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INTRODUCTION

Dormancy can be viewed as a complex trait that encompasses physio-
logical and developmental responses to environmental signals. There has been con-
siderable research and emphasis in the past on the dormancy of seeds, which is to
be expected in view of the significant impact to agricultural yields, but it has only
been in the last few decades that significant research success has yielded infor-
mation on the topic of bud dormancy. Thus, this review will focus on the recent
results regarding bud dormancy and the interaction of dormancy to issues relat-
ed to phytohormones and cell division.

TYPES OF DORMANCY AND THE CELL CYCLE
Biologically, dormancy is an avoidance response to drought, cold, or

shortening days. The dormant situation is a complex set of physiological states
and conditions in which plants respond to a series of stresses such as drought and
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over-wintering by entering a state of growth suspension. This state of growth sus-
pension can be exhibited by degrees of dormancy. The classification and degrees
of dormancy found in plant vegetative structures have been defined as endodor-
mancy, paradormancy, and ecodormancy (Figure 1) (1). Ecodormancy is a reduced
growth response to an external stimulus such as drought or cold. Removal of the
stimulus results in a resumption of growth. Paradormancy is a reduced growth
response induced by a biochemical signal that is transported to a target tissue.
Removal of the signal results in a resumption of growth. A good example of
paradormancy is apical dominance, where auxin transported from an apical
shoot suppresses the growth of lateral buds. Endodormancy is due to an endoge-
nous signal that results in growth suppression. Older references often used the
term “deep dormancy” to describe this phenomenon. In some situations, time is
all that is required for endodormancy to terminate (e.g., the potato) and in others
there is a need for a cold treatment in order to break the dormant state (such
as most flowering temperate trees and shrubs).

Defining a dormant state in a plant can be difficult because a tissue may
progress from one dormant condition to another without any phenotypic change.
For example, a meristem may enter a phase of reduced growth in late summer in
response to day-length or drought. Thus, the meristem could be considered to be
in a state of ecodormancy. This situation could be followed by a physiological
shift and a transition into a state of endodormancy. As winter progresses the
endodormant state may terminate but growth will not resume due to unfavorable
conditions and the meristem is now again in an ecodormant state. This shift
between dormant states suggests that control of the growth cycle is a complex
interaction between endogenous and environmental factors, and there is no sim-
ple genetic solution to increasing yields by manipulating dormancy. This concept
is supported by breeding experiments and quantitative trait analysis, which is
demonstrated by the significant genetic complexity controlling the onset and
breakage of dormancy in poplar (2).

Autumn Winter Spring

Ecodormancy

Ecodormancy Endodormancy Growth

(deep dormancy)

Summer

drought

Decreasing Low temperature
photoperiod Chilling Short day-length

Figure 1. Diagram of dormancy states in a typical perennial bud. As the season progresses, dorman-
cy types may shift between ecodormancy and endodormancy and back to ecodormancy. Redrawn from
M. Lang et al. (1).
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The variations and changes in the types of dormancy suggest that differ-
ent biological and physiological mechanisms are involved with the changing of
dormant states. As this pertains to cell cycle regulation, it is unclear whether dif-
ferent states of dormancy are associated with variations in cell cycle control. The
cell cycle is regulated by a set of protein interactions between cell division kinases
(CDKs), cyclins (CYCs), and inhibitors or regulators of the CDK/CYC com-
plex [reviewed in (3)]. The activity of the CDK/CYC complex is associated with
the establishment of restriction, or control, points throughout the cell cycle.
These control points are positioned in the gap phases (G1 or G2) of the cell cycle
(Figure 2). Thus, dormancy, which is characterized by very low or absent rates of
cell division, must function by the established control points found in the G1 and
G2 phases of the cell cycle (4). The arrest of cell division in endodormant ash
buds (5), endodormant Helianthus buds (6), endodormant potato meristems (7),
and paradormant axillary buds of pea (8) appear to be predominantly at the
G1/S-phase of the cell cycle. This commonality of regulation, despite the specif-
ic type of dormancy, suggests that attempts to alter or control the dormant state
in plants, with respect to the cell cycle state, would probably require manipulation
of the factors or signal transduction mechanisms that interact with the G1/S
restriction point. The interaction of various types of dormancy with the G1/S
portion of the cell cycle demonstrates that artificial manipulation dormancy, by
alteration of cell division or growth, will most likely involve genes or proteins that
regulate the transition from the G1 to the S-phase of the cell cycle. At this point
I do not suggest that direct alteration of genes regulating the G1/S restriction
point is a practical solution to dormancy manipulation. Cell cycle control is

Presence of cyclin/CDK complex?
Growth promoters present? \
Nutrient availability? \

S-phase

Cell size? \ A -
Growth inhibitors absent? DNA synthesis

N

™~

Cell size?
Nutrient availability?

DNA replication complete?

/

Mitosis complete?

M-phase

mitosis

Figure 2. The major regulatory positions of plant cells.
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fundamental to cell proliferation and survival. However, recent analysis of plant
dormancy has narrowed the field to a number of potential targets that might
impact dormancy onset and length without directly altering basic cell cycle
machinery.

THE PARADORMANT STATE

Paradormancy, specifically apical arrest of lateral buds, is regulated by
auxin but it is not clear whether this response is directly or indirectly associ-
ated with that phytohormone [reviewed by Horvath et al., 2003 (9, 10)].
Shimizu-Sato and Mori (11) recently reviewed the topic of dormancy regula-
tion in lateral meristems and they proposed a scheme for hormonal regulation
of growth (Figure 3). In this model, auxin, produced in the apical regions of
the plant, does not directly inhibit cell division in the lateral meritems, but
does result in abscisic acid (ABA)-induced genes in the node region and the
lateral meristem. The model is supported by the work of Gocal et al. (12),
who demonstrated that auxin levels in dormant meristems are low and they
increase after release of apical repression. This suggests that, inasmuch as
high levels of auxin are not present in paradormant lateral meristems, growth
inhibition must result from some other signal. The increase in auxin as later-
al buds are released from apical repression may have some association with
entry into the cell cycle, since it has been shown that tobacco BY2 cells
express D-type cyclins in response to auxin (13). Thus, a potential working
model for paradormancy may be lateral meristem arrest by nodal ABA sig-
nals. Entry into the cell cycle begins following removal of the auxin/ABA
inhibition and production of a phytohormonal signal, such as cytokinin, that
initiates cell division.

actively growing

) leaf axillary bud
apically low ABA level
produced  dormant high auxin level
auxin axillary high cytokinin level
bud high ABA
low auxin induction of cell cycle
low cytokinin
ABA-induced
genes
auxin l cytokinin
ABA
cells
arrested
inG1/8

apical bud is intact ———— 3 Removal of apical bud

Figure 3. The mechanism of action in a paradormant axillary bud induced by apical dominance.
Redrawn from Shimizu-Sato and Mori (11).
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Transgenic plants that overproduce cytokinins exhibit a reduced level of
lateral bud arrest (14, 15). Thus, it can be concluded that the interaction of
cytokinins and auxins regulate lateral bud growth and paradormancy. These two
hormones are probably functioning at two levels, an inhibitor process controlled
by apically produced auxin/ABA and a growth-promoting process regulated by
cytokinin.

THE ENDODORMANT STATE

In many perennial woody plants the breakage of the endodormant state
requires chilling. It has been found that chilling results in a rearrangement of
symplastic connections between cells of the apical meristem by the formation of
1,3-beta-D-glucan blockages (16). Thus, chilling induced capacity for cell division
may be a result of removal of symplastic blockage by 1,3-beta-D-glucanase
resulting in increased intercellular communication. It is possible that this
increased communication results in the transport of hormonal signals through-
out the meristem. However, it has not been shown that alterations of intercellu-
lar connections directly change hormonal transport or metabolism in meristems.

There has been recent research focused on the subject of vernalization,
which is a requirement of some species for a cold treatment for the induction of
flower development. Some parallels exist between the process of vernalization
and cold-induced breakage of endodormancy. Vernalization has been shown to
be an epigenetic process that requires prolonged exposure to cold temperatures,
resulting in a developmental shift from vegetative to floral development [(17),
reviewed in (18)]. Thus, vernalization and the breakage of endodormancy both
require a similar temporal exposure to cold. Little is known about the molecular
mechanisms associated with the breakage of endodormancy, but significant
research advances have been accomplished regarding the process of vernaliza-
tion. In Arabidopsis, vernalization has been shown to be an epigenetic process
where extended exposure to cold results in the repression of the gene FLOWER-
ING LOCUS C (FLC) with the use of chromatin remodeling induced by the
genes VRNI, VRN2, and VIN3 (19).

Exposure to cold can induce cold acclimation, vernalization, and the
breakage of endodormancy in some species. Is there any similarity in the cold-
induced regulation of these three processes? Cold treatment also induces elevat-
ed ABA levels and a series of cold-regulated genes controlled by the
transcription factors CBF1, CBF2, and CBF3 (20, 21), but prolonged cold treat-
ment reduces ABA in over-wintering endodormant buds. Liu et al. (22) demon-
strated that vernalization is not regulated by ABA or the cold-induced
transcription factors. While the onset of endodormancy appears to require
ABA, it has been shown that cold is not necessary to induce the endodormant
state in grape (23). However, to break endodormancy in some species, cold is a
requirement and, in other species, such as potato, the breakage of endodorman-
cy only requires time. A commonality between potato and species that require
cold might be the reduction of ABA levels in meristems, shifting endodorman-
cy to an ecodormant state. Another possibility is that the control of endodor-
mancy is similar to vernalization, where chromatin remodeling, controlled by
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ABA, time, and/or cold treatment is a requirement. Support for this hypothesis
can be found in the work of Law and Suttle (24), who showed that in potato
tubers demethylation of CCGG regions of DNA has been linked to the break-
age of endodormancy. What remains to be determined is what regions of the
genome are remodeled. Additionally, it would be important to discern whether
a similar mechanism of remodeling is occurring in species that require cold
treatment for the breakage of endodormancy and potato, which only requires a
temporal exposure for dormancy loss. Is it possible that termination of
endodormancy follows a pattern similar to that of vernalization: cold or time
results in chromatin remodeling in an area of the genome that contains genes
that suppress growth? Meristems that enter endodormancy have usually under-
gone a significant developmental shift with leaves replaced by bracts or bud
scales at nodal regions and such developmental changes can be associated with
chromatin remodeling (25).

IS THERE A UNIFYING THEORY TO DORMANCY?

Environmental stress, such as drought, induces the production of ABA,
which results, with a complex set of responses, in growth arrest (ecodormancy).
In paradormancy, in particular apical dominance, it has been demonstrated that
there is an auxin-induced ABA response at nodal regions, which results in
growth arrest in lateral meristems. Elevated ABA levels, at least in the potato
system, induce endodormancy. Thus, a common theme in a number of plant sys-
tems, regardless of the type of dormancy, appears to involve an ABA response
at some level.

However, the removal of ABA is not always sufficient to end the dormant
state and initiate growth. Additional hormones, such as cytokinin and gib-
berellins, appear to be necessary for the resumption of cell division. Thus, dor-
mancy, irrespective of the specific type, is controlled by a process of growth
suppression and growth initiation. This might explain some of the genetic com-
plexity found by breeders who are interested in the process of dormancy. The fact
that both growth inhibitors and growth promoters regulate dormancy suggests
that cell cycle control would follow a similar path; there would be cell cycle
inhibitory mechanisms as well as cell cycle promotive mechanisms associated
with dormancy. In potato endodormancy, growth arrest seems to occur upstream
of the mechanisms of direct cell cycle control (7). This situation may be a result
of endodormancy-inducing inhibitors of the cell cycle and that ABA has a cen-
tral role in maintaining the endodormant state.

REGULATION OF THE G1 TO S TRANSITION
OF THE PLANT CELL CYCLE

The cdk/cyclin protein complex regulates cell cycle transitions and,
because dormancy appears to be a G1/S arrest, it is necessary to elucidate the
components of the CDK/CYC complex associated with that arrest. Currently,
specific proteins associated with dormancy G1/S arrest have not been found. In
Arabidopsis, there are at least four different CDKs and the activity of one class
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of the A-type of CDKs increases during the G1 to S-phase transition of the cell
cycle [reviewed in (3, 26, 27)]. Potato meristems do not change in the levels of
transcript for p34cdc2 kinase as endodormancy terminates (7). Thus, a working
hypothesis is that dormancy regulates the activity, not the transcript levels, of a
class of the A-type CDKs. The activity of a CDK requires the presence of spe-
cific cyclins, a specific phosphorylation state, and the absence of active inhibitors.
This complex arrangement for CDK activity suggests that dormancy repression
of the cell cycle at the G1 to S transition may result with the regulation of a num-
ber of different targets including cyclin levels, kinase activity, phosphatase activ-
ity, and the manipulation of inhibitors.

Plant cells contain a diverse population of cyclins, including A, B, D, and
H-types (3, 28). More cyclins await description in plants, particularly in peren-
nial species, but among the classes of cyclins known, the ones associated with
G1/8S cell cycle regulation are of direct interest to dormancy studies. The D-type
cyclins have been shown to be associated with G1 to S-phase transitions in yeast
(29). In Arabidopsis, genomic analysis has revealed that there are 49 different
cyclins, which can be assigned to nine different subgroups: CYCA, CYCB,
CYCC, CYCD, CYCH, CYCT, CYCL, CYCU, and SDS (30). Although func-
tion has not been determined for each of the cyclin-like genes, experimental evi-
dence strongly suggests that the CYCD and CYCA classes are associated with
the G1/S transition of the cell cycle [(27, 31), reviewed in (32-34)]. Thus, the
CYCD and CYCA class of cyclins may be directly regulated by dormancy in
plant tissues. It should be noted that cells not undergoing a cell cycle might
exhibit low levels of many different classes of cyclins but dormant tissues, arrest-
ed in the G1 position, would first need to express the CYCD and CYCA proteins
for entry into the S-phase.

The activity of the CDK/CYC complex is regulated by additional cellular
and biochemical mechanisms. A class of proteins classified as CDK inhibitors
(CKlIs) interacts with the CDK/CYC complex and prevents cell cycle progression
[reviewed in (33, 34)]. These inhibitors are interesting targets for investigating the
interaction of dormancy and the cell cycle. In mammalian systems, G1/S-specif-
ic CKlIs are represented by p21Cipl, p27Kipl, and p57Kip2 (17, 35-37). De
Veylder et al. (38) have examined the activity of five Kip-related proteins (KRPs)
in Arabidopsis thaliana. Thus, in comparison to mammalian systems, plants
appear to have a greater diversity in KRP-type CDK inhibitors. Does this suggest
that plant systems utilize a greater diversity of cell division inhibitors for spatial
or temporal regulation of cell division? The results of De Veylder et al. (38)
demonstrated more of a structural relationship between the KRPs and regulation
of cell division. In Arabidopsis there are at least seven KRPs that appear to have
diverse functions temporally and spatially in the shoot apex (39), but it is not
clear how KRPs are associated with meristem activity and the process of dor-
mancy. An additional class of cell division inhibitors called ICK1 and ICK?2 has
been identified in plants (40, 41). ICK1 has been shown to be induced by ABA
(40), suggesting a relationship between a phytohormone associated with the dor-
mancy response and a protein preventing entry into the cell cycle. The direct con-
nection between ABA-induced dormancy and cell cycle inhibitors has yet to be
adequately demonstrated.
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THE PHYTOHORMONE CONNECTION

ABA has been shown to regulate response to drought, cold, salt stress,
and seed dormancy through a complex set of fast and slow responses [reviewed
in (42-45)]. The signal transduction mechanisms associated with ABA exposure
in plants have recently been reviewed (42, 46), and currently there are about
50 genes associated with ABA responses in Arabidopsis (43), affecting more than
1,300 different transcripts (47). The interaction of the ABA signal transduction
mechanism with genes or proteins that directly affect the dormancy response,
which is a slow response, is not clear, and it has been difficult to separate ABA
responses associated with stress and cold from those that are directly related to
dormancy. ABA has been implicated with the onset and maintenance of
endodormancy in potato (48), white birch (49), and lily (50). The interaction of
ABA with the process of cell division is still not clear. Application or inhibition
of ABA to meristematic tissues may alter the onset of endodormancy but it also
results in developmental shifts resulting in the formation of bud scales in place of
primordial leaf. Additionally, cross-talk between ABA and other hormones, par-
ticularly those that induce growth such as cytokinin, gibberellin, and auxin, com-
plicates the experimental approaches necessary to elucidate specific responses.
The role of ABA in seed dormancy and germination has progressed significantly
(51), but due to a lack of a model system, ABA control of perennial meristem
growth remains undefined. In Arabidopsis, an ABA application to germinating
embryos results in reversible growth arrest. In tomato, ABA-deficient mutants
exhibit an increase in cells arrested in G2/M, suggesting that ABA might regulate
the G1/8S restriction point. The ABA regulation at the G1/S restriction point may
be due to cell cycle inhibitors such as ICK1, but there is some speculation that
seedling dormancy might be a function of a p53-regulated process (52, 53). The
idea that p53 might regulate cell division in seeds is based on the concept that
seeds can be exposed to prolonged storage, resulting in environmentally induced
DNA damage. This becomes an interesting issue in long-lived perennial species
where lateral bud arrest (paradormancy) may occur on the order of hundreds or
thousands of years and may result in significant DNA damage. However, the
connection between ABA-induced stress and DNA damage has yet to be eluci-
dated. ABA also results in reduced levels of metabolic activity, which might
reflect a lack of nutrient mobilization. In animal systems it has been shown that
serum starvation induces p53 activation and growth arrest by the ribosomal
protein L11 (54).

In addition to the production of cell cycle inhibitors, ABA appears to
interact with the phosphorylation cascade that is associated with the regula-
tion of cell division [reviewed in (43, 46)]. ABA interacts with inositol
polyphosphate 5-phosphatase (55), phospholipase C (55), cyclin-dependent
kinase (56), protein phosphatase 2C (57, 58), and mitogen-activated protein
kinase (59). Additionally, ABA is involved with the regulation of RNA
metabolism including transcript abundance, RNA stability, transport and
degradation [reviewed in (42)] and some of these transcripts may relate to cell
cycle regulation.
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Cytokinins have an important role in the breakage of dormancy (60-62).
The resumption of cell division following dormancy is often associated with an
increase in cytokinin levels. Within the last decade, significant progress has been
made regarding the molecular and genetic mechanisms associated with cytokinin
signal transduction [reviewed in (63)]. In endodormant tissues, such as potato,
meristems change in their sensitivity to exogenous cytokinins; close to harvest, or
deep dormancy, cytokinins have little effect on sprouting, but as tubers age the
sensitivity to cytokinins increases (62). It has been suggested that endormant
tubers do not respond to exogenous cytokinin because of the lack of a cytokinin
receptor or inactivity of the signal transduction mechanism of cytokinin action
(64). In Arabidopsis, it has been determined that receptors for cytokinins
(AHK2, AHK3, CRE1/AHK4) are transmembrane histidine kinases (65-68).
The expression of the cytokinin receptors appears to occur in all tissues of
Arabidopsis (63) and the AHK receptors relay endogenous cytokinin signals
resulting in shoot and root meristem growth (69). It is not known whether dor-
mancy alters receptor levels. Interestingly, Arabidopsis crel mutants, which have
a decreased response to endogenous cytokinin, exhibit a slight increased sensitiv-
ity to ABA (65), suggesting a level of cross-talk between the cytokinin and ABA
signal transduction systems. Exogenous cytokinin induces D-type cyclin expres-
sion and cell division (70), and cytokinin-induced cell division can be replaced by
overexpression of D-type cyclins (71). This suggests that as meristems become
active following dormancy they enter the cell cycle by cytokinin-induced expres-
sion of D-type cyclins. Thus, entry into the cell cycle may not be controlled directly
by the dormancy process but by phytohormone production after tissues have exit-
ed the dormant state.

In addition to being associated with the breakage of seed dormancy, gib-
berellins (GAs) have been linked with dormancy release in tulips [reviewed in
(72), potato (73), and lily bulbs (74, 75)]. However, the complexity of GA types
in cells and tissues, the possible presence of inhibitors, and the difficulty assess-
ing the specific dormant state makes it unclear whether GA is involved with the
breakage of dormancy or is a postdormancy growth response. Results by
Horvath et al. (76) suggest that the application of GA, to leafy spurge resulted in
G1 to S-phase transition in adventitious buds (Figure 4).

GA has been shown to bind to a GCR1 receptor in A4. thaliana seeds (77).
Additionally, G-protein-type receptors are associated with GA perception (78).
These types of binding by GA probably result in a signal transduction cascade
that has yet to be defined in its entirety, but ultimately there must be some impact
on the cell cycle machinery. In deepwater rice, GA application induces cell division
(79, 80). The regulation of GA on rice cell division appears to be largely at the
G2/M restriction point (81). One of the responses of rice to exogenous GA is to
increase the levels of transcripts for mitotic cyclins and a specific class of cyclin-
division kinase (82, 83). In the meristems of dicots, specifically tomato, GA
induces the expression of transcripts for expansins, proteins that alter cell wall
extensibility and cell expansion (84). The change in expansion expression may sug-
gest another avenue for GA impact on cell cycle machinery, since cell size has been
associated with cell cycle regulation in a number of eukaryotic organisms.
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Figure 4. Possible regulatory steps in G1 by phytohormones that regulate dormancy.

CONCLUSIONS

The localization of the Kip-related proteins to meristematic regions sug-
gests that these proteins might be associated with dormancy regulation.
Additionally, the localization of chromatin remodeling to specific genes and loci
may reveal the important regulation mechanisms for the dormant state.
Developmental mutants that fail to develop bud scales and shift meristem pro-
grams toward an over-wintering bud would be informative in identifying.

A substantial body of work has been accomplished in identifying genes
and proteins associated with cell division and the cell cycle in plants. However,
most of the recent research has focused on the annual A. thaliana as a model. In
order to progress rapidly in the area of plant meristem dormancy, a model sys-
tem has to be adopted. Many perennial species are slow growing, genetically com-
plex, and have little background genetic research that can be used to support
dormancy studies. Recent advances into the genetic structure of poplar and
recent interest in some perennial relatives of A. thaliana may create opportunities
for models systems.
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