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Introduction

The potato (Solanum tuberosum L.) tuber is a swollen under-
ground stem formed by swelling of the subapical underground 
stolons.1 As the tuber elongates, a growing number of lateral bud 
meristems (termed eyes) are formed in a spiral arrangement on 
its surface.2 After harvest, tuber buds are generally dormant and 
will not sprout or grow, even if the tubers are placed under opti-
mal conditions for sprouting (i.e., warm temperature, darkness, 
high humidity). The dormancy observed in postharvest potato 
tubers is defined as endodormancy,3 and is due to an unknown 
endogenous signal(s) that mediates suppression of meristem 
growth.4 Dormancy is thought to be a physiological adaptation 
to intermittent periods of environmental limitations and is there-
fore a survival mechanism that prevents sprouting when tubers 
would be exposed to extreme temperatures.5 The duration of the 
endodormancy period is primarily dependent on the genotype, 
but other factors, such as growth conditions of the crop and stor-
age conditions after tuber harvest, are also important.6,7 Following 
a transition period of between 1 and 15 weeks depending on the 
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The potato tuber constitutes a model system for the study of 
dormancy release and sprouting, suggested to be regulated 
by endogenous plant hormones and their balance inside the 
tuber. During dormancy, potato tubers cannot be induced to 
sprout without some form of stress or exogenous hormone 
treatment. When dormancy is released, sprouting of the 
apical bud may be inhibited by sprout control agents or cold 
temperature. Dominance of the growing apical bud over other 
lateral buds decreases during storage and is one of the earliest 
morphophysiological indicators of the tuber’s physiological 
age. Three main types of loss of apical dominance (AD) affect 
sprouting shape. Hallmarks of programmed cell death (PCD) 
have been identified in the tuber apical bud meristem (TAB-
meristem) during normal growth, and are more extensive 
when AD is lost following extended cold storage or chemical 
stress. Nevertheless, the role of hormonal regulation in TAB-
meristem PCD remains unclear.
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storage conditions and variety, dormancy is broken and apical 
buds start to grow.7 Typically one eye/sprout becoming dominant 
and inhibiting the growth of the other eyes that are paradormant 
(meristem arrested by external environmental factors).5 Tubers 
stored at room temperature will sprout weeks before those stored 
in the cold, with a single long bud (Fig. 1). Tuber sprouting is 
usually initiated from its apical bud, located opposite the tuber-
stolon connection site. Although the postharvest potato tuber 
is used as a model system for the study of metabolic processes 
associated with dormancy release, sprouting and aging, very few 
studies have been done on apical dominance (AD) during these 
processes.8-10

Hormonal Regulation of Tuber Bud Sprouting

The level of each bud’s autonomy in terms of timing of dormancy 
release and sprouting, and its interactions with other buds on the 
same tuber, are still unclear. Endogenous plant hormones and 
their relative balance within the tuber are suggested to regulate 
endodormancy, bud activation and sprouting.6,11-15 Ethylene and 
abscisic acid have been associated with the onset and maintenance 
of tuber dormancy,16 and molecular analysis has indicated that 
the expression of genes associated with the catabolic metabolism 
of abscisic acid correlates with dormancy release of bud meristems 
in potato tubers.17-20 In correlation, ABA content is highest imme-
diately after harvest when meristem dormancy is deepest, and it 
falls gradually during storage as dormancy weakens.21 in spite of 
that, continuous exposure to diniconazole and 8'-acetylene-ABA 
during microtuber development had no effects on subsequent 
sprouting at any time point or significantly increased the rate of 
microtuber sprouting, respectively. Suggesting that, although a 
decrease in ABA content is a hallmark of tuber dormancy pro-
gression, the decline in ABA levels is not a prior condition for 
dormancy release.22

Gibberellins (GAs) are inducers of bud activation and elonga-
tion after dormancy is released, but their endogenous levels are 
not associated with maintenance of dormancy.11,13 Interestingly, 
at the time of initial sprouting, internal levels of these bioactive 
GAs were lower than those found in deeply dormant tubers.5 The 
endogenous contents of GA

19
, GA

20
 and GA

1
 were relatively high 

immediately after harvest, declined during storage, and rose to 
the highest levels during the period of robust sprout growth.11 
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REVIEW

There is evidence that the most abundant 
naturally occurring auxin, indole acetic acid 
(IAA), is at its highest level at the early stages 
of tuber dormancy, and later decreases in the 
buds during storage.12,24,25 Feeding experiments 
have indicated that changes in IAA biosynthe-
sis rate are a major cause of auxin variation in 
buds.12 In dormant buds from freshly harvested 
tubers, the free hormone was found to accu-
mulate mostly in the apical meristem, leaf and 
lateral bud primordia, as well as differentiating 
vascular tissues underlying the apical meristem, 
whereas at the end of the storage period, only 
lateral bud primordia from growing buds dis-
played appreciable auxin levels.12 Since AD is 
gradually lost during storage, auxin might be 
the link between bud activation and its AD.

AD in Potato Tubers

AD in potato tubers results in control of the 
apical bud over lateral bud outgrowth. It is 
similar to the AD condition exerted by the 
shoot tip in many different plants (for review 
see ref. 26–29). Cline30 suggested that apical 
dominance and its release may be devided into 
four developmental stages: lateral bud forma-
tion (stage I), imposition of inhibition (api-
cal dominanc) (stage II), initiation of lateral 
bud outgrowth following decapitation (stage 
III), and subsequent elongation and develop-
ment of lateral bud into branch (stage IV). He 
suggested that there is some overlap between 
the four stages and the degree of inhibition 
imposed in stage II may vary between species.30 
The current view suggests that shoot AD and 
branching regulation involve three long-range 
hormonal signals: auxin, which is synthesized 
mainly in young expanding leaves then moves 
down the plant in the polar transport stream, 

and strigolactone and CKs, synthesized in both the root and 
shoot, which move up the plant, most likely in the transpiration 
stream. Auxin clearly plays a role in AD, i.e., suppression of lat-
eral buds activation by the apical meristem, but the mechanism 
by which the auxin signal is perceived in the lateral bud is subject 
to debate.26

Michener8 showed that when the intact potato tuber begins to 
grow after dormancy is released, one or more apical buds grow, 
but the lateral buds usually do not. If, however, lateral buds and 
apical buds are excised and grown separately, both start to grow 
at the same time. Moreover, in non-dormant tubers, any first-
growing, large bud usually inhibits the growth of late-growing, 
smaller ones.8 Teper-Bamnolker et al.31 observed three main 
types of AD loss in stored potato: loss of dominance of the api-
cal buds over those situated more basipetally on the tuber (“type 
I”); loss of dominance of the main bud in any given eye over the 

Hartman et al.13 showed that transgenic potato plants with mod-
ified GA biosynthesis—expressing Arabidopsis GA 20-oxidase 
under the control of the chimeric STLS1/CaMV35 promoter—
exhibit early tuber sprouting. These results showed that endoge-
nous GA is able to terminate tuber dormancy and promote sprout 
outgrowth.

Biologically active cytokinins (CKs) increase over time in dor-
mant potato tissues, suggesting a role for this class of hormones 
in bud activation.13,14,23 Expression of isopentenyltransferase from 
Agrobacterium tumefaciens in potato tubers to enhance endog-
enous CK levels, or cytokinin oxidase/dehydrogenase1 (CKX) 
to reduce endogenous CK content, produced an earlier sprout-
ing phenotype compared with the wild type or a prolonged dor-
mancy period, respectively.13 This result supports an essential role 
for CKs in bud activation and shows that GA is not sufficient to 
break dormancy in the absence of CK.

Figure 1. Schematic representation of dormancy release and loss of apical dominance (AD) 
as a result of potato tuber storage at room temperature or in the cold, or following a specific 
chemical stress.
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of the tubers. He concluded that auxin inhibits bud growth in 
the dormant tuber and that removal of the auxin by the action of 
ethylene chlorhydrin allows growth to proceed.

The phytotoxic chemical BE shortens the natural dormancy 
period from 2–4 mo to approximately 10 d.45-47 Campbell et 
al.45 observed that transcript profiles in BE-induced cessation 
of dormancy are similar to those observed in natural dormancy 
release, suggesting that both follow a similar biological pat-
tern during this transition. Thus, BE treatment can be used 
to compress and synchronize release from the dormant period, 
which is an advantage from an experimental standpoint.45 Teper-
Bamnolker et al.31 showed that BE application induces early 
sprouting in freshly harvested ‘Nicola’ and ‘Désirée’ tubers, as 
well as loss of AD. Buds surrounding the apical buds tended to 
grow faster than those located in more distant segments of the 
tuber. Loss of type I AD as a result of BE treatment was followed 
by loss of type III dominance, expressed as excessive branching 
of the growing shoots.31 Teper-Bamnolker et al.48 also showed 
that very low doses of the sprout inhibitor R-carvone can also 
induce early sprouting and loss of AD. Whereas high doses of 
this inhibitor were shown to damage cellular membranes in the 
apical meristem, no such damage was detected when the sprout-
inducing low dose was used, suggesting a signaling effect.48 At 
both R-carvone doses, the final result was loss of all types of 
AD when the tuber sprouted leading to a bush-like pattern of 
growing buds.

The mode of action of phytotoxic chemicals in inducing 
dormancy release and altering apical bud dominance is poorly 
understood. Teper-Bamnolker et al.31 proposed programmed cell 
death (PCD) in the TAB-meristem as one of the mechanisms 
regulating AD. Hallmarks of PCD were identified in the TAB-
meristems during normal growth, and these were more exten-
sive when AD was lost following either extended cold storage or 
BE treatment (Fig. 1). Hallmarks included DNA fragmentation, 
induced gene expression of vacuolar processing enzyme 1 (VPE1) 
and elevated VPE activity.31 Treatment of tubers with BE and 
then VPE inhibitor induced faster growth and AD recovery in 
detached and nondetached apical buds, respectively, suggesting 
that PCD is associated with weakening of tuber AD, allowing 
early sprouting of mature lateral buds.31

Cold storage is the main tool used worldwide to delay sprout-
ing of stored tubers. When the tuber is exposed to cool tempera-
tures during its dormancy period, the number of sprouting buds 
after dormancy is released increases with time of exposure. In 
other words, an increase in the number of weeks of exposure to 
cool temperatures reduces AD.32 Fauconnier et al.49 found that 
AD can last for up to approximately 60 d in storage in cvs. Bintje 
and Désirée. Between 60 and 240 d of storage, sprout number 
per tuber increased linearly with time due to loss of AD. Low 
temperature (4°C as compared with 12°C) reduces sprouting 
capacity and AD, and increases the number of stems when the 
tubers eventually do sprout.50

To date, none of the sprout control agents studied in potato 
have been shown to delay loss of AD. Dyson and Digby51 sug-
gested that calcium is necessary to maintain AD of the sprout 
and prevent some of the changes attributed to physiological 

subtending axillary buds within the same eye (“type II”), and loss 
of dominance of the developing sprouts over their own branch-
ing, meaning that side stems do not emerge from the base of the 
sprout as in type II (“type III”).

Type I loss of dominance has been shown to exhibit classi-
cal stem-like behavior, but the developing apical bud suppresses 
only mature or dormancy released buds. Removing the apical 
bud induces early sprouting of all other mature buds in the same 
tuber. After 30, 60 and 90 d in cold storage, an average of 1, 
2 and 9 buds sprouted, respectively,31 suggesting the need for 
each bud to reach maturity and autonomous dormancy release 
before it is controlled by the tuber apical bud meristem (TAB-
meristem). Cline30 distinguish between initiation of axillary bud 
growth and subsequent axillary shoot elongation, which may be 
under the control of different hormone factors, as shown lately 
by Hartmann et al.13 Removal of a lateral meristem complex or 
wounding between buds did not impact AD or sprouting rate.31 
These experiments emphasize the importance of TAB-meristem 
presence and viability in the control of lateral bud meristem 
growth, before sprouting is observed.

AD and Tuber Physiological Age

The physiological age of the seed tuber is the physiological stage 
that influences its productive capacity.32 The physiological status 
of a seed tuber at any time is determined by genotype, chronologi-
cal age, and environmental conditions from tuber initiation until 
new plant emergence (reviewed by Caldiz33). Struik32 suggested 
that the summed temperature during storage is the predominant 
factor affecting physiological aging, although its effect is mod-
erated by light conditions and genetic factors. The physiologi-
cal age of seed tubers affects future crop performance, i.e., stem 
emergence rate, percentage of emergence, number of emerged 
stems per mother tuber, time to tuber initiation, crop vigor and 
growth, dry matter distribution and tuber yield.34-37

Sprout type is one of the earliest morphophysiological indica-
tors of a seed tuber’s physiological age. Krijthe38 described four 
stages of sprouting shape in storage after dormancy is released: 
(1) AD where only one sprout develops, (2) additional multiple 
buds sprouting as a result of reduced AD, (3) branching of the 
sprouting stems, and (4) in the aging mother tubers, sprout 
replacement by daughter tubers.

Effect of Sprouting Control on AD

Previous studies have shown that immediately after harvest, dur-
ing their dormant period, potato tubers cannot be induced to 
sprout without some form of stress or exogenous hormone treat-
ment.13,14,39 On a large commercial scale, Rindite (a mixture of 
ethylene chlorhydrin, ethylene dichloride and carbon tetrachlo-
ride),40 bromoethane (BE),41 CS

2
42,43 and GA

3
44 have been used 

to break tuber seed dormancy. Michener8 found that in dormant 
tubers treated with ethylene chlorhydrin, much of the auxin dis-
appears. The auxin reappears within 2 or 3 d after treatment ter-
mination. Michener8 also observed loss of AD after the chemical 
treatment, and its restoration by application of IAA to the apex 
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control agents. Some of these factors have been shown to induce 
PCD in the TAB-meristem of the potato tuber.31 PCD plays an 
important role in various stages of plant development, such as 
embryogenesis, self-incompatibility, xylogenesis and senescence, 
and in response to biotic or abiotic stresses.52-59 However, the role of 
hormonal regulation in TAB-meristem PCD is still unclear. The 
enzyme VPE1 could be a key factor in TAB-meristem development 
and dominance, as use of a specific VPE inhibitor restored growth 
and dominance of the apical bud, though this needs to be further 
proven in transgenic potato tubers.

aging. Calcium application delays the loss of AD, probably by 
preventing the subapical necrosis typical to sprouting of potato 
tubers in dark storage.

Conclusions and Perspectives

Potato tubers exhibit AD behavior that is very similar to that of 
other stems. Apical bud dominance may serve as a marker for tuber 
physiological age. However, it can be altered by a number of abi-
otic stresses, including storage temperature and chemical sprouting 
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