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Stellingen 

1. De verhoogde AGPase-activiteit gedurende het uitlopen van aardappelen 
wijst op zetmeelcycling tijdens het breken van de kiemrust. 
(dit proefschrift) 

2. De veranderde verhouding glucose-6-fosfaat: fructose-6-fosfaat: glucose-
1-fosfaat in het voordeel van glucose-1-fosfaat, tijdens de kiemrustbreking 
van aardappelen, is waarschijnlijk een gevolg van een veranderde PGM-
regulatie. 
(dit proefschrift; Fernie eta/., Planta 213: 418 - 426 (2001); 214: 510 - 520 
(2002)) 

3. Zowel de ethanol-gei'nduceerde kiemrustbreking bij de aardappel als het 
type secundaire structuur wat ontstaat, worden niet gereguleerd door 
veranderde GA-gehaltes, waardoor een grotere rol toebedeeld kan worden 
aan ethanol of alcoholdehydrogenase bij deze processen. 
(dit proefschrift) 

4. Rotsvast vertrouwen in de Biochemical Pathways (Boehringer Mannheim 
GmbH, 1993, 3 rd edition, part I) is niet op zijn plaats bij onderzoek aan 
zetmeelmetabolisme. 

5. Het nauwkeurig bedenken, opzetten, uitvoeren en interpreteren van 
controles is een van de meest belangrijke en meest vergeten onderdelen 
van onderzoek. 

6. Een verplichte cursus in onderzoeksmanagment en —planning zal niet de 
meest geliefde bezigheid van AiO's zijn, maar wellicht noodzakelijk om 
tegemoet te komen aan de strenger wordende eisen van de betrokken 
uitkeringsinstantie USZO. 

7. Het feit dat een trein soms nog gehaald kan worden ten gevolge van 
vertragingen, kan niet gebruikt worden als positief argument bij een imago-
verbetering van de NS. 

8. Wanneer de regering in het najaar nadelige maatregelen voor akkerbouwers 
neemt is de kans op protestacties in Den Haag het kleinst. 

Stellingen behorend bij het proefschrift: 
' Carbohydrate metabolism during potato tuber dormancy and sprouting' 

Ma/go Claassens, Wageningen, 1 oktober 2002 
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General introduction 

The potato crop 

Potato (Solanum tuberosum L.) originates from the high Andes in South America 

and was introduced into Europe around the year 1570. Since then, it has been 

extensively cultivated all over the world and became one of the major food crops. 

In terms of total production, the potato ranks amongst the top four food crops, 

together with wheat, rice and maize. The potato is grown in more than 70% of all 

countries and constitutes a major source of human nutrition. Global annual 

production of potatoes exceeds 290 million tons (FAO estimate) and the annual 

production in the Netherlands is about 8 million tons (CBS, 1999). 

The potato tuber is produced not only for human consumption; a major part is 

used for industrial processing. Especially the large starch and protein quantities 

make the potato tuber an ideal basis for such divergent industries, as food, feed, 

paper, textile, pharmaceutical and even the building industry 

(http://www.avebe.nl). Next to these objectives for potato production, also the 

production of seed potatoes is important, especially in the Netherlands. Potato 

tubers produced for all different purposes are placed in short- to long-term 

storage for a stable year-round supply. During this storage period, both 

physiological and pathological processes in the tuber can cause severe losses of 

the total potato harvest. One of the most important physiological processes 

affecting the quality of stored potatoes is sprouting (Suttle, 2000). 

Potato life cycle 

Sprouting is a part of the vegetative life cycle of the potato. The tuber sprouts 

and forms a new plant. As the sprout is not self-supporting, it uses the storage 

carbohydrates and other constituents of the so-called 'mother tuber' until it 

reaches the above-ground level and can start photosynthesis. The plant grows 

and after it has reached a certain stage, the induction of the formation of new 

tubers occurs. This induction is regulated by various external factors, e.g. length 

of photoperiod, temperature or nitrogen limitation. Potato tubers are formed 

underground at so called stolons, which develop as lateral shoots at the base of 

the stems of the potato plant (figure 1.1). Tuber induction leads to tuber 

initiation, which is defined as a swelling of the stolon to twice its original 

diameter (Ewing and Struik, 1992). Tuber initiation is followed by tuber growth 

and maturation. 

http://www.avebe.nl
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Figure 1.1 Tuberization in the potato plant. 

Then the tuber (figure 1.2A) enters a period of dormancy, which presumably is 

already initiated during tuber development (Burton, 1978). The length and depth 

of this dormancy period is dependent on cultivar and environmental factors 

occurring during tuber development and storage. At the end of this period, the 

dormancy is broken, which is followed by sprouting (figure 1.2B and 1.2C) and a 

new plant is formed again, thus completing the potato plant's life cycle. 

Figure 1.2 Potato tubers at different developmental stages. A: tuber just after harvest, 
dormant; B: tuber that just starts to sprout; C: sprouting tuber. 

Dormancy in general is described as 'a temporary suspension of visible growth of 

any plant structure containing a meristem' (Lang et a/., 1987). A dormancy period, 

which probably evolved as a survival strategy, has advantages and disadvantages. 

It is advantageous for the plant to survive a period unfavourable for growth 

(survival) or for man to store dormant plant material (e.g. seeds or vegetative 

storage/propagation organs like potato tubers) for a certain period of time. And 
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it is disadvantageous when growth is necessary soon after harvest of these seeds 

or tubers. 

A lot of research is done on tuber development (Ewing and Struik, 1992 and 

references therein; Appeldoorn et al., 1997; -1999), also because of economic 

interest, as insight in the regulation of tuber initiation may lead to the 

development of methods controlling the time-point of initiation and the number 

of tubers per plant. Tuber size and total tuber yield are economically relevant for 

producing different kind of tubers, e.g. seed potatoes, tubers for consumption or 

tubers for industrial processing. As sprouting is important either because it may 

cause losses during (long term) storage or because sometimes sprout growth is 

already necessary soon after harvest, also fundamental research on the 

physiological regulation of tuber dormancy, dormancy breaking and sprouting 

may be of interest for economic purposes. In the past, research was mainly 

focused on storage conditions (reviewed by Van Es and Hartmans, 1987), 

although several research groups also have focused on endogenous hormonal 

control of potato tuber dormancy (Koda, 1988; Sutde, 2000) or carbohydrate 

metabolism within this period (Van der Plas, 1987; Hajirezaei, 1999; Biemelt etal, 

2000; Sonnewald, 2001; Fernie and Willmitzer, 2001). 

In vitro tuberization 

Appeldoorn etal. (1997 and 1999) used an in vitro tuberization system (figure 1.3), 

based on a method described by Hendriks et al. (1991) to obtain the plant 

material for their research on carbohydrate metabolism in developing tubers. One 

of the main reasons to use tubers, produced with such an in vitro system, was that 

tuberization was highly synchronous; tuber formation started on the 5 th or 6th day 

after placing explants on tuber-inducing medium (figure 1.3A). Another way of 

producing microtubers (described as type II) is shown in figure 1.3B. The most 

important reason for using type II microtubers was the fact that mass production 

is possible when a lot of tubers of one batch are necessary for experiments, as 

described in chapter 3. 

Either system is very synchronous and advantageous when investigating 

developmental programmes. Because the in vitro system (type I) was highly 

synchronous in tuber formation, it was also expected to be quite synchronous in 

sprouting too. However, a 4-week period elapsed between the sprouting of the 

first tubers in a batch and the time at which 80% of the tubers had sprouted 

(figure 1.4). Moreover, the starting point of sprouting of different batches varies 

up to 4 weeks (figure 1.4). 
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Figure 1.3 Schematic drawing of the in vitro tuberization system based on the method 
described by Hendriks et al. (1991). 
A. type I microtubers: in vitro grown and propagated (1) plants are transferred to soil (2) 
and grown for four weeks under long day conditions in a climate chamber (3). To 
induce these plants for tuberization, the plants are placed under short day conditions for 
three more weeks (4). Single node cuttings containing an axillary bud from the main 
stem of these soil-grown plants are placed on tuber-inducing medium (5) and cultured in 
the dark (6). Tuber formation started on the 5th or 6th day. 
B: type II microtubers: single node cuttings containing an axillary bud from the main 
stem of the in vitro grown plants are placed on tuber-inducing medium in a petridish (7) 
and cultured in the dark (8). Tuber formation started on the 6th or 7th day. 

Thus, tuber sprouting was a-synchronous within a batch and between batches. 

The a-synchronicity within a tuber batch was approximately the same as found in 

field-grown tubers (Jan van Loon, personal communication). Despite the lack of 

synchronicity, another reason to choose for an in vitro system was the fact that in 

this way, our experiments are not depending on one harvest a year and not on the 

weather conditions during that year. Moreover, in vitro tubers are more 

homogeneous than field- or pot-grown tubers. 
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Figure 1.4 Sprouting curves of four different batches of type I microtubers, all dried at a 
RH > 80% and stored afterwards at 10°C. 

Scope of this thesis 

A wide range of factors, both external and internal, affect or are involved in the 

initiation of dormancy, maintenance of dormancy and in dormancy breakage and 

subsequent sprouting. External factors during plant growth, e.g. photoperiod, 

available nitrogen and temperature influence the time-point of tuber induction 

and initiation, but supposedly these factors also affect dormancy later in the 

tuber's lifecycle (Burton, 1989; Suttie, 1998). Also, the external factors during 

storage, e.g. O2, CO2, temperature and humidity affect potato tuber physiology 

and dormancy. For example, when tubers are stored at a temperature below 8°C, 

neutral sugars accumulate in the tuber. This phenomenon is called cold-

sweetening or low temperature sweetening. When these tubers are then 

transferred to a temperature above 10°C, the reverse, i.e. formation of starch 

from sugar occurs. Also precocious sprouting is then observed (figure 1.5). 

This thesis concentrates on the analysis of the role of endogenous components in 

the sprouting process; the whole dormancy period, including the period of 

dormancy breaking and (early) sprouting was investigated. The role of both 

endogenous and exogenously applied plant hormones, is reviewed in chapter 2, 

together with carbohydrate metabolism, its levels of intermediates and the 

activities of enzymes responsible for their conversions. Moreover, the initiation 

of dormancy (or the tuber developmental stage, at which initiation of dormancy 
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Figure 1.5 Sprouting curves of one batch of tubers, divided in several groups, which are 
stored at different temperatures. 

is supposed to occur) and dormancy breaking are compared, highlighting 

differences and similarities of internal factors, e.g. hormones, sugars, starch and 

some enzymes involved in the metabolism of sugars and starch. The research 

presented in this thesis focuses on induced sprouting (chapter 3) and 

spontaneous breaking of dormancy and sprouting (chapter 4 and 5). 

A well-known compound, able to induce sprouting in potato tubers, is 

gibberellin. As gibberellins affect all kind of processes within the tuber, it is not 

easy to decide whether changes observed in carbohydrate metabolism after GA-

application are the result of 'dormancy breaking' or a direct effect of the 

hormone. Therefore, another way of inducing sprouting in potato tubers, and 

thus dormancy breaking, was investigated. Alcohols are known to break 

dormancy in seeds of various plant species, and therefore ethanol was chosen to 

investigate its dormancy breaking capacity in potato tubers. The putative mode of 

action (via ADH) of ethanol as a dormancy breaking chemical is investigated in 

chapter 3. During the formation of potato tubers, unfavourable conditions, e.g. 

heat, can cause so called second growth. Different forms of secondary structures 

can be distinguished: deformation of tubers, formation of secondary tubers, 

formation of aerial sprouts from tubers and formation of stolons (Van den Berg 

et ai, 1990). Assuming that dormancy gradually develops in the tuber, second 

growth could also be seen as breaking of (early) dormancy. Different secondary 

structures developed also during ethanol treatment; 1% sucrose in the medium 

resulted in formation of a sprout and 8% sucrose resulted in a secondary tuber. 
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The regulation of the formation of these secondary structures, and the possible 

involvement of endogenous gibberellins, was investigated and discussed in 

chapter 3. 

The spontaneous breakage of dormancy and the subsequent sprouting was the 

main objective of this thesis. Starch metabolism during the whole period of 

dormancy and the start of sprouting is followed and discussed in chapter 4. This 

is followed by a discussion of sucrose metabolism during that same period in 

chapter 5. Against this background of sucrose metabolism, the possibility of 

starch cycling is again discussed at the end of chapter 5, presenting also a model 

for carbohydrate metabolism in dormant and sprouting tubers. 

In chapter 6 (general discussion), the use of in vitro tubers as a model system for 

soil-grown tubers is discussed first. Then a comparison is made of carbohydrate 

metabolism during spontaneous sprouting and during ethanol-induced or GA-

induced sprouting. Finally, we elaborate further on the comparison of internal 

factors during tuber development and during dormancy breaking, reviewed in 

chapter 2, on the basis of studies on tuber development (Appeldoorn et ai, 1997; 

-1999) and on dormancy breaking (this thesis), using the same model system. 
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Is dormancy breaking the reverse of tuber initiation? 

Abstract 

Tuber formation is a well orchestrated physiological event that involves many 

metabolic changes. Dormancy gradually develops in potato tubers from the 

moment cell division in the stolon tip has stopped and the tuber starts to 

develop. Dormancy breakage may be the reverse of dormancy initiation 

suggesting that there may be similarities between tuber induction and dormancy 

development. 

Based on a literature review it is concluded that, when comparing tuber induction 

and the breaking of dormancy, hormonal activities are only partly the reverse, 

whereas for carbohydrates and enzyme activities some clearly reverse trends are 

found. 

For more definite conclusions more research should be done to assess precisely 

the moment of dormancy breaking. Moreover, measurements on events 

associated with tuber induction and dormancy breaking should be carried out 

using the same techniques and the same material. 

Molecular genetic analysis may provide well-defined markers for the timing of 

breaking of dormancy. 

12 



Chapter 2 

Tuber deve lopment and init iation o f dormancy 

Potato plants are grown from seed potatoes to produce tubers, both for fresh 

consumption, industrial processing or vegetative reproduction. At the base of the 

main stem of the plants a number of lateral shoots are formed, which usually 

grow below soil level. Unlike the aboveground stems, these underground stems, 

or stolons, grow diageotropically (Van Es and Hartmans, 1987a). When the 

conditions are favourable (e.g. depending on length of photoperiod, temperature, 

nitrogen limitation), tubers are formed at the stolons. A potato tuber is in fact a 

modified stem with a shortened and broadened axis (Van Es and Hartmans, 

1987a, and references therein). At the onset of tuber formation, the elongation of 

stolons stops and cells in pith and cortex enlarge and divide longitudinally, which 

results in the swelling of the subapical part of the stolon. When these young 

tubers reach a certain size, the longitudinal divisions stop and randomly oriented 

divisions and cell enlargement occur in the perimedullary region and continue 

until the tubers reach their final diameter (Xu et a/., 1998a). During the 

development of the tubers on the plant, the buds in the eyes of the tuber 

successively become dormant, starting at the stolon end. The apical eye is the last 

to become dormant (Van Es and Hartmans, 1987a). Tuber initiation is 

accompanied by two major biochemical changes, the accumulation of starch and 

the production of storage proteins (Visser et a/., 1994). 

To grow tubers in vitro, some of the favourable conditions mentioned above are 

mimicked. In the in vitro system used in our lab, single-node cuttings from soil-

grown plants (grown under short day (SD) conditions) are placed on a so called 

tuber-inducing medium, which contains a low amount of nitrogen and a high 

amount of sucrose (Hendriks et a/., 1991). The initiation and further development 

of the microtubers (called so because of their size, which almost never exceeds 

0.8 cm in diameter) is quite synchronous. Like the in planta grown tubers, also 

here pith and cortex are involved in the tuberization process. The small size of 

the microtubers is due to the absence of development of the perimedullary region 

(Xu et ai, 1998a). The described in vitro system, used in our lab, may differ from in 

vitro systems used in other laboratories. 

One of the remarkable aspects of tuber formation is the switching off of activity 

of the apical meristem in the stolon apex. This apex becomes the apical end of 

the tuber, which only resumes activity after prolonged storage of the mature 

tuber. Thus the question arises: when does tuber dormancy start? For a long 

time, the time of harvest was seen as the starting point for dormancy. However, 

the date of harvest, although used as a practical tool, has no physiological 
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significance (Burton, 1978 in Van Es and Hartmans, 1987b). The end of tuber 

growth may then be the time point when dormancy starts. Alternatively, Burton 

(1978, in Van Es and Hartmans, 1987b) suggested that dormancy start at tuber 

initiation. This implies that dormancy as well as tuber initiation, via the 

aboveground parts of the plant, might be affected by environmental factors 

during growth. Van Ittersum and Struik (1992) showed some correlations 

between the duration of dormancy and some stolon and tuber variables, e.g., 

tuber weight, tuber initiation and stolon initiation (correlation coefficients are 

respectively -0.82, 0.51 and 0.41, all statistically significant at P<0.001 and 

n=355). They concluded that tuber weight was the variable by far the best related 

to the duration of dormancy and that tuber weight is also related to some other 

variables. 

Figure 2.1 Effect of GA on development of in vitro tubers. Tubers are approximately 
0.7-0.8 cm in diameter. Single-node cuttings were grown on tuber-inducing medium 
(Hendriks et a/., 1991) and then transferred to the same medium supplemented with 
GA4+7. 
A. transferred 6 days after tuber induction to medium with 0.5 \iM GA4+7, resulting in 
formation of a new stolon at the apical bud; 
B. transferred 16 days after tuber induction to medium with 10 \iM GA4+7, resulting in 
formation of a sprout at the apical bud. 

Concerning plant hormones, Suttle (1998a) showed that ethylene is produced 

throughout tuber development. Exposing developing tubers to the ethylene 

antagonist silver nitrate or 2,5-norbornadiene (NBD) resulted in premature 

sprouting, indicating that endogenous ethylene is essential for the full-expression 

of potato microtuber dormancy. Also, our experiments showed that treatment 

with gibberellins (GAs) in the very early stages of (in vitro) tuber development 

results in stolon formation at the apical bud of the tuber (figure 2.1A). After this 
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GA-treatment the young tuber itself is behaving more as a stolon than as a tuber, 

in terms of metabolites, indicating that tuber formation in the very early stages of 

development seems to be reversible. This may be dependent on cell division in 

the stolon apical meristem. As soon as these cell divisions have stopped, tuber 

formation is not reversible anymore (Lian Yung, personal communication). 

Treatment with GA4+7 in a later stage of tuber development causes sprouting 

(figure 2.IB). The concentration of GA required to induce sprouting is higher in 

older, more developed tubers. This suggests that dormancy gradually develops in 

the tuber from the moment cell division in the stolon tip has stopped and the 

tuber starts to develop. 

D o r m a n c y breaking and sprout ing 

The length of the dormancy period depends not only on cultivar, but also on 

conditions during development (as discussed above) and during storage. Day 

length during development has an effect on the dormancy period; potatoes 

cultivated under short-day conditions have a shorter dormancy than those 

cultivated under long days (Emilsson, 1949, quoted by Hemberg, 1985). Different 

storage conditions, such as temperature, humidity of the storage atmosphere, 

light, oxygen concentration, carbon dioxide concentration and the possible 

presence of volatile substances from the potato (ethylene) also affect the 

dormancy period (Van Es and Hartmans, 1987b). But, even if a batch of tubers 

was grown under the same conditions and was stored under the same conditions, 

sprouting in individual tubers does not occur synchronously. The starting 

moment of tuber formation is of importance for the length of the sprouting 

period (Van Es and Hartmans, 1987b), only not that important as expected. In 

the field, tubers are formed asynchronously. For field grown seed potatoes, a 

sprouting period of four weeks is found (Jan van Loon, personal 

communication). Using an in vitro system, in which tuber formation is far more 

synchronous than in the field, a sprouting period of four weeks is also found 

(both cv. Bintje). 

This asynchronicity in sprouting is not only a problem for investigating the 

breakage of dormancy. When we consider sprouting as the visible effect of the 

breaking of dormancy and the topic of interest is dormancy breaking, than one 

should be very careful not to measure parameters of the sprouting process. This 

means that determination of relevant parameters should take place before visible 

sprouting, but even then it is hard to identify the parameters as dormancy 

breaking parameters or sprouting parameters. Discussing dormancy of true seeds, 

Cohn (1996) stated: 'if one desires to increase the chances of successfully 
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identifying events associated with the dormancy breaking process, it is essential to 

conduct time course studies using chemical pulse treatments applied to a uniform 

and vigorous seed sample'. Markers for the progression from dormancy to 

germination processes, i.e. those occurring prior to visible embryo growth, are 

almost non-existent. For seeds of red rice he reported that most of the cellular 

responses occurred within 4 hours after application of a dormancy breaking 

chemical. These events were taking place at least 1 6 - 2 4 hours before the first 

indications of the visible germination event. 

In potato research, such a quick and synchronous system is not yet known. 

Spontaneous sprouting occurs over a too long period (four weeks, see above) to 

allow collection of well-defined stages of dormancy breaking, before visible 

sprouting occurs. Dormancy breaking treatments may be the solution to 

overcome this problem. Sprouting can be stimulated by chemicals, by damaging 

the tuber, by increasing the humidity of the storage atmosphere, by temperature 

variation, etc. (Van Es and Hartmans, 1987b). Rindite (7:3:1 anhydrous ethylene 

chlorohydrin : ethylene dichloride : carbon tetrachloride), carbon disulphide and 

gibberellic acid have been used to break potato tuber dormancy. The main 

disadvantage of the first two compounds is their toxicity to human. When using 

GA, tubers are immersed in or sprayed with a solution. GA is usually absorbed 

more efficiently by the tubers after wounding. The wounding itself also stimulates 

sprouting, presumably by synthesis of gibberellins in the tuber (Rappaport and 

Sachs, 1967). Furthermore, it is known that near the end of dormancy the 

concentration needed to break dormancy is less than during the middle period of 

storage (deep dormancy) or as Bruinsma (1967) stated: 'the concentration of GA 

can be increased if dormancy is suspected to be very intense'. Guzman (1963) 

describes the necessity for treating freshly harvested seed tubers with GA when 

used for fall planting. For spring planting with seed tubers stored for four 

months, no GA treatment is needed. Thus, during tuber development, GA-

concentrations needed to break dormancy increase and near the end of 

dormancy, the concentration decreases again. 

This finding and a few others gave rise to the idea that dormancy breakage may 

be the reverse of dormancy initiation. Above we already presented evidence that 

dormancy initiation takes place during tuber initiation. Hereafter we will discuss 

changes in hormones, carbohydrates and enzyme activities during tuber 

formation and during dormancy breakage in order to try to answer the question 

whether breakage of dormancy might be considered as the reverse of tuber 

initiation. Different authors have reviewed physiological aspects of either tuber 

formation (Ewing and Struik, 1992) or tuber storage (Van der Plas, 1987). By our 

knowledge, we are the first to compare tuber initiation and dormancy breaking. 
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Hormones 

In the following part the effects of exogenous and endogenous phytohormones 

on the processes of tuber development and dormancy breaking / sprouting are 

discussed. 

Gibberellins 

Gibberellins are well known to have an inhibitory effect on tuberization and 

tuber growth. When using tuberizing conditions, such as SD, tuberization can be 

prevented by the application of GA (Kumar and Wareing, 1974). On the other 

hand, under long day (LD), non-inducing conditions, tuberization can be induced 

by blocking the GA synthesis with CCC (chlorocholine chloride) (Hammes and 

Nel, 1975). Railton and Wareing (1973) obtained evidence that the level of 

gibberellins in the potato plant decreases upon transfer from LD to SD 

conditions. Vreugdenhil and Sergeeva (2000) reviewed GAs and their role in 

tuberization, discussing in more detail the data on endogenous GAs and the 

effects of exogenously applied GAs on cellular events, starch accumulation, etc. 

Xu et al. (1998b) quantified endogenous GAs during various stages of stolon 

elongation and tuber formation in an in vitro tuberizing system. They found 

significant variation of the GAi level during the development of stolons. The 

GAi content was high during the elongation of stolons and became very low 

during the development of tubers. Moreover, the decrease of GAi occurred well 

before visible swelling, consistent with the findings of Koda (1983b). 

Furthermore, during the whole process of tuber growth, the GAi content stayed 

very low. These experiments strongly suggest a (negative) regulating role of GAi 

on tuber formation as well as on tuber growth. The observed decrease in GAi 

before visible swelling not only suggests a regulating role in tuber induction, but 

also in cessation of stolon elongation. Although tuber induction and stolon 

cessation are different steps in the process of tuber formation and their 

regulation is not the same (Vreugdenhil and Struik, 1989), they are closely linked 

in time and observed changes in hormone levels can often not be attributed to 

only one of these processes. 

Furthermore, a supposed interaction between sucrose and GA during tuber 

development is discussed by Xu et al. (1998b). They concluded that presumably 

sucrose affects the endogenous GA levels and not vice versa (see section on 

carbohydrates and enzyme activities). 

It can be summarized that endogenous GA decreases before tuber formation and 

the level remains low during tuber growth. Tuberization can be inhibited or 

initiated by applying GAs or inhibiting GA synthesis, respectively. 
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During storage, dormancy can be broken by using gibberellins. In fact, the use of 

GA to stimulate early sprouting of potato seed tubers is nowadays an approved 

commercial treatment. Several reports in the late fifties and early sixties describe 

the potential use of GA to break dormancy for early planting instead of Rindite 

or its main component ethylene chlorohydrin (Kato and Ito, 1961; Boo, 1961; 

Rappaport et a/., 1957). A series of reports describe the effect of different 

gibberellin treatments on percentage of sprouting, average sprout length, number 

of sprouts, mean total sprout length per eyepiece, etc., to find an optimal 

treatment in terms of GA concentration and duration of the treatment. In spite 

of the research on GA treatment to break dormancy Duda et al. (1971) reported 

that gibberellin had not been introduced into practice in Russia because of the 

unreliability of the sprouting of tubers and weakened plant growth. They 

explained that treatment with a high concentration of gibberellin causes the 

appearance of fine, filamentary sprouts and also root formation is weakened. 

Indeed this was also reported by other authors (Bruinsma, 1967), who discusses 

the appearance of excessive stem elongation at the cost of leaf development at 

larger doses of GA. But when using lower doses of GA, most varieties give 

normally growing plants; only when a slender growing variety with a superficial 

dormancy is subjected to a GA treatment, excessive stem elongation appears. 

Bruinsma (1967) resolves this problem by counteracting GA effects using a 

growth retarding substance like N-dimethylaminosuccinamic acid (B9). This 

proves that different varieties react differently to a GA treatment, mostly 

depending on the depth and duration of dormancy (Guzman, 1963). 

Furthermore, GA treatments seem to have an effect on endogenous 

carbohydrate levels. Clegg and Rappaport (1970) reported that applied GA3 

stimulated the formation of reducing sugars. But, they also found that neither oc-

amylase nor invertase activities increased significantly prior to the increase in 

reducing sugars. Bailey et al. (1978) found an increase in reducing sugar content in 

untreated tubers prior to visible sprouting. When these tubers were disbudded 

the increase in reducing sugar content was not as high as in untreated tubers or 

even not appearing. In turn, when these disbudded tubers were treated with GA3, 

the sugar content rose to a similar or higher level than was found in tubers with 

buds, suggesting that buds give a signal to the storage tissue to mobilize reserve 

material, which could also be accomplished by GA. More interactions between 

GA and carbohydrates or enzyme activities will be described below. It is also 

described (Boo, 1961) that the content of inhibitor-(3 (or ABA, see section on 

abscisic acid) in dormant tubers decreases upon treatment with GA. 

Endogenous levels of GA during dormancy are described in different ways. 

Smith and Rappaport (1961) sampled tubers throughout dormancy at 12-day 
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intervals until sprouts appeared. Peel layers, including buds, were extracted and 

GA activity was determined using a bioassay. The level of endogenous GAs 

remained low during the rest period and increased near the onset of sprouting. 

Unfortunately, it was not clear from these experiments whether the increase in 

the level of gibberellin-like substances precedes or is a consequence of sprouting. 

As the authors themselves explain, this may be due to the difficulty in 

determining the exact time of sprouting. Also Kato and Ito (1961) determined 

endogenous GAs by means of a bioassay (rice seedling test). They found no 

endogenous GAs in freshly harvested tubers, after a few weeks GA appeared and 

gradually increased thereafter. They also found that the endogenous level of GAs 

in the apical eyes was enriched by applying GA. This exogenous GA could not 

break dormancy, but eventually promoted the growth of the buds. Bialek and 

Bielinska-Czarnecka (1975) used a dwarf pea test to determine gibberellin-like 

substances in the extracts of tubers during growth, ripening, dormancy and 

sprouting. They found two periods of high GA activity: one at the time of rapid 

tuber growth and the second shortly before the beginning of sprouting. This first 

peak contradicts the findings of Xu et al. (1998b). We assume, as the authors 

themselves also suggested, that the GAs of this first peak are bound or altered 

{e.g. methylated, glycosylated), in this way being a stored or transportable form of 

GA. From these three studies, it seems that endogenous GA levels increase just 

before or at the time of sprouting. Rappaport and Sachs (1967) found that 

endogenous gibberellin levels in potato tubers rose only shortly after visible bud 

growth had occurred. It remains unclear whether the increasing levels are 

preceding sprouting or are a consequence of sprouting, thus the behavior of GA 

in dormancy breakage is still unclear. 

Abscisic acid 

As mentioned before, tuberization can occur when the endogenous GA 

concentration is low. A logical consequence of these observations was to 

hypothesize that the tuberization stimulus is a natural inhibitor or antagonist of 

gibberellin. The inhibitor-j3 complex, which is identical to abscisic acid (ABA) 

(Bialek, 1973) or at least ABA is an important part of the ^-complex of inhibitors 

(Hemberg, 1985), was one of the possible candidates. Wareing and Jennings 

(1980) found that a cutting from a SD-induced plant will form a tuber either 

when the leaf remains attached to the cutting or when ABA was applied to the 

petiole stump. Although ABA seemed to have a tuberizing effect, experiments 

with cuttings from non-induced plants, done by the same authors, showed that 

tuberization can not simply be induced by ABA. 
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Koda and Okazawa (1988) and Koda et al. (1988a) detected and isolated a 

compound, which was transported from the leaf and which caused tuberization. 

This compound is called tuberonic acid and resembles jasmonic acid. The latter is 

known to have an inhibitory effect on plant growth, such as stimulation of leaf 

senescence and inhibition of cell division. Tuberonic acid on the other hand did 

not show an effect on leaf senescence and it had only a slight inhibitory effect on 

cell division in soybean callus (Koda et al., 1988b). 

So, exogenous ABA did not have a tuberizing effect on non-induced cuttings, but 

only promoted tuberization in induced cuttings. Xu et al. (1998b) did some similar 

experiments in an in vitro system; when ABA was added to tuberizing medium, 

tuber formation occurred one day earlier than in the absence of ABA. Wareing 

and Jennings (1980), found that addition of ABA to non-inducing medium (low 

sucrose) resulted in tuber formation, although much delayed as compared to 

inducing medium (high sucrose). Furthermore, experiments with both GA and 

ABA showed that ABA could partly overcome the inhibiting effect of GA. 

Kumar and Wareing (1974) showed that there is no significant difference in the 

levels of endogenous ABA under LD or SD conditions (in Solanum andigena). 

Koda (1988) determined endogenous ABA levels via a bioassay and found 

increasing levels of an ABA-like substance during tuberization. Xu et al. (1998b) 

also determined endogenous levels of ABA during stolon elongation, tuber 

initiation and tuber growth. In both inducing and non-inducing conditions, the 

ABA levels decreased during the first two days of in vitro culture and remained 

low thereafter. This in contrast to the findings of Koda (1988). Because no 

differences between inducing and non-inducing conditions were detected, the 

conclusion was drawn that ABA is not likely to be the main regulator of tuber 

formation (Xu et al., 1998b). 

On the other hand, ABA seems to play a major role in maintaining dormancy. 

Suttle and Hultstrand (1994) described some experiments, in which developing 

tubers were treated with fiuridone (FLD). Upon treatment with this herbicide, 

ABA content declined and sprouting occurred. The effect of FLD treatment 

could be reversed by applying exogenous ABA; endogenous ABA increased and 

precocious sprouting was abolished. Furthermore, application of FLD to fully 

dormant microtubers resulted in a decrease of endogenous ABA and sprouting 

occurred for 56% in comparison to 13% in the control experiment. From these 

and other experiments, the conclusion was drawn that endogenous ABA is 

direcdy involved in the initiation and possibly the maintenance of potato 

microtuber dormancy. 
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ABA levels decline during postharvest storage, but there appears to be no 

threshold concentration that endogenous ABA levels must fall below in order for 

dormancy to be lost and sprouting to commence. Furthermore, the postharvest 

decline in endogenous ABA levels does not appear to be the result of an 

enhanced rate of breakdown, but more likely the result of a reduction in de novo 

synthesis of ABA coupled with a constant rate of turn-over (Sutde, 1995). 

Simko et al. (1997) did a QTL (quantitative trait loci) -study on dormancy and 

ABA. They found at least 8 loci associated with tuber dormancy and three of 

them were also associated with variation in ABA content, indicating a 

relationship between tuber dormancy and ABA content. 

Cytokinins 

Cytokinins are believed to have a stimulating effect on tuberization (Melis and 

van Staden, 1984). Palmer and Smith (1969) found induction of tuber formation 

of isolated stolons in cultures containing cytokinins, whereas the isolated stolons 

in cultures devoid of cytokinins showed no signs of tuber initiation. Furthermore, 

when they stained longitudinal sections of these stolons with IKI, they found 

starch accumulation in the apical regions of stolons treated with cytokinins and 

none in the controls. Moreover, starch accumulation was detectable before any 

visible signs of tuber formation. As Palmer and Smith (1969) also suggested, 

cytokinins may be acting by mobilizing metabolites to the sites of tuber 

formation and by creating a metabolic sink. Also Mauk and Langille (1978) found 

a stimulation of tuberization when using zeatin riboside (ZR) in the medium of 

an in vitro tuberization system. Cytokinins are also involved in regulating enzyme 

activities of carbohydrate metabolism (Palmer and Barker, 1973). 

On the other hand, not all literature data points to a promoting role of cytokinins 

in tuber formation. Kumar and Wareing (1974) showed inhibition of tuber 

development by high concentrations of kinetin and Woolley and Wareing (1972) 

showed that kinetin application to a stolon tip resulted in the formation of a leafy 

shoot. Also McGrady et al. (1986) showed that cytokinin applications impede 

tuberization rather than promoting it. They noted that the effects of cytokinin in 

their experiments were more like reported effects of gibberellins {e.g. stimulation 

of stolon development, delay or inhibition of tuberization, stimulation of starch 

hydrolysis or inhibition of starch synthesis, etc.). Because cytokinins on the one 

hand seem to stimulate tuber initiation and on the other hand can convert a 

stolon into a leafy shoot, Vreugdenhil and Struik (1989) suggested that the 

response of a stolon to elevated cytokinin levels depends on the interaction with 

other hormones. If the level of gibberellins is high, then conversion to a leafy 
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shoot will occur; if the elongation of the stolon has stopped (high ethylene, low 

gibberellin level), cytokinins can promote tuber initiation. 

Mauk and Langille (1978) found a higher level of ZR in plants grown under 

tuber-inducing conditions as compared to plants grown under non-inducing 

conditions. The level of endogenous cytokinins during tuber initiation and 

formation is further described by Koda (1982a). During extraction the cytokinins 

were divided into butanol- and water-soluble cytokinins and activity was 

determined by measuring soybean callus growth, a cytokinin bioassay. The 

butanol-soluble cytokinin, consisting mainly of zeatin-riboside, was found in the 

elongating stolon tips and concomitant with the swelling of the tips, its level 

increased rapidly. The level of water-soluble cytokinin (zeatin ribotide) decreased 

at the same time, which makes it plausible that the zeatin ribotide is converted 

into zeatin riboside. Furthermore, the high level of zeatin ribotide during the 

elongation of stolons, when no tubers are formed, suggests that this cytokinin is 

less active than its corresponding free base and the riboside. So, zeatin ribotide 

may be seen as a temporary storage form. Also, Koda (1982a) makes it clear that 

the possibility exists that the increased level of cytokinin is not responsible for 

the initiation of tuber formation, but only for the subsequent thickening. 

Turnbull and Hanke (1985b) also measured endogenous (zeatin-type) cytokinins 

and they found a very high level of cytokinins in the early stages of tuber 

formation. During subsequent tuber growth the level decreased. 

The effect of cytokinins on cell division and enlargement in developing tubers is 

not well described. Sattelmacher and Marschner (1978) describe a causal relation 

between the increase in cytokinin activity after tuberization and the stimulation of 

cell division of the cortical cells. Also the change in direction of cell elongation 

from a lateral to a dorsiventral direction is described as a possible effect of the 

increase in cytokinin activity. 

Furthermore, cytokinins are supposed to have a stimulating effect on ethylene 

production (McGrady et al., 1986 and references therein). The ethylene in turn is 

supposed to inhibit stolon elongation (see section on ethylene), a prerequisite for 

tuber initiation. 

Kinetin and zeatin are known to break dormancy in potato tubers (Hemberg, 

1970). Moreover, in tubers, treated with one of these compounds, the level of [3-

inhibitors was much lower than in the controls. However, Turnbull and Hanke 

(1985a) found that applied cytokinins only broke dormancy in the first 6 weeks 

after tuber initiation and in the last 3 weeks of the dormancy period. The tubers 

did not react to a cytokinin treatment in the period in between and the authors 

suggested tissue sensitivity to be responsible for this phenomenon. In a 
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companion paper (Turnbull and Hanke, 1985b), they found that exogenous 

cytokinin could not induce sprouting in older, dormant tubers in which the level 

of endogenous cytokinins in the buds was low. In contrast, exogenous cytokinins 

induced sprouting of young tubers, even though the level of endogenous bud 

cytokinins was already very high. The authors concluded that the endogenous 

cytokinin concentration could not be used as a marker for the dormancy state or 

for the sensitivity to cytokinins. Furthermore, it was shown that cytokinins 

induced cell division and cell expansion in sprouts within 48 h of a cytokinin 

injection. The rates were similar to the ones of sprouts whose dormancy had 

ended naturally. Moreover, there was no increase in cell number in buds which 

did not grow out (Turnbull and Hanke, 1985a). 

The endogenous levels of cytokinins during dormancy and sprouting have briefly 

been discussed above. Turnbull and Hanke (1985b) reported that the level of 

cytokinins decreased during tuber growth, both in tubers and in buds. After 

harvest, the cytokinin level in the cortex decreased even more and the level in the 

buds increased. In 1972, Engelbrecht & Bielinska-Czarnecka found an increase in 

the cytokinin level, especially in regions around the eyes, near the end of 

dormancy, which presumably coincides with the disappearance of [3-inhibitors as 

reported by Hemberg (1967). Koda (1982b) also found a decrease of cytokinin 

levels (butanol-soluble) immediately after harvest and the levels were increasing 

again at the end of dormancy. The water-soluble cytokinins decreased at the end 

of dormancy suggesting again that zeatin riboside (butanol-soluble) originated 

from zeatin ribotide (water-soluble) (see beginning of this section). Obhlidalova et 

al. (1979) found that the content of cytokinins rapidly increased during the 

breaking of dormancy and decreased again as sprouting proceeded. Furthermore, 

the cytokinins were mainly localized in the apical part of the tuber and the 

maximum level was found in the sprouts. Suttle (1998b) also found increases in 

bioactive cytokinin content in potato tuber buds prior to the loss of dormancy. 

More recently, Suttle and Banowetz (2000) determined the endogenous levels of 

as-zeaun (cis-Z) and «>-zeatin riboside («>-ZR). They found that the level of cis-Z 

increased already at day 25 during the 81 days of dormancy and remained 

constant thereafter. The level of cis-ZR remained rather constant during the 

whole postharvest storage period. The biological activity of cis-Z was checked by 

applying exogenous cis-T. to dormant tubers. All concentrations of cis-Z tested did 

not show an effect on tubers after 25 days of storage. After 53 days, the highest 

concentration of cis-Z resulted in 60% sprouting compared to only 1 or 2% in the 

control experiment. Thereafter, the efficacy of cis-Z increased with increased 

storage time. These findings coincide with the theory of tissue sensitivity by 

Turnbull and Hanke (1985a), where tubers only reacted to applied cytokinins at 
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the last stages of dormancy. The high level of endogenous «>-Z from early 

dormancy to sprouting tubers also coincides with this theory. 

Above-mentioned papers (Suttle, 1998b; Turnbull and Hanke, 1985a/b) 

discussed /rcww-isomeric forms of cytokinins. In contrast, Sutde and Banowetz 

(2000) discussed <xr-isomers. The question raises whether both isomeric forms are 

biologically relevant. As Sutde and Banowetz (2000) suggest; 'it is possible that 

only one of the two isomeric forms is biologically important or, alternatively, it is 

possible that both have a role in dormancy termination either direcdy as 

cytokinin agonists or indirecdy in a precursor/product relationship'. 

Auxins 

Although auxins are known to have a promoting effect on cell elongation / 

expansion, not much attention has been paid to their possible role in tuber 

development. Melis and van Staden (1984) stressed the importance of the auxin-

cytokinin interaction for tuber growth. Indeed, Machackova et al. (1998) found a 

higher cytokinin / auxin ratio in stolons under tuber-inducing conditions than 

under non-inducing conditions. Melis and van Staden (1984) mentioned the 

possibility that auxins can be formed in leaves or shoots under inducing 

conditions and phloem-translocated to the tuberization site. 

Xu (1998b) observed earlier tuberization when the auxin indolylacetic acid (LAA) 

was applied to single node cuttings in tuber-inducing medium. On the other 

hand, tuber formation was completely inhibited by 1AA, using high 

concentrations and retarded when using intermediate concentrations (Kumar and 

Wareing, 1974). Endogenous levels of auxins were found to be high in stage 1 

and 2, where stage 1 is the stolon tip just before swelling and stage 2 is the 

swelling stolon tip. Hereafter the auxin level decreased (Obata-Sasamoto and 

Suzuki, 1979). Koda and Okazawa (1983b) also found high auxin levels in these 

first two stages, the maximum level was found at stage 2. According to the latter 

authors, the swelling in stage 2 was mainly caused by cell expansion. In the third 

stage, initiation of active cell division was observed and in that same stage the 

cytokinin level reached its maximum. 

Furthermore, IAA is supposed to have a stimulating effect on ethylene 

production, which inhibits stolon elongation (Vreugdenhil and Struik, 1989) (see 

also section on ethylene). On the other hand, ethylene application can reduce the 

levels of IAA, thus providing a feed-back mechanism (Minato and Okazawa, 

1978; Thomas, 1981). 

Also not much is known about auxins during dormancy. Rappaport et al. (1965) 

showed that high concentrations of IAA and naphthaleneacetic acid (NAA) 
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inhibited sprouting. Low concentrations of both NAA and IAA slightly 

stimulated sprouting. But, as the authors stated, 'These results do not negate the 

possibility that IAA or other endogenous auxins are involved in release from rest 

period'. This idea is also supported by the finding that the level of endogenous 

auxins increases near the end of dormancy (Hemberg, 1949). Of course, it could 

be argued that the increase in endogenous auxins is a consequence of renewed 

growth, rather than a way to induce sprouting. 

Ethylene 

Ethylene may play an active role in the control of stolon growth. Ethylene 

production in plants is known to increase upon stress. Vreugdenhil and Struik 

(1989) suggested that potato stolons produce ethylene upon mechanical 

constraint in the soil. As a result, elongation will stop, provided that the level of 

gibberellins is sufficiently low. In 1964, Lugt et al. reported that when the stolon 

environment did not provide enough mechanical resistance, the stolon growth 

was extremely vigorous and a delay of tuberization occurred. Vreugdenhil and 

Struik (1989) also suggested that if ethylene production results from mechanical 

constraint in the soil, then, after elongation of the stolon has ceased, the 

mechanical stress will decrease and so will the production of ethylene, enabling 

tuber formation by other regulatory factors. Mingo-Castel et al. (1974, 1976) 

indeed concluded that ethylene inhibits tuber initiation. Some other investigators 

(Catchpole and Hillman 1969, Garcia-Torres and Gomes-Campo, 1973) reported 

that ethylene might have a positive effect on tuber initiation. Suttle (1998a) 

showed that single node explants produced low amounts of ethylene during the 

entire period of culture. The rates of ethylene production were highest during the 

initial period of culture and declined from the moment subapical swelling became 

visible. Moreover, when ethylene action was inhibited by AgNCb or NBD, 

premature sprouting occurred, showing that ethylene action is needed during 

tuber development to have a full expression of tuber dormancy. 

Applying ethylene to dormant tubers can either hasten or delay tuber sprouting, 

depending on the concentration and duration of exposure. Rylski et al. (1974) 

treated dormant potato tubers with various concentrations of ethylene for 

various exposure times. Treatment for a short period (not longer than 3 days) 

was found to stimulate sprouting, whereas continuous treatment with ethylene 

completely inhibited sprouting. When the continuous treatment was stopped, 

sprouting ensued at a rate apparently identical to that in tubers that had received 

brief exposures to the gas. Rylski et al. (1974) also showed that ethylene had an 

effect on sprout growth: ethylene inhibited sprout elongation and caused 

thickened sprouts. Timm et al. (1986) reported similar results upon treatment 
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with ethylene; lateral branch growth increased and stem elongation declined after 

exposure to 1 pd l 1 C2H4 for 72 hours. Rylski et al. (1974) postulated the 

following theory: both extended and short term ethylene treatments terminate 

dormancy, but long term exposures to ethylene inhibit bud elongation, even 

though dormancy is broken. 

Considering the effect of ethylene on other growth-regulating substances, it is 

known that ethylene treatment causes a decline in auxin activity in the apical part 

of the tubers (Minato and Okazawa, 1978). This shortage of auxin in the apical 

bud may participate in inducing abnormal sprouting of tubers. Furthermore, Stitt 

(1986) found that ethylene induced an increase of fructose-2,6-biphosphate, 

which is a regulatory metabolite for sucrose synthesis. 

Carbohydrates 

In 1929, Wellensiek proposed the hypothesis that carbohydrate levels in the 

stolon tip are the controlling factor for tuberization. Several arguments favor this 

hypothesis; firstly tuber formation in vitro occurs at high levels of sucrose in the 

culture medium, without addition of external phytohormones. Secondly, 

molecular-genetic experiments show that sucrose can induce expression of a wide 

variety of genes, of which patatin, a tuber-specific storage protein, is the most 

prominent one (Vreugdenhil and Helder, 1992 and references therein). Werner 

(1934) proposed that the carbohydrate/nitrogen ratio is the causal factor in 

tuberization. However, the results of Koda and Okazawa (1983a) contradict this 

hypothesis, although in their experiments sucrose still seems to have a controlling 

effect on tuberization. They conclude that it seems more feasible that some 

naturally occurring hormonal substance would be involved in the induction of 

tuberization. The hormones were discussed in the previous part and in this 

section several carbohydrates, which may be important in dormancy initiation as 

well as dormancy breakage, will be discussed. 

Sucrose 

The frequency of tuberization in an in vitro system becomes higher when the 

concentration of sucrose in the medium increases. Moreover, the final size of the 

tubers grown in medium containing the highest sucrose concentration (8%) is 

larger than of those grown in 4 or 6% sucrose medium. Also, as soon as tubers 

are formed, stolon elongation stops and the final length of stolons decreases with 

increasing sucrose level (Xu et al., 1998b). 

Based on these results one would expect a high endogenous level of sucrose in 

the stolon tip and/or the swelling tuber, both in vitro and in vivo. Vreugdenhil et al. 
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(1998) determined the sucrose levels in stolons and (swelling) tubers in vitro. They 

found no correlation between endogenous sucrose levels and the formation of 

the tuber. Ross et al. (1994) determined sugars during tuber formation in vivo. 

From just before swelling until swelling of 3 cm (maximum), they found a general 

increase. Also Hawker et al. (1979) determined sucrose in stolon tips and 

developing tubers and they also found an increase, whereas Vreugdenhil et al. 

(1998) found a decreasing trend starting before swelling in an in vitro system. 

According to the latter authors, this discrepancy might be due to the longer 

developmental period analyzed by the other authors. As mentioned before, Xu et 

al. (1998b) suggested a negative effect of sucrose on GA-levels. Comparing the 

results on endogenous sucrose levels of Vreugdenhil et al. (1998) to the results on 

endogenous GA levels of Xu et al. (1998b), we see that a high sucrose level 

corresponds with a low GA level (inducing conditions) and vice versa (non-

inducing conditions), indicating the validity of the theory. 

Dimalla and van Staden (1977) determined soluble sugars in different regions 

(tissue sections of the apical bud, a lateral bud and internodal regions) of dormant 

and sprouting tubers. In all the tissues, which all consist of mainly periderm and 

cortex, the sucrose level decreased during dormancy and subsequent sprouting. 

Ross and Davies (1992) found a constant level of sucrose during dormancy. The 

theory that sucrose levels affects GA levels in a negative way still holds. The 

decreasing levels of sucrose found at the end of dormancy would mean an 

increasing GA content, which is also found (see section on gibberellins). Tubers 

treated with GA3 did not show any significant change in the level of sucrose 

(Davies and Viola, 1988). This would favor the hypothesis that sucrose affects 

GA and not vice versa (Xu et al, 1998b). 

Reducing sugars 

Glucose and fructose have a tuber-inducing effect in vitro, although it is not clear 
from literature whether the reducing sugars induce tuber formation to the same 
extent as sucrose (Vreugdenhil and Helder, 1992 and references therein). 

Endogenous levels of reducing sugars during in vitro tuber formation are 

determined by Vreugdenhil et al. (1998). Both glucose and fructose increase until 

day 7 and 6 respectively and after swelling the level of both sugars decrease. Ross 

et al. (1994) determined levels of reducing sugars during in planta development. 

Both glucose and fructose showed the same trend as Vreugdenhil et al. (1998) 

found in vitro. Also Hawker et al. (1979) found a decrease in reducing sugars after 

swelling of the tuber and thereafter a fluctuating line, similar to the results of 

Ross <;/«/. (1994). 
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GA application to developing tubers affects the content of reducing sugars. 

Mares et al. (1981) found an increase in the level of reducing sugars, starting 4 

days after treatment. GA treatment of mature tubers also resulted in an increase 

of reducing sugars (Clegg and Rappaport, 1970; Bailey et al., 1978). The effect of 

GA treatments will be discussed in more detail in the next section on enzyme 

activities. 

Furthermore, it is known that reducing sugars increase at the end of dormancy, at 

least prior to visible sprouting (Bailey et al., 1978). Also Dimalla and van Staden 

(1977) found an increase in reducing sugars before visible sprouting and after this 

initial rise, the glucose and fructose levels decreased as the potatoes aged and 

sprouts developed. Note that the latter authors determined the sugars in (mainly 

cortical) tissue around the apical eye, lateral eye or in internodal tissue. Ross and 

Davies (1992) also found an increase of reducing sugars in mature tubers after 

harvest. 

Starch 

One of the main biochemical changes occurring during tuberization is the 

accumulation of starch. Starch is synthesized in the amyloplasts of potato 

parenchyma cells. The first important step in starch synthesis is the conversion of 

glucose-1-phosphate to the precursor for starch synthesis, ADPglucose. This 

conversion is catalyzed by the enzyme ADPglucose pyrophosphorylase 

(AGPase), which works in both directions. Starch can be broken down by 

amylases or starch phosphorylase. These enzymes will be discussed and 

compared to starch synthesizing enzymes in the next section. 

Concomitantly with the visible appearance of tubers in an in vitro tuberization 

system, the fresh weight of the axillary buds increases as well as their starch 

content (Visser et al., 1994). Also Vreugdenhil et al. (1998) found an increase in 

starch content from the day they were placed on tuber-inducing medium (no 

starch could be detected in axillary buds). Ross et al. (1994) also found an increase 

in starch content in vivo, although the rise seemed to begin at swelling of the 

stolon. 

When GA was applied in the medium directly, starch content increased until day 

4 and thereafter remained more or less constant (Vreugdenhil et al., 1998), 

whereas the level of starch continued to increase under tuber-inducing conditions 

(without GA). Mares et al. (1981) applied GA3 when all tubers had diameters 

between 1 and 3 cm (vivo system) and they found that the starch content was not 

significandy affected by the GA-treatment. 
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