993), a great deal of integrated,
interdisciplinary study is still required for seed
science sensu strictu, in order to better
understand seed function and behavior.
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FIGURE 1 - Seed development and germination.

(A) Physiological parameters divide seed development into distinct phases. Time course of changes in fresh and dry
weights and in fraction water content (g H2O/g dry weight) of developing and germinating embryos, and post-
germinative seedlings are shown. Bars indicate stages of seed development and germination. Data are from oilseed
rape embryos and seedlings, taken from Comai and Harada (1990),  reviewed by Harada (1997).
(B) Gene expression patterns divide seed development into specific stages. In a conceptual representation of the
accumulation of seven mRNA sets that are present during seed development, germination and post-germinative
growth, bars indicate the period during which the indicated mRNA set is detected. For points of reference, mRNA
accumulation patterns are fit to the time scale in (a). Adapted from Dure (1985) and Goldberg et al. (1989).
(C) Time course of major events associated with seed development, germination and subsequent post-germinative
growth. For points of reference, the physiological events are fit to the time scale in (a) and (b). Adapted from
Bewley (1997) and Hilhorst et al. (1998).

Here we attempt to give an integrated
overview and functional analysis of cell cycle
events, such as DNA synthesis and configurations
of the microtubular cytoskeleton during seed
development, imbibition and germination, using
the tomato seed as a model system. Special
emphasis is given to the progression and arrest
of embryo growth through cell division and
expansion, in relation to dormancy and
quiescence.

Phases of Seed Development and Germination

Seed development usually is divided in
two conceptually distinct phases (Figure 1A). The
first phase is considered a period of morphogenesis
during which the embryo’s body plan is established
through intensive cell divisions and the embryonic
organs and tissues are formed (reviewed by
Goldberg et al., 1994; Meinke, 1995; West and
Harada, 1993). The second phase is considered a
subsequent period of seed maturation, which
includes the arrest of tissue and organ formation,
the accumulation of nutrient reserves, changes in
embryo size and in fresh and dry weights, the
suppression of precocious germination, the
acquisition of desiccation tolerance, dehydration
and quiescence, and, in many species, the
induction of dormancy (Koornneef and Karssen,
1994).  Germination  and  postgerminative  growth
(Figure 1A) represent the phases during which
metabolic and morphogenetic reactivation of the
quiescent seed occurs (reviewed by Bewley, 1997;
Harada et al., 1988, Harada, 1997).

Developmental Arrest

It has been argued that developmental
arrest is an imposed condition during seed
maturation that is not required for the formation
of a viable embryo (Walbot, 1978). Contrary to
higher plants, seeds from lower plants, for
instance, do not undergo developmental arrest
and metabolic quiescence. The implication is
that seed plants have incorporated processes
related to seed maturation, dormancy and
germination into the continuous mode of
morphogenetic developmental characteristics of
many lower plants. The regulatory programs
controlling the arrest of growth and metabolism
during development, which leads to quiescence
and in some cases dormancy, and the
reactivation of growth and metabolism during
germination are, therefore, of relevance. Both
phases will certainly involve the arrest and
reactivation of cell cycle related events.

THE CELL CYCLE

Growth depends on cell division and
elongation. The sequence of processes that occur
during cell division is referred to as the cell cycle,
which is dependent on DNA synthesis and
replication, and which leads to specific patterns of
organogenesis and morphogenesis, in respect to
cellular differentiation  (Figure 2). At the ‘deeper’,
cytological and  molecular levels,  the cell cycle
involves a chromosome cycle in which DNA
synthesis towards replication occurs during
interphase, and a mitotic cycle which leads to cell
division   (Figure  3).   The patterning   of  the   cell
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FIGURE 2 - The relation between DNA replication, cell division and organogenesis in plants.
An autopoietic system (Varela et al., 1975) showing the sequential outcome of processes (horizontal arrows) in
relation to the complexity of the system (upward-directed arrows). Adapted from Barlow (1993).

division cycle resolves into recursive patterns of
configurations of the cytoskeleton components, as
the ”sub cellular machinery” required for cell
division and growth.

Microtubules are one main component of
the cytoskeleton. They are unbranched cylinders of
about 25 nm in external diameter, with an open
central channel of about 15 nm, and are assembled
from heterodimers containing one α-tubulin and
one β-tubulin polypeptide, each with a molecular
weight around 50 to 55 kD conprising 450 amino
acids (Figure 4). Microtubules are related to the
cell cycle through distinct reorganizational or
configurational arrays, i.e., the interphase cortical
arrays, the preprophase bands, spindles and
phragmoplast mitotic arrays (Derksen et al., 1990;
Goddard et al., 1994) (Figure 3).

Synthesis and replication of DNA occurs
during interphase and may last several hours.
Therefore, interphase is a phase which, within the
cell cycle, lasts longer than mitosis. Within
interphase there is a phase of quiescence (G0)
coupled to a phase of growth and pre-synthesis
(G1) during which the nuclei of diploid cells
contain an arbitrary 2C DNA value, referring to
the amount of DNA per nucleus, and during
which DNA repair may occur. Subsequently,
synthesis towards replication of DNA occurs
during the synthetic or S-phase. Finally, the G2

phase, comprising nuclei with 4C DNA values,
resolves interphase in preparation for mitosis.
The mitotic phase comprises several distinct
stages based on the microtubular arrays, i.e.,
(pre) prophase, metaphase, anaphase and
telophase (Figure 3).
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FIGURE 3 -  Diagram of microtubular cytoskeleton arrays in relation to cell cyle phases.
DNA replication (2C to 4C DNA) occurs in a period that lasts several hours, known as “S-phase” of the cell cycle.
Mitosis (“M-phase”) commences after a “gap” (“G2-phase”). The  “G1-phase” follows mitosis, to complete the
cycle. Changes in the microtubular cytoskeleton system are geared to these events. Cortical arrays are found during
G1- and S-phases. The preprophase band begins to form at the end of the S-phase and is fully condensed just before
the nuclear envelope breaks at the end of prophase of mitosis. It is then supplanted by the mitotic microtubular
cytoskeleton arrays of the spindle, which in turn, give way to the phragmoplast array. Finally cytokinesis occurs and
cortical arrays are reinstated. Adapted from Gunning and Steer (1996).

Both DNA synthesis and the
microtubular organization have been extensively
studied in seeds, taking into consideration subjects
such as cellular events in embryogenesis and
endosperm formation during seed development,
and in organogenesis during postgerminative
growth (reviewed by Bershadsky and Vasiliev,

1988; Barlow, 1993; Clayton, 1985; Francis and
Herbert, 1993; Raghavan, 1997; XuHan, 1995).
Yet, a great deal of knowledge is still required in
order to understand the relationships among cell
cycle events in seeds, and their contribution to seed
functioning during development and germination,
including dormancy.
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DORMANCY

Dormancy is defined as the inability of
seeds to germinate under favourable environmental
conditions. The mechanisms of dormancy are still
to be elucidated and, therefore, the classification of
the different types of dormancy is entirely based on
its expression under various conditions (see Eira
and Caldas, this volume).  For example, dormancy
induced by elevated temperatures is usually
indicated as thermodormancy. However, it is not
known whether this type of dormancy differs
from other types, e.g. photodormancy, in a
mechanistical sense. Thus, it was proposed to
distinguish only two types of dormancy: primary
and secondary dormancy (Karssen, 1982; Amen,
1986; Hilhorst, 1995). This classification is
based on timing. Primary dormancy is associated

with seed development, whereas secondary
dormancy occurs essentially after dispersal and
is basic to seasonal dormancy cycling in soil
seed banks (Figure 5).

The basic characteristic of dormancy is
simply the absence of germination. Unfortunately,
this is as yet the only way to quantify dormancy. A
non-germinating seed may be non-dormant or
dormant. A non-dormant seed will germinate under
the right set of conditions, whereas a dormant seed
will usually display much greater restrictions in the
conditions under which it will germinate. During
maturation seeds may enter a state of true primary
dormancy, which may or may not be sustained
after maturity, and which requires another set of
conditions to break their dormancy.  The
requirements for dormancy relief may be different
from those for germination.

FIGURE 4 - Schematic model of the microtubule.
The microtubule is a hollow cylinder whose wall is composed of 13 protofilaments. Each protofilament is
constructed from alternating α-tubulin and ß-tubulin molecules. Modified from Kleinsmith and Kish (1995).
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For example, many seeds require periods
of cold temperatures in the imbibed state (pre-
chilling or chilling) to release dormancy. For
subsequent germination higher temperatures are
generally required.On the other hand, in some
cases the dormancy relief requires a period of dry
storage, especially at elevated temperatures. Thus,
the dormancy-breaking treatments shift the seeds
from the dormant to the non-dormant state without
inducing germination. Then, if the conditions for
germination of the non-dormant seeds are not
favourable, seeds may become naturally dormant
again, entering the state of secondary (or
enforced) dormancy, thereby prolonging the
seeds’ life-span. In the case of tomato, secondary
dormancy can be artificially induced by treating
the seeds with pulses of far-red light irradiation
during imbibition (Bewley and Black, 1994;
Hilhorst and Toorop, 1997; De Castro, 1998; De
Castro et al., 2001) (Figure 5).

So far, the only clear difference
demonstrated between these states of dormancy is
the sensitivity to environmental factors that
stimulate germination, such as light and nitrate and
the range of temperatures over which

germination can occur (Hilhorst, 1990a, b). Non-
dormant seeds are more responsive to these
factors and germinate over a wider range of
temperatures (Hilhorst, 1995, 1997; Hilhorst and
Toorop, 1997). Yet, the transitions between
states of dormancy are not reflected in any change
in general metabolic activity (Derkx and Karssen,
1993). However, germination is accompanied by
an increase in respiratory and other metabolic
activities, followed by the mobilization of food
reserves.

Apparently, the induction of dormancy,
either primary or secondary dormancy, does not
only depend on environmental conditions but also
on the sensitivity of the seed species to those
environmental conditions. The environmental
condition alone does not induce dormancy. Which
environmental conditions are responsible for the
induction of dormancy among species remains
largely unknown.

Abscisic Acid (ABA)

Abscisic acid-deficient mutants of tomato
and Arabidopsis thaliana essentially lack
primary dormancy (Karssen et al., 1983;

FIGURE 5 -  Schematic representation of
dormancy cycling during seed life.

Germinability of seeds possessing primary
dormancy increases during after-ripening or
(pre)chilling. If the requirements for
germination are not met, seeds will enter
secondary dormancy. Subsequently,
secondary dormancy may be broken and
reinduced until successful germination occurs.
Taken from Hilhorst and Toorop (1997).
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Koornneef et al., 1985). This has led to the
conclusion that the transient rise in ABA content
during mid-development is responsible for the
induction of primary dormancy. However,
evidence for this is at best circumstantial
(Hilhorst, 1995). First, there is often a lack of
correlation between ABA content and depth of
dormancy. For instance, the tomato cultivar
Caruso has more than 10 times higher levels of
ABA than the cultivar Moneymaker, yet the
latter shows a much deeper dormancy (Berry and
Bewley, 1992, Hilhorst, 1995). Secondly, it has
been shown that complementation of the ABA
mutation in Arabidopsis thaliana by the
admission of ABA reversed all mutant traits to
the wild type phenotype, except for the
dormancy (Koornneef et al., 1989). Thirdly, in
Arabidopsis thaliana, mutants have been isolated
that lack dormancy but possesses wild type ABA
levels (Léon-Kloosterziel et al., 1996). Apparently,
the sensitivity to the hormone plays an important
role.  ABA – insensitive   mutants   of  Arabidopsis
thaliana, containing wild type ABA contents, also
lack primary dormancy (Koornneef et al., 1984).
Vivipary or pre-harvest sprouting in wheat has
been demonstrated to be parallel to a reduced
sensitivity to ABA (Walker-Simmons, 1987).
During the second half of seed development
sensitivity to ABA decreased in seeds of
muskmelon (Welbaum et al., 1990) and alfafa (Xu
et al., 1990; Xu and Bewley, 1991). It is likely that
this is also the case in tomato, but data are not
available. Only when the sensitivity to ABA
among seed batches is similar, can ABA content be
correlated with germination, as was shown for
tomato and Arabidopsis thaliana seeds (Hilhorst,
1995). Apparently, the very low remaining
amounts of ABA in the mature seeds inhibited or
delayed germination. This would also explain
why either dry storage or cold imbibition could
break dormancy. It has been shown in tomato
(Groot and Karssen, 1992) and lettuce (Dulson et

al., 1988) that both treatments, may lead to a
decrease in endogenous ABA and an increase in
germination.

THE TOMATO SEED

Tomato (Lycopersicon esculentum Mill.)
is one of the most important annual vegetables in
the world. Many new varieties are created each
year by intensive breeding efforts to meet different
requirements all over the world. Common tomato
plants are diploid and reproduced by seeds. Newly
bred varieties are almost all hybrids, normally
produced by artificial crossing. Therefore, high-
quality seeds are required to match these high-cost
hybrids to ensure their authentic value. More
profound knowledge of the physiological and
biochemical changes and their interactions during
development, pre-treatments and germination will
certainly contribute to the improvement of seed
quality.

Compared with seed of Arabidopsis
thaliana, a model plant species for genetic and
molecular research, the seed of tomato is
considered a convenient research object because of
its relatively simple structure and large size. The
mature seed consists of a full-grown embryo
embedded in a thick-walled endosperm and is
surrounded by a thin seed coat (Smith, 1935; Varga
and Bruinsma, 1986). Its size, in the order of 2-5
mm, allows for easy manipulation and dissection.
Therefore, tomato seeds have been used most
extensively as a “model system” to study
physiology and biochemistry, including the
functional analysis of cell cycle events during
development, pre-treatments, germination and
dormancy (Bino et al., 1992; De Castro, 1998; De
Castro et al., 1995, 1998, 2000, 2001; Groot et al.,
1987; Hilhorst et al., 1998; Liu et al., 1994, 1996,
1997).

Tomato seeds develop and mature in the
moist environment of a developing fruit. The
development of the fruit is governed by the
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developing seeds. The number of seeds and fruit
growth are positively correlated as the final fruit
size and weight are largely determined by the total
number of seeds (Varga and Bruinsma, 1986).
Studies of the hormonal control of seed
development have shown that the fruit fresh weight
of ABA-deficient tomato mutants was less than
half of the control wild type fruits during the
second half of development. However, there were
no significant differences between seed
water/moisture content and dry weight (Groot et
al., 1987; Liu et al., 1996, De Castro, 1998). Thus,
tomato seed development, in terms of dry mass or
water content, appears to be independent from the
action of  ABA (Figure 6A and B).

The tomato seed attains maximum dry
weight and its final curled shape between 35 and
50 days after pollination (DAP). Fruits are ripe
and red after approximately 60 DAP. Several
crucial events take place simultaneously during
the period of 35-50 DAP, i.e., seeds become fully
germinable, desiccation tolerance is induced and
water content decreases to approximately 50%
(fresh weight basis) (as seen in Figure 6).
Concurrently, the endosperm solidifies,
abscission of the funiculus occurs, and the testa
turns brown (Berry and Bewley, 1991; Liu et al.,
1996; De Castro, 1998). Primary dormancy may
be induced in wild type seeds once full
geminability is attained whereas sitw seeds do
not become dormant. This correlates with the
ABA content in seeds of both genotypes during
development (Figure 6C and D).

DORMANCY AND THE CELL CYCLE
DURING TOMATO SEED DEVELOPMENT

The functional analysis of cell cycle
events in developing tomato seeds (cv.
Moneymaker) shows that the developmental
arrest of the embryo is characterized not only by
cessation of DNA synthesis but also by a

complete breakdown of the microtubular
cytoskeleton (De Castro, 1998). DNA content
data obtained by means of flow cytometry show
that the number of embryonic 4C DNA nuclei is
relatively high during early stages of embryo
development in wild type and sitw seeds, i.e., at 21
DAP. This is an indication of high cell cycle
activity, but which appears to decrease as the
number of 4C DNA nuclei decreases and becomes
constant at low levels from 35 DAP onwards (Figure
7), with the majority of the cells containing 2C DNA
nuclei. This pattern has been confirmed by a decrease
in the number of embryonic nuclei labelled with
bromodeoxyuridine (BrdU), which is a labeling
reagent used for the detection of DNA synthesis and
cell proliferation analysis (Gratzner, 1982).
Bromodeoxyuridine labelled nuclear DNA is
observed in developing tomato embryos only until
35 DAP, showing that DNA synthesis is arrested
at  35  DAP   prior to maturation (Figure 8).

The initial high number of 4C DNA
nuclei is paralleled by high amounts of ß-tubulin
detected between 21 and 35 DAP (Figure 9, lanes 5
to 7), which corresponds to an elaborate
microtubular cytoskeleton network composed of
mitotic and cortical microtubular arrays throughout
the embryonic tissue, indicating histo-
differentiation (Figure 10A to C). Thereafter,
mitotic events and DNA synthesis are not detected
anymore in wild type embryos, indicating that the
completion of embryo histo-differentiation and
morphogenesis occurs between 28 and 35 DAP.

The decrease in β-tubulin content in wild
type embryos from 35 DAP onwards (Figure 9,
lanes 7 to 12) is the result of the degradation of the
cortical microtubular cytoskeleton network (Figure
10 C to F). Apparently, cortical microtubules are
required during this period of the maturation phase

in order to provide the embryo with the
structural machinery for further expansion growth
after histo-differentiation and morphogenesis have
been completed. This occurs concomitantly with
the increase in dry weight during this same period
DAP (Figure 6A).
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FIGURE 6 -  Physiological events
during development of tomato cv.
Moneymaker wild type (WT) and its
ABA-deficient mutant seeds.

(A) Dry weight of embryos (± SE). The
thin arrow indicates the age at which
embryos became curled, indicating the
completion of histo-differentiation and
morphogenesis, which coincided with the
induction of full germinability (C) and
acquisition of desiccation tolerance (data
not shown). The thick arrow indicates the
age at which maximum dry weight and
physiological maturity were attained,
coinciding with the completion of
expansion growth and maturation.

(B) Moisture content (fresh weight basis)
of embryos (± SE).

(C) Germinability of seeds (± SE).

(D) ABA content of seeds (± SE) per
gram of dry weight (DW).

Data were not obtained for sitw seeds after
56 DAP because most seeds of this
genotype had germinated viviparously.
Adapted from De Castro (1998).
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 The depolymerization of microtubules
after 35 DAP is a gradual process, first apparent in
the cotyledons, to proceed in time towards the
shoot meristem, hypocotyl and radicle regions of
the mature embryo (De Castro, 1998). The
appearance of fluorescent granules between 42 and
49  DAP (Figure 10D and E) indicate clusters of
depolymerised tubulin prior to its complete
degradation (Figure 10F), and coincided with the
attainment of minimal moisture content, maximum
dry weight and achievement of physiological
maturity (Figure 6A, B).

Apparently, the cessation of
developmental growth starts in the embryo`s
cotyledonary and shoot apical region, preceding
that of the hypocotyl and radicle basal region (De
Castro, 1998). Once physiological maturity has
been achieved, expansion growth is arrested

leading to a cessation of the structural
rearrangements (Clayton, 1985). Therefore,  from
this stage onwards the microtubular cytoskeleton is
no longer required (Figure 10F) and cell cycle
activities are apparently fully arrested, indicating a
phase of quiescence, despite further changes in
germinability.

The physiologically mature tomato seeds
have a water potential between -0.50 MPa and -1.00
MPa. Viviparous germination is prevented by the
locular tissue, which has a water potential of
approximately -1.00 MPa. Remarkably, the water
potential of the embryo is much lower, approximately
-4.00 MPa. Thus, it is clear that endosperm and testa
play a decisive role in preventing viviparous
germination and maintaining seeds   in   a   quiescent
state as  mentioned  above.
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FIGURE 7 -  Total 4C DNA contents in
embryos of developing tomato cv.
Moneymaker seeds.

(A) Flow cytometry histogram profiles of wild
type (WT) diploid embryo nuclei showing the
relative proportions of unreplicated 2C DNA
nuclei and replicated 4C DNA nuclei.

(B) Number of nuclei with 4C DNA content
(± SE), expressed as percentage of the total
number of WT and sitw nuclei (2C + 4C), as
determined by flow cytometry (A).

A minimum of 10.000 gated nuclei counts
were considered for analysis of all samples.
This represented a minimum of 70% of the
total embryonic nuclei counts. Adapted from
De Castro (1998).
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FIGURE 8 - DNA synthesis in
embryos of developing tomato cv.
Moneymaker seeds.

Fluorescence micrographs of
longitudinal sections of wild type
embryos. All nuclei are fluorescent in
red by staining with propidium iodide
(PI), indicating absence of DNA
synthetic activity. Some nuclei are
fluorescent in green showing labelling
with fluorescein isothiocyanate (FITC),
which indicates incorporation of BrdU
into actively replicating DNA (S-phase
or synthesis). Bars indicate 50 µm.
Adapted from De Castro (1998).

(A) Wild type embryo at 21 DAP
showing more nuclei labelled with
BrdU than at 28 DAP (B).

(B) Wild type embryo at 28 DAP
showing more nuclei labelled with
BrdU than at 35 DAP (C).

(C) Wild type embryo at 35 DAP
showing the absence of BrdU
incorporation. A similar pattern was
observed during further development.
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FIGURE 9 - ß-tubulin accumulation patterns in embryos of developing tomato cv. Moneymaker seeds.
The western blot shows the complete decline in ß-tubulin levels in wild type (WT) embryos and a transient decline
in sitw embryos. Lanes 1 to 3 were loaded with 1, 10 and 30 ng pure Bovine Brain Tubulin, respectively. There was
no protein sample from the sitw mutant at 70 DAP (*) because at that stage all seeds had germinated viviparously.
Adapted from De Castro (1998).

It   has been argued that the formation of
a firm endosperm shortly before the increase in
embryo germinability plays a significant role in
this respect (Hilhorst and Downie, 1996), which
may also contribute to the quiescent state. Vivipary
is often observed in overripe (>60 DAP) fruits of
the ABA-deficient sitw mutant (De Castro, 1998;
Groot and Karssen, 1992; Liu et al., 1997).
However, the water potentials of the mutant
embryos and whole seeds do not differ much from
those of the wild type. There is evidence that in
these fruits the germination process has
commenced because of the absence of ABA,
allowing slow degradation of the endosperm.
Moreover, the testa of the mutant seed is thinner
than that of the control, possibly also contributing
to a lower resistance to radicle protrusion (Hilhorst
and Downie, 1996).

In fact, DNA synthesis and re-
establishment of the microtubular cytoskeleton are
not suppressed in sitw embryos during maturation
and quiescence, respectively. The relative number
of 4C DNA nuclei is higher in the sitw than in wild
type embryos after 35 DAP (Figure 7), indicating

an increase in DNA synthesis activity immediately
after the completion of histo-differentiation. This
precedes the re-accumulation of ß-tubulin in sitw

embryos after 49 DAP (Figure 9, lanes 9 to 11) as
a clear result of the re-establishment of the
microtubular cytoskeleton network (Figure 10G
and H) during quiescence. Apparently, the ABA
deficiency prevents the arrest of cell cycle
activities after histo-differentiation and
morphogenesis. This, taken together with the moist
environment of the seeds and the osmotic
conditions inside the fruit (Liu et al., 1996), may
have resulted in the re-activation of both DNA
synthesis and microtubule accumulation, preluding
the occurrence of viviparous germination after 56
DAP and absence of dormancy, as well as
qujiescence. Indeed, nuclear 4C DNA amounts
increase and ß-tubulin accumulates in embryos
during germination when mature non-dormant
tomato seeds are imbibed in water but do not show
radicle protrusion yet (De Castro et al., 1995,
1998, 2000, 2001). It seems that the presence of
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FIGURE 10 -  Microtubular cytoskeleton
configurations in embryos of developing
tomato cv. Moneymaker seeds.

Fluorescence micrographs present patterns of
longitudinal radicle tip region sections of wild
type (A to F) and sitw embryos (G and H)
labelled with anti-ß-tubulin/FITC antibodies
conjugate for the visualization of microtubular
cytoskeleton. Bars indicate 10 µm. Adapted
from De Castro (1998, 2001).

(A) Wild type embryo at 21 DAP showing
intense labelling of cortical and mitotic
microtubules. Other mitotic arrays, such as
preprophase bands and phragmoplasts, were
also observed in relatively large numbers (not
shown).

(B) Wild type embryo at 28 DAP showing
intense labelling of cortical and mitotic
microtubules. However, the number of mitotic
arrays was in general, lower than at 21 DAP.

(C ) Wild type embryo at 35 DAP showing
still intense labelling of microtubules, but only
in cortical arrays.

(D) Wild type embryo at 42 DAP showing
less labelling of microtubules relative to 35
DAP (C).

(E) Wild type embryo at 49 DAP still
showing some microtubules in cells of the
central cylinder (cc), but also fluorescent
tubulin granules in the surrounding cortex
cells, resulting from the breakdown of
microtubules.

(F) Wild type embryo at 63 DAP showing
almost complete absence of microtubules.

(G) Sitw embryo at 49 DAP showing a marked
persistence of microtubules and absence of
fluorescent granules relative to WT embryos
in (E).

(H) Sitw embryo at 63 DAP which did not
germinate viviparously. Contrary to WT
embryos in (F), there is an overall increase in
presence of cortical microtubules prior to
viviparous germination.
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ABA is essential for the suppression of DNA
synthesis activity and subsequent re-establishment
of the microtubular cytoskeleton during the
transition to  the maturation and quiescent phases.
Consequently, sitw seeds do not acquire dormancy
(Figure 6C). The absence of the ABA peak in sitw

seeds at 42 DAP correlates with the increase in the
number of nuclei with replicated 4C DNA
amounts, preluding viviparous germination
(Figures 6D and 7). It is tempting to speculate that
ABA action is required to block resumption DNA
synthesis. In this way seeds may become dormant.
However, this also depends on  specific
environmental conditions.

Some wild type and sitw seeds are able to
germinate during embryo histo-differentiation, but
are unable to produce viable seedlings. At this
stage, torpedo shaped embryos appear not to be yet
fully differentiated and still undergo intense cell
cycle activity, at low dry weight and high moisture
content. Only after the completion of histo-
differentiation and accumulation of reserves, i.e.,
from 35 DAP onwards, germination results in
normal seedlings (De Castro, 1998). Apparently,
the switch from a developmental mode to a
germinative mode does not require the completion
of histo-differentiation. Berry and Bewley (1991)
concluded that the inability of tomato seeds to
produce viable seedlings at these early stages of
development is due to the lack of sufficient
reserves in the still liquid endosperm. They
observed that young embryos isolated from these
seeds grew into viable seedlings when placed on a
nutrient medium.

DORMANCY AND THE CELL CYCLE
DURING TOMATO SEED GERMINATION

Embryos of dry mature non-dormant
wild   type   tomato   seeds    contain  low levels  of

nuclear 4C DNA and ß-tubulin (Bino et al., 1992,
1993; De Castro et al., 1995, 1998, 2000; Liu et
al., 1994, 1997) (Figure 12 and Figure 14, lane 5).
This correlates with the absence of BrdU
incorporation into embryonic nuclear DNA from
dry control seeds, showing the lack of DNA
synthesis activity (Figure 13A), whereas the
absence of a microtubular cytoskeleton network
(Figure 15A) reflects the absence of ß-tubulin
(Figure 14, lane 5). Seeds in a dry state have most
of their metabolic activities suppressed (Vertucci,
1989), which may contribute to maintaining the
cell cycle of most embryo cells in the G1 phase, as
observed during the process of seed maturation and
dehydration.

The reactivation of cell cycle activities
and growth is observed during re-hydration of the
non-dormant seeds. Non-dormant tomato seeds
initiate germination, i.e. radicle protrusion, after 48
h of imbibition (Figure 11). DNA synthesis, as
detected through BrdU incorporation, initiates
around 12 h of imbibition in embryo radicles
(Figure 13B and C), concomitantly with the initial
accumulation of β-tubulin (Figure 14, lane 6) and
assembly of cortical microtubules (Figure 15B and
C). This indicates that initial DNA synthesis is
paralleled by the initiation of embryo growth
through cell expansion, prior to the occurrence of
mitotic events. However, the amount of tubulin
increases further (Figure 14, lanes 7 to 9) and
mitosis can be observed in tomato embryos already
at 24 h of imbibition (Figure 15C), prior to radicle
protrusion and completion of germination, which is
initiated after 48 h of imbibition (Figure 11). It is
concluded that the completion of germination in
tomato seeds occurs normally by means of cell
expansion as well as cell division (De Castro et al.,
2000). Although embryonic DNA replication in
tomato can be blocked by hydroxyurea without
affecting the accumulation of ß-tubulin and radicle
protrusion, subsequent seedling  development does
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FIGURE 11 - Germination of non-dormant and
dormant tomato cv. Moneymaker seeds.

Germination of non-dormant (ND) wild type control
seeds and ABA-deficient (sitw) mutant seeds was
scored during 7 d of incubation at 25 °C in the dark.
Wild type seeds with primary dormancy (1D) and
with secondary dormancy (2D) were initially
incubated for 7 d at 25 °C in the dark, then submitted
to a chilling (+Ch) treatment and further incubated
for another 7 d at 25 °C in the dark; under white light
(+L); or in 10 µM GA4+7 (+GA) in the dark, for
germination scoring. Arrows indicate the moment
during incubation at which the far-red (FR) or the
chilling (Ch) treatments were applied. Maximum
standard (±SD) deviation is indicated (vertical bar).
Adapted from De Castro (1998, 2001).

FIGURE 12 - Nuclear 4C DNA amounts in
embryos of imbibing non-dormant and dormant
tomato cv. Moneymaker seeds.

Frequencies of nuclei with 4C DNA contents are
expressed as percentage of the total number of
embryonic nuclei (2C+4C). Percentages of embryonic
4C nuclei are indicated for non-dormant (ND) wild type
control seeds and for its ABA-deficient (sitw) mutant
seeds during imbibition and completion of germination
at 25 °C in the dark.  Percentages of embryonic 4C
nuclei are indicated for wild type dormant seeds either
during the 7d of incubation at 25°C in the dark (for
seeds with secondary dormancy, 2D), or after the 7 d
incubation only (for seeds with primary dormancy, 1D),
after chilling, and during subsequent completion of
germination. Arrow indicates the moment during
incubation at which the chilling (Ch) treatment was
applied. Maximum standard (±SD) deviation is
indicated (vertical bar). A minimum of 10.000 gated
nuclei were counted for all samples. Adapted from De
Castro (1998, 2001).
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not proceed (Liu and Groot, personal
communication). Similar observations were made
in cabbage seeds (Górnik et al., 1997). This
implies that cell division is not a prerequisite for
radicle protrusion in tomato. However, the retarded
completion of germination in the presence of
hydroxyurea suggests that, simultaneously with
cell expansion, mitotic divisions are required for
normal tomato seed germination and seedling
growth (De Castro et al., 2000). So far, cell
division was considered to occur in tomato
embryos only after completion of germination
(Coolbear and Grierson, 1979; Haigh, 1988).
However, this was based on quantitative analysis
of nucleic acids only. Evidently, the substantially
more sensitive immunocytological approach
confirms that this does not proceed and that
normal radicle protrusion in tomato does require
cell division (De Castro et al., 2000). Apparently,
the mechanisms of germination is dependent on
each species. Radicle protrusion in cucumber
(Cucumis sativus L.) seeds does occur through cell
expansion only, whereas cell division is only
observed after radicle protrusion, at 21 h of
imbibition (Jing et al., 1999).

Tomato seeds with primary dormancy do
not show any detectable cell cycle activity in the
embryos when incubated in the dark, not even after
prolonged incubation of over one month (De
Castro et al,. 2001), i.e. the number of 4C DNA
nuclei does not increase and DNA synthesis is not
detected through BrdU incorporation, neither does
tubulin and microtubules accumulate (Figures 12
to 15). Similar results were obtained with seeds
from dormant lines of Avena fatua, in which only a
slow replacement of DNA was observed which
was related to DNA replair (Elder and Osborne,
1993). Gibberellins (GAs) and white light appears
only slightly effective, at best, in inducing
germination (Figure 11). This insensitivity is also
reflected in an overall absence of cell cycle
activities. A small amount of β-tubulin can be
detected seeds with primary as well as in seeds

with secondary dormancy when incubated in
presence of GAs or white light (Figure 14, lanes 14
and 15, 21 and 22), but there is no significant
levels of microtubules assembly, neither any DNA
synthetic activity (De Castro et al,. 2001).
However, chilling does increase the sensitivity to
light and GAs, resulting in almost full germination
after transferring the seeds back to 25°C (Figure 11).
This supports the hypothesis that dormancy can be
defined by a lack of sensitivity to germination
stimulants   (Hilhorst and Karssen, 1992; Derkx and
Karssen, 1993, Derkx et al., 1994). It is presumed
that cell cycle activities may have also been
induced as the levels of β-tubulin increases (Figure
14, lane 11) and cortical microtubular cytoskeleton
(Figure 15E) after the chilling treatment, but prior
to transfer to 25 °C. However, it has not been
observed a significant increase in the number of 4C
DNA nuclei (Figure 12),nor any detectable nuclear
DNA synthesis activity through BrdU
incorporation. The initial accumulation of tubulins
and subsequent formation of microtubular
cytoskeleton is a prerequisite for the initiation of
cell cycle events in embryonic tissue during seed
imbibition and germination (De Castro et al., 1995,
1998, 2000, 2001; Jing, et al., 1999), and root
growth (Gunning and Sammut, 1990; Baluška and
Barlow, 1993). This suggests that the initial
formation of the microtubular cytoskeleton is
associated with the dormancy-breaking process
sensu stricto. Transferring the seeds to 25 °C after
chilling results in a sequential increase in the
amount of β-tubulin (Figure 14, lanes 12 and 13),
number of microtubules (Figure 15E and F), and
initiation of DNA synthesis which is resumed upon
full DNA replication prior to mitosis (Figure 12
and Figure 13E, F), evidently associated with the
germination process (De Castro et al., 1995, 1998,
2000; Jing, et al., 1999).The situation in seeds in
which secondary dormancy is artificially induced
by treating the seeds with pulses of far-red light
irradiation during imbibition appears to be
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FIGURE 13 - Activation of DNA synthesis in embryos of imbibing tomato cv. Moneymaker seeds.

Fluorescence micrographs of longitudinal sections of the radicle tip region of embryos from non-dormant wild type
control and its ABA-deficient sitw mutant seeds, and from wild type seeds with primary and secondary dormancy.
Most nuclei show red fluorescence as a result of staining with propidium iodide (PI), indicating absence of DNA
synthesis activity. Nuclei which show green fluorescence are labelled with anti-BrdU/FITC antibodies conjugate,
indicative of BrdU incorporation into actively replicating DNA (S-phase). Bars indicate 100 µm. Adapted from De
Castro (1998, 2001).

(A-C) Embryos from non-dormant WT control seeds: (A) embryo of dry seeds showing absence of BrdU
incorporation, which indicates absence of nuclear DNA synthesis; (B) embryo showing incorporation of BrdU and
activation of nuclear DNA synthesis after 12 h of seed imbibition; (C) embryo showing a larger number of nuclei
with actively replicating DNA after 24 h of imbibition.

(D-F) Embryos from WT seeds with primary dormancy: (D) embryo from imbibed primarily dormant seeds
showing absence of BrdU incorporation and DNA synthesis after 1 month plus 7 d of incubation at 25 °C in dark;
(E) embryo showing activation of DNA synthesis immediately after release of primary dormancy by a chilling
treatment; (F) embryo of ungerminated seeds, 1 d after the chilling treatment, showing a larger number of nuclei
labelled with active replicating nuclear DNA.

(G-I) Embryos from WT seeds with secondary dormancy: (G) embryos upon induction of secondary dormancy by a
far-red irradiation showing some nuclei labelled with BrdU, indicating the initiation of DNA synthesis during the
period of far-red irradiation and induction of dormancy; (H) detection of DNA synthesis immediately after the
chilling treatment in levels comparable to that after the far-red treatment and subsequent 7 d of incubation at 25 ºC
in the dark (not shown); (I) higher levels of DNA synthesis 1d after the chilling treatment indicating release of
secondary dormancy.

(J-L) Embryos from the fully non-dormant sitw seeds: (J) dry seeds showing absence of DNA synthesis; (K) embryo
of ungerminated sitw seeds after 1 d of imbibition showing activation of DNA synthesis; (L) embryo of sitw seeds
that had germinated after 1 d of imbibition showing a larger number of nuclei with actively synthesizing DNA.

different from what is observed in relation to
primary dormancy (De Castro et al., 2001).
Although germination is completely prevented by
the far-red irradiation, some ß-tubulin accumulates
(Figure 14, lanes 16 and 17) and results in the
assembly of microtubules during the far-red
irradiation treatment (Figure 15G), as after the
chilling treatment in seeds with primary dormancy.
But, again, it has not been detected any increase in
the number of 4C nuclei after the far-red
irradiation treatment (Figure 12), indicating that
DNA replication appears to be suppressed also in
tomato  seeds   with secondary dormancy (Groot et
al., 1997). However, some BrdU labelled nuclei
could be detected after the far-red irradiation, as
after chilling (Figure 13G and H). As mentioned

before, the initiation of DNA synthesis towards full
DNA replication occurs in the radicle tip of non-
dormant seeds within the first 12 h of imbibition.
This occurs concomitantly with the accumulation
of β-tubulin and the establishment of cortical
microtubular cytoskeleton. Apparently, the far-
red irradiation induces secondary dormancy
when the cell cycle had been already activated
during the first hours of seed imbibition. This
suggests that secondary dormancy may be
induced, and block the cell cycle, while the
germination process is in progress. Indeed,
results of an escape experiment with imbibing
tomato seeds indicate that the far-red irradiation
may induce secondary dormancy when applied
before 36 h of imbibition (Figure 16) (De Castro,   
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1998).  At  that  phase  of the   germination
process DNA synthesis and the formation of
microtubular cytoskeleton have progressed to such
a degree that mitosis has started in a large number
of cells (Figure 15C). Necrotic regions can be
observed in the root tips of abnormal seedlings
from those seeds which do escape the inhibition by
far-red irradiation after 36h of imbibition. This
may be related to the initiation of mitotic events in
cells of these specific regions (De Castro et al.,
2000). However, further investigations are needed
to address this aspect. Furthermore, as shown

before in the ABA-deficient sitw mutant,
germination follows the completion of seed
morphogenesis within the fruit without intervening
developmental arrest (Figures 6, 8 and 9) (Liu et
al, 1997; De Castro, 1998). Consequently, embryos
from dry mature sitw seeds contain amounts of
replicated 4C DNA nuclei, tubulin and
microtubular cytoskeleton that are comparable
with those of germinating wild type seeds at an
imbibition interval of 24 hours (Figure 12; Figure
14, lanes 7 and 23; Figure 15B and J) (De Castro et
al., 2001).

FIGURE 14 -  ß-Tubulin accumulation in embryos of imbibing non-dormant and dormant tomato cv.
Moneymaker seeds.

The western blot shows the accumulation of â-tubulin in embryos of non-dormant wild type (WT) and ABA-
deficient (sitw) mutant seeds and in dormant wild type seeds. Lanes 1-3 were loaded with 1, 10 and 30 ng pure
bovine brain tubulin, respectively. Molecular weight (kDa) is indicated on the left hand side. (g) indicate embryos of
seeds that had germinated. Adapted from De Castro (1998, 2001).

(Lanes 5 to 9) ß-tubulin levels are shown for embryos from dry non-dormant wild type control seeds, and after 24 to
48 h of imbibition.

(Lanes 10 to 15) ß-tubulin levels in embryos of wild type seeds with primary dormancy; (10) after an incubation
period of 1month plus 7 d at 25 ºC in dark; (11) at the end of the chilling (Ch) treatment; (12 and 13) 24 and 48 h
after the chilling treatment, respectively; (14 and 15) seeds incubated for 7 d at 25 ºC in the dark and then
subsequently incubated for another 7 d in 10 µM GA4+7 or under white light, respectively.

 (Lanes 16 to 22) ß-tubulin levels in embryos of seeds with secondary dormancy; (16) after the far-red light
irradiation treatment; (17) after a subsequent 7 d incubation at 25 ºC in dark; (18) immediately after the chilling
treatment; (19 and 20) 24 and 48 h after the chilling, respectively; (21 and 22) seeds incubated for 7 d at 25 ºC in the
dark and then subsequently incubated for another 7 d in 10 µM GA4+7 or under white light, respectively.

(Lanes 23 to 25) ß-tubulin levels in embryos of dry sitw seeds, and after 24 and 48 h of imbibition, respectively.
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FIGURE 15 - Microtubular cytoskeleton configurations in embryos of imbibing non-dormant and
dormant tomato cv. Moneymaker seeds.

Fluorescence micrographs of longitudinal sections of the radicle tip region of embryos from non-dormant wild type
control and sitw seeds, and from wild type seeds with primary and secondary dormancy labelled with anti-ß-
tubulin/FITC antibodies conjugate. Bars indicate 25 µm. Adapted from De Castro (1998, 2001).

(A-C) Embryos from non-dormant wild type control seeds: (A) embryo of dry seeds showng the absence of
microtubules; (B) embryo showing the initial assembly and accumulation of cortical microtubules after 12 h of
imbibiton; (C) embryo showing larger amounts of cortical microtubular arrays and appearance of mitotic arrays after
24 h of imbibition, indicating the initiation of cell divisions prior to radicle protrusion and completion of
germination.

(D-F) Embryos from wild type seeds with primary dormancy: (D) embryo from imbibed primarily dormant seeds
showing absence of microtubules after 1 month plus 7 d of incubation at 25 °C in dark; (E) embryo showing
appearance of cortical microtubules after the chilling treatment, indicating dormancy release;  (F) appearance of an
elaborate cortical and mitotic microtubular cytoskeleton network 1d after the chilling treatment, e.g., the arrowheads
indicate 2 mitotic phragmoplast microtubular arrays of cells in early cytokinesis, whereas the arrow indicates a
mitotic microtubular spindle array of a cell in metaphase.

(G-I) Embryos from wild type seeds with secondary dormancy: (G) embryos upon induction of secondary dormancy
showing appearance of cortical microtubules (arrowheads) after the far-red light irradiation treatment; (H) embryo
showing presence of cortical microtubules and fluorescent tubulin granules, apparently indicating some breakdown
of microtubules after a subsequent period of 7 d incubation at 25 ºC in dark; (I) embryo showing the recovery of the
microtubular network after the chilling treatment, showing cortical and mitotic arrays after a 1 d subsequent
imbibition period, indicating dormancy release.

(J-L) Embryos from non-dormant sitw seeds: (J and K) radicle and cotyledonary regions showing presence of
cortical microtubules and tubulin granules in embryos of dry sitw seeds; (L) embryo of ungerminated sitw seeds after
1 d of imbibition, showing the recovery of cortical and mitotic microtubular arrays, e.g., arrowheads indicate 2
mitotic phragmoplast microtubular arrays of cells in late cytokinesis.

Seeds with far-red induced secondary
dormancy also do not to respond to GA but do
respond moderately to light (Figure 11). The
chilling treatment alone is effective enough to
induce almost full germination without
requirement for light (Figure 11). However,
contrary to the seeds with primary dormancy, in
the seeds with secondary dormancy the chilling
treatment appears to induce partial degradation of
tubulin (Figure 14, lanes 11 and 18) and
breakdown of microtubular cytoskeleton (Figure
15H) while BrdU incorporation can still be
detected (Figure 13H). It has been shown that
during development primary dormancy is induced
at a moment when embryo histo-diferentiation has
been completed and there is no DNA synthesis, i.e.
after 35 DAP. However, at that stage there is still
an elaborate cortical microtubular cytoskeleton
present, which appears to be active during the final

morphological expansion growth, i.e., between 35
and 49 DAP (De Castro, 1998). Secondary
dormancy can be induced under conditions of
active DNA synthesis and the presence of the
microtubular cytoskeleton. Therefore, it is
apparent that the cell cycle is blocked by the far-
red irradiation treatment and is resumed after the
chilling. The fact that the germination response
to GA and light by seeds with secondary
dormancy is greater than in seeds with primary
dormancy indicates that the difference between
primary and secondary dormancy in tomato is
largely quantitative. Apparently, the initiation of
the cell cycle contributes to this response. The
escape experiment shows that the longer the
seeds are imbibed before far-red irradiation, the
less dormant they become. This is expressed in
the effectiveness of the chilling treatment
(Figure 16).
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The fact that the microtubular
cytoskeleton appears partly degraded after the
chilling treatment in wild type seeds with
secondary dormancy, as well as in dry sitw seeds
(Figure 15H, J and K), suggests that microtubules
in tomato embryos are sensitive to cold stress as
well as to desiccation. This has been observed in
other plant tissues, including leaves (Bartolo and
Carter, 1991; Okamura et al., 1993; Pihakaski et
al. 1995; Wallin and Stromberg, 1995).
Microtubules may be recovered after cold or
drought induced depolymerization (Bartolo and
Carter, 1991; Murata and Wata, 1991). This was
observed when seeds were returned to 25 °C, after
the chilling treatment.

The detection of similar numbers of
nuclei incorporating BrdU during induction and
subsequent release of secondary dormancy by
chilling may reflect an ability of S-phase nuclei to
tolerate conditions that might block the cell cycle
(e.g., far-red irradiation), once DNA synthesis is
taking place. S-phase nuclei may tolerate
desiccation when DNA repair has taken place
during the initial phases of the germination process

(Osborne and Boubriak, 1997; Boubriak et al.,
1997, De Castro et al., 2000). Despite the presence
of tubulin in the form of depolymerized
microtubules in dry sitw seeds, the amount of
tubulin that had been accumulated upon the
switch from the development to the germinative
(viviparous) mode during seed maturation and
quiescence is still preserved (Figure 14, lanes 23
and 24). Upon imbibition, the cell cycle is
resumed by means of activation of DNA
synthesis (Figure 13J to L), increase in the
number of replicated 4C DNA nuclei (Figure 12)
and further accumulation of  tubulin (Figure 14,
lane 25) and assembly of cortical and mitotic
microtubules (Figure 15L) towards the
completion of germination which is initiated
earlier than in wild type (Figure 11). This shows
the complete absence of dormancy in the ABA-
deficient sitw seeds.

CONCLUDING REMARKS

DNA synthesis and configurations of the
cytoskeleton are to be considered major cell cycle
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FIGURE 16 - The moment during imbibition at
which wild type tomato cv. Moneymaker seeds
escape the induction of secondary dormancy by
far-red irradiation.

Non-dormant wild type seeds were first
incubated in water for 4, 8, 12, 16, 24 or 36 h at
25 °C in the dark and then submitted to a far-
red irradiation treatment (pulses of 5 min far-
red irradiation, per hour, during further 24  h
incubation). Germination was scored before the
far-red treatment (not shown), as well as after
the far-red treatment, during a period of 7 d
incubation, after a chilling treatment, and
during another 7 d of incubation. Arrow
indicates the moment during incubation at
which the chilling (Ch) treatment was applied.
Maximum standard deviation (±SD) is indicated
(vertical bar). Adapted from De Castro (1998).
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FIGURE 17 -  The cell cycle in developing and germinating tomato cv. Moneymaker seeds.

A model describing the development and germination of wild type and its ABA-deficient sitw mutant tomato cv.
Moneymaker seeds in relation with activities of cell cycle events and with dormancy. Diverging lines indicate
increasing and converging lines decreasing activities. The ‘gray fill’ indicate presence of the activity, whereas
the ‘white fill’ indicate absence of the activity.
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events which allow a better understanding of the
inactivation of growth during seed development
and reactivation of growth during seed
germination. It is shown during tomato seed
development (Figure 17) that the arrest of DNA
synthesis and replication, coupled with the arrest of
mitotic events defines the completion of embryo
histo-differentiation and morphogenesis as the
initial phase of seed development. Further embryo
growth occurs only through cell expansion, as a result
of water uptake and subsequent reserve
accumulation, and is arrested with the full
degradation of the cortical microtubular cytoskeleton.
This defines maturation, as the second phase of seed
development. Thereafter, seed quiescence takes place
in the absence of cell cycle events as the final phase
of seed development. Resumption of growth occurs
during seed imbibition when cell cycle events are
reactivated (Figure 17). New cortical microtubules
are assembled and DNA synthesis is reinitiated
towards replication leading to mitotic events and
completion of germination and radicle protrusion. In
the ABA-deficient sitw mutant developmental arrest
and suppression of the cell cycle are absent (Figure
17), resulting in a continuum between morphogenesis
and germination, which is typically expressed as
vivipary. The sitw mutant is considered a
developmental mutant in which dormancy is never
expressed and in which there is no quiescence.
Dormancy is characterized by a suppression of cell
cycle events. Quatitative differences have been
observed when comparing primary and secondary
dormancy.
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