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ABSTRACT

The use of in vitro tubers (microtubers) as the final products of potato micropropagation, in addition to or rather than in vitro plantlets has
several advantages in seed tuber production. Moreover, microtubers are important in germplasm storage and they are used as experimental
tools in basic research and in in vitro selection of agronomically important characters. Their reliable production has, therefore, been
widely studied under different in vitro growing conditions, with varying efficacy regarding the number, size and weight of microtubers.
Microtubers exhibit different periods of dormancy depending on the genotype and on the in vitro conditions during tuberization. Generally,
the use of growth regulators for tuberization does not allow the maximal expression of the tuberization capacity that is determined by the
genotype, and therefore, the production of microtubers in sufficient quantity and size. As a result, there are later problems in breaking
tuber dormancy. Although the growth responses between in vitro and field-grown tubers are very similar, there is the possibility for the
production of in vitro tubers without using growth regulators by modifying in vitro environmental factors, such as light, temperature and
mineral nutrition, among others. This review discusses the results of in vitro potato tuberization performed in hormone-free systems on
solidified medium, including the effects of environmental factors, composition of medium, genotype and explants. Furthermore, we assess
the effects and post-effects of tuberization conditions on the dormancy and sprouting characteristics of microtubers originating from these
hormone-free systems.
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INTRODUCTION

Potato is the third most important crop in the world ac-
cording to their production area (CIP 2008). There are two
main problems associated with conventional seed-potato
production: (i) low multiplication rate in the field, and (ii)
high susceptibility of potato to viral, bacterial and fungal
diseases. Moreover, the risk of viral, bacterial and fungal
diseases increases with each multiplication step in the field,
because diseases may be transferred to progeny through the
tubers during vegetative propagation. However, in vitro
micropropagated materials can be used to overcome both
these problems associated with production practices and re-
sult in high quality, virus-free seed-potato production (Struik
and Lommen 1991).

The final products of potato micropropagation are either
plantlets or microtubers (in vitro tubers). The use of micro-
tubers in the storage and exchange of germplasm and seed-
potato production is advantageous (Hussey and Stacy 1981;
Tovar et al. 1985; Seabrook et al. 1993; Ranalli et al. 1994)
because microtubers can be stored longer, and are easier to
handle and to transport than plantlets (Struik and Lommen
1991).

Economical use of microtubers is possible if the in vitro
tuberization rate is satisfactorily high and reliable (at least
one microtuber per explant, or higher) and if the size of de-
veloped microtubers is sufficiently large. Microtubers larger
than 2 mm can be further propagated, but only microtubers
larger than 4 mm are suitable for long-term storage. It is
necessary to increase the tuber size because the larger the
microtuber, the lower the loss during storage (Tabori ef al.
1999a), and the better is initial vigour, emergence and per-
formance (Wiersema et al. 1987; Ranalli ef al. 1994).

Apart from being used as propagation material, micro-
tubers are useful in other applications, including germplasm
storage and exchange (Tovar et al. 1985; Donnelly et al.
2003), or as experimental research tools in the areas of plant
metabolism, germplasm selection and evaluation, transfor-
mation, somatic hybridization or molecular farming (re-
viewed by Coleman ef al. 2001), and for in vitro selection
of agronomically important characters, such as maturity,
abiotic stress tolerance, among others (Lentini and Earle
1991; Gopal and Minocha 1997; Gopal and Minocha 1998;
Gopal ef al. 1998; Veramendi et al. 2000; Donnelly et al.
2003; Gopal and Iwama 2007).

TUBERIZATION IN VITRO

Tuberization of potato is a survival mechanism and a com-
plex developmental process. The formation of tubers, as a
vegetative storage organ in potato, is under hormonal regu-
lation. The developmental process is influenced by environ-
mental factors, which presumably take effect through the
hormonal balance of the plant. Potato plants are able to
sense changes in environmental conditions that are required
to trigger tuberization, after the plant attains adequate phy-
siological development. Leaves play an important role in
the perception of environmental stimuli and in the synthesis
of endogenous plant growth regulators (PGRs) (Kahn et al.
1983; Koda et al. 1988; Seabrook et al. 2004; Peres et al.
2005), therefore their adequate developmental state is of
great importance in the subsequent tuberization process.
The following short summary of the hormonal regula-
tion of tuber formation is based upon the review of Vreug-
denhil and Struik (1989). Four developmental steps are ne-
cessary for tuber formation in potato plants: (1) stolon in-
duction and initiation from axillary buds, (2) stolon growth
and branching, (3) cessation of longitudinal growth of the
stolon, (4) tuber induction and initiation. The major regula-
tors during the whole process of tuberization are the gib-
berellins (Xu ef al. 1998; Vreugdenhil and Sergeeva 1999)
and in some steps they have permission role. Their high
level promotes stolon initiation and stolon growth; there-
after, it should decrease to allow tuber initiation. The parti-
cipation of other hormones is necessary for the fine control
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of the developmental process. For stolon initiation and elon-
gation, low cytokinin level is necessary but tuber initiation
could occur if the gibberellin to ethylene ratio is low, and
also if their levels remain low but the level of the cytokinins
increases as well as the export of jasmonic acid from the
leaves (van den Berg and Ewing 1991). Jasmonic acid is the
key controller of tuber induction and initiation, in addition
to the main controller, the gibberellins (Koda et al. 1991;
Kiyota et al. 1996; Pruski ef al. 2003a, 2003b; Cenzano et
al. 2007). Other factors, such as theobroxide, are also known
to influence tuberization. It induces potato tuberization in
vitro and in vivo by triggering jasmonic acid production
(Gao et al. 2005).

The most important environmental stimulus that affects
the growth, morphogenesis and tuberization of potato is
light, including photoperiod, light intensity, spectral wave-
length, and others (Seabrook 2005). Other environmental
factors, such as temperature, nitrogen nutrition, could also
significantly modify the developmental process.

Hormonal regulation of tuber induction and initiation
and the possible ways of in vitro tuber induction, which is
based upon the hormonal and environmental control of
tuber development, are summarized in Fig. 1. There are two
possible ways of inducing tuberization in vitro: (i) using
PGRs added to the medium, and (ii) modification of envi-
ronmental factors, such as photoperiod, light intensity, in
order to modify the hormonal balance of in vitro plantlets
towards tuberization, or the two ways can be combined.

The majority of published works on in vitro tuberization
of potato have focussed on using PGRs for tuber induction.
Different regulating substances, such as auxins (Mangat et
al. 1984), anti-gibberellins (Tovar ef al. 1985; Estrada et al.
1986; Harvey et al. 1991; Langille and Hepler 1992; Levy
et al. 1993; Simko 1993; Vreugdenhil ez al. 1994; Hussain
et al. 2006), cytokinins (Wang and Hu 1982; Tovar et al.
1985; Slimmon et al. 1989; Lentini and Earle 1991; Levy et
al. 1993; Simko 1993; Veramendi ef al. 2000; Hussain ef al.
2006), coumarin (Stallknecht and Farnsworth 1982), and
jasmonic acid (JA) (Pelacho and Mingo-Castel 1991; Castro
et al. 2000; Pruski ef al. 2001, 2002) have been investigated.
However, generally less than one microtuber per explant
could be produced with the use of exogenously applied
PGRs, except when JA was applied to potato stolons cul-
tured in vitro and 100% tuberization could be achieved (Pe-
lacho and Mingo-Castel 1991). On the contrary, Zhang et al.
(2006) observed that JA did not promote in vitro tuberiza-
tion. Presumably, the use of these PGRs did not allow the
expression of the tuberization capacity determined by the
genotype.

Several authors have studied the effects of environ-
mental factors, such as light (Slimmon ez al. 1989; Lentini
and Earle 1991; Pelacho and Mingo-Castel 1991; Perl et al.
1991; Nowak and Asiedu 1992; Seabrook et al. 1993; Pe-
lacho et al. 1994), or temperature (Nowak and Colborne
1989; Harvey et al. 1992), on in vitro tuberization, however,
the effects of these factors were examined in the presence of
PGRs in the medium. Thus, the environmental factors had
permitting effects rather than regulating ones during tuberi-
zation, and the PGRs applied in the medium had a regula-
ting role.

Recently, there have been reports concerning the effects
of environmental factors, such as light, temperature and that
of mineral nutrition, or other special in vitro conditions,
without using exogenous PGRs. In these in vitro systems,
the potential effect(s) of exogenous PGRs on the environ-
mental stimuli can be avoided. In the following subsections
the results of in vitro tuberization studies performed in these
hormone-free systems are reviewed and, if required, are
compared to the results arising from studies using PGRs for
in vitro tuberization.

Environmental factors

Light (photoperiod, light intensity, wavelength) and tempe-
rature are the most often studied environmental factors in
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relation to in vitro tuberization. Their effects have been
studied both in PGR-containing and PGR-free tuberization
systems.

Light

The effect of light has a typical phytochrome response and
it can affect morphogenesis through photoperiod, light in-
tensity, or spectral wavelength. Studies on the effects of
photoperiod on in vitro tuberization started some time ago
in the 1970s when experiments with in vivo potato plants
suggested that tuberization is under the control of photo-
period (Ewing 1978). Subsequently, there have been several
lines of evidence that a morphogenetic light effect is in-
volved in tuber formation also under in vitro conditions
(Perl et al. 1991; Nowak and Asiedu 1992; Seabrook et al.
1993; Vecchio et al. 2000; Seabrook 2005). However, most
of the published results have originated from a tuberization
system that used PGRs, where the photoperiod had a per-
mitting rather than a regulating effect.

The first publication that mentioned the possibility of
obtaining microtubers without using PGRs emerged from

84

Hussey and Stacy (1984); however, little attention was paid
to this feasibility for fairly long period of time. Garner and
Blake (1989) examined the factors necessary for the deve-
lopment of microtubers on medium free of PGRs. Beside
the sucrose and nitrogen content of the medium, they stu-
died the effect of environmental stimuli, namely the day
length, on the microtuber producing capacity of microplants.
Following the application of three different combinations of
long days (16 h), short days (8 h) and darkness (0 h), Gar-
ner and Blake (1989) concluded that short days advanced
microtuber formation, while darkness had little effect on
microtuber development. Although tuber weight was signi-
ficantly reduced when darkness was applied immediately
after long days, however, it stimulated rapid microtuber de-
velopment when preceded by short days. Darkness without
a preceding short-day-treatment promoted premature senes-
cence of microplants and therefore reduced the bulking
potential of microtubers. The time at which in vitro plantlets
were transferred to short days from the long days affected
the final yield of in vitro tubers; consequently, long days
before tuber induction are necessary to encourage vigorous
leaf and stem development. The tuberization rate obtained
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by their method was at least as high (or higher), than in any
method described earlier that used PGRs (Garner and Blake
1989).

Charles et al. (1992) examined the effects of quality and
intensity of light besides the effect of different photoperiods
on in vitro potato plants. Three developmental pathways
were distinguished: (1) activating growth, but retarding the
aging of plantlets by a 12 h/day photoperiod, white fluores-
cent lighting or low light intensity, (2) opposing growth, but
inducing tuberization by accelerating aging by short days (8
h), high light intensity or Grolux fluorescent lighting, or (3)
promoting the development of vigorous plantlets with large
leaves, but accelerating aging by long days (16 h) and high
light intensity. Photoperiod was shown to be the main factor
controlling plant development and other environmental
parameters interacted with it.

In experiments performed in our laboratory, in vitro
tuberization responses of eleven potato cultivars were eva-
luated under different photoperiods and light intensities
(Dobranszki and Mandi 1993; Dobranszki 1996, 1997,
Dobranszki et al. 1999a; Dobranszki 2000, 2001). Tuberiza-
tion was induced on medium with a layer of 8% sucrose
solution poured onto 4-week-old plantlet cultures grown
under long days (16 h). Five different combinations of short
days and total darkness were applied after the application of
short days for various periods. Three light intensities (5.5,
55, 111 umol m? s™') were applied under short days. Light
applied after the tuber induction phase delayed or inhibited
tuber initiation at higher light intensities. However, dark-
ness following the induction stage accelerated and synchro-
nised tuber initiation after high light intensity but there was
a tight exponential correlation between the duration of dark-
ness and the light intensity applied previously in the short
days. If darkness was applied after low light intensities, it
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Fig. 2 Microtubers originating from different light
treatments in three potato cultivars: ‘Boré’, ‘Giilbaba’
(Gb), ‘Desiree’ (Des). The numbers refer to the photo-
period treatments: 1, tuber initiation and development
occurred under short days for 13 weeks; 2, the tuberiza-
tion occurred mostly under short days interrupted by a
two-week-long dark period after 2 week-long short days;
3, cultures were exposed to short days for 2 weeks and
then to total darkness till the end of the experiment.

T 8 2w

2 3 4 B

had only a synchronizing effect. Our results indicated that a
determined quantity of light illumination was necessary to
induce tuberization; however, beyond which light effects
were unfavourable.

Light also affected the morphology of in vitro tubers
(Fig. 2). Tubers developed mainly under light conditions
formed either directly under or partly in the medium, or
under the plastic caps of the jars at the end of long stolons.
Tuber developed in the medium had prominent lenticels,
their shape resembled field tubers and their colour varied
from green to blackish green due to the light illumination.
Their diameter varied between 0.7-1.8 cm, but their skin
often split open and prevented their further use. At a given
light intensity, an extension of darkness in the photoperiod
treatment resulted in an increase in the rate of sessile tubers,
which might indicate a stronger tuberization stimulus
(McGrady et al. 1986). These tubers were positioned high
above the surface of the medium and had a round-shape
with true-to-type skin colour from yellowish-white to dark
rose-red. However, their diameter was smaller (up to 1.0
cm) compared to microtubers produced mainly under light
conditions and the tuber loss caused by water-loss was
much less. Similar morphological characters of microtubers
were obtained by other research groups (Slimmon et al.
1989; Nowak and Asiedu 1992; Seabrook et al. 1993; Vec-
chio et al. 2000; Seabrook 2005).

The number of tubers larger than 2 mm in diameter per
plantlet varied from 1.20 to 1.52 depending on the cultivar,
which means that high in vitro tuber production could be
achieved without using PGRs because the tuberization rate
exceed 1.00 in the best photoperiod — light intensity combi-
nation.
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Temperature

The effects of temperature on potato tuber development are
very complex (Struik et al. 1989); its effects on in vitro
tuberization have hardly been studied. Martinez and Tizio
(1990) reported that low temperature (4°C) delayed tuber
initiation but improved the tuber weight. During benzyl
aminopurine-induced tuberization, high temperature (26°C)
strongly inhibited tuberization and significantly reduced the
weight of microtubers (Harvey et al. 1992).

Composition of medium

Apart from PGRs there are some other medium constituents
that greatly affect in vitro tuber development in PGR-free
systems, such as sucrose, nitrogen content, and gelling
agents.

Sucrose

Sugars, such as sucrose, play a role in coordinating the
occurrence or timing of developmental processes in plants.
Much evidence has been published concerning the existence
of sugar-specific signalling pathways and sugar response
pathways interact with other pathways, such as those for
phytohormone and for light responses. High level of soluble
sugars can cause the formation of extra organs in different
plant species, such as tubers in potato (Gibson 2005).

Sucrose is essential in vitro as an energy source or as an
osmotic potent agent and at a higher concentration it serves
as a signal for microtuber formation (Perl ef al. 1991; Don-
nelly et al. 2003), resulting in an increase in the number of
tubers in potato culture (Gibson 2005). The importance of
sucrose concentration for in vitro tuberization has been des-
cribed in tuberization systems that used PGRs (Wang and
Hu 1982; Hussey and Stacy 1984; Gopal et al. 2004; Hus-
sain et al. 2006) and also in PGR-free systems (Garner and
Blake 1989; Forti et al. 1991; Alix ef al. 2001). In contrast
with the 2-3% sucrose content of the shoot multiplication
medium, a high sucrose concentration (8%) is used in micro-
tuberization media independently from the presence or the
lack of PGRs. According to Garner and Blake (1989), the
use of 8% sucrose in PGR-free medium advanced tuber ini-
tiation, and increased the number and weight of microtubers
compared to a lower (4%) sucrose concentration. However,
further increases in the concentration up to 12% caused a
delay in tuber initiation and resulted in smaller tubers.

Nitrogen

Total availability and the source of nitrogen in the medium
strongly influenced the development of microtubers. Zar-
rabeitia et al. (1997) observed a “carry-over” effect of nitro-
gen content in the micropropagation medium on subsequent
tuberization using kinetin for tuber induction in three culti-
vars of the four cultivars studied. In their system, lower
nitrogen advanced subsequent tuber initiation. L& (1999)
studied microtuberization with and without exogenous PGRs
and found that a high concentration of nitrogen (60 mM)
was favourable to yielding larger microtubers.

In PGR-free medium reduced total availability of nitro-
gen or increasing the ratio of ammonium to nitrate reduced
the size and number of in vitro tubers (Garner and Blake
1989; Charles et al. 1992). The after-effect of the nitrogen
supply of in vitro plantlets on tuberization was studied by us
(Dobranszki et al. 2005; Dobranszki and Magyar-Tabori
2009) using PGR-free medium and three potato varieties.
Under long days, the lower nitrogen content and reduced ni-
trate to ammonium rate were favourable for the develop-
ment of large tubers (> 6 mm in diameter). Under short
days the total number of tubers increased with an increase
in nitrogen content of the medium in two cultivars but with
a reduction in nitrogen in one cultivar, while the number of
large tubers was not significantly influenced by nitrogen
supply. These observations are similar to the results of
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Krauss and Marshner (1982) obtained in water culture ex-
periments. The optimum nitrogen treatment was genotype
specific and the requirements for nitrogen also depended on
the photoperiod used in vitro. Similarly, we studied the ef-
fect of other macroelements, such as phosphorus and sul-
phur, on in vitro tuberization but no effect could be detected.

Gelling agents

Agar-agar is generally the gelling agent used during shoot
multiplication and in vitro tuberization of potato. Nowak
and Asiedu (1992) compared the effects of Gelrite and agar-
agar on tuberization induced by kinetin in six cultivars.
Earlier and more uniform tuberization occurred on Gelrite
than on agar-agar solidified medium.

Recently, fermentors and bioreactors have been adopted
for commercial-scale microtuberization. In these systems
plant material surrounded (continuously or at intervals) with
liquid nutrient solution or the vessels contain different lay-
ers of plant material on porous substrates that are subjected
to nutrient mists and aeration cycles of varying duration
(Akita and Takayama 1994a, 1994b; Teisson and Alvard
1999; reviewed by Donelly et al. 2003; Nhut ef al. 2006).

Others

Bizarri ef al. (1995) indicated that medium containing acti-
vated charcoal resulted in the higher rate of tuberization and
the larger in vitro tubers independent of the PGR content of
the medium.

Genotype

The genotype-dependence of tuber production is well-
known (Ranalli ef al. 1994). Lentini and Earle (1991) deve-
loped an in vitro tuberization system to screen potato geno-
types for maturity but they could only distinguish early
genotypes. Veramendi ef al. (2000) were able to distinguish
genotypes with early, mid and late maturity by a bioassay
using microtubers developed on kinetin-containing tuberi-
zation medium. On the contrary, other research groups
(Garner and Blake 1989; Nowak and Asiedu 1992; Sea-
brook et al. 1993; Dobranszki and Mandi 1993; Dobranszki
1996) did not find a relationship between the maturity of
tested genotypes and their in vitro tuberization responses.

Therefore, we attempted to clear up the controversy
over the effect of genotype on tuberization in in vitro tuberi-
zation studies. Tuberization responses of eleven potato geno-
types (cultivars/breeding lines) of different genetic origin
and maturity groups were investigated under different photo-
periodic treatments and various light intensities as described
earlier. To avoid the potential effects of PGRs on the res-
ponse to environmental light effects and on the natural ba-
lance of endogenous hormones of plantlets, no PGRs were
added to the medium. For evaluation of data multivariate
methods (Cluster and discriminant analysis) were used to
determine the cause variable and to control the exactness of
artificial grouping.

According to the results of multivariate analyses, the
genotype was the variable causing tuberization responses in
vitro. The most important factors were the parent-offspring
relationship and the genetic presence or the effects of wild
Solanum species which depended on the number and the
phase of hybridization and on the interbred species. Thus,
the genetic origin of a clone played a basic role in tuberiza-
tion under in vitro conditions tested but environmental sti-
muli, such as photoperiod or light intensity, modified its
effect. The interaction between genotype and light effect
was thus proven (Dobranszki et al. 1998; Dobranszki and
Ferenczy 1998; Dobranszki et al. 1999a; Dobranszki 2000).
Similar to other studies (Garner and Blake 1989; Nowak
and Asiedu 1992; Seabrook et al. 1993), a relationship was
not found between the maturity of potato genotypes exa-
mined and their tuberization responses. However, an in vitro
tuberization system free of PGRs can be used to screen for
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the in vitro tuberization capacity of genotypes.
Explants used for tuberization

The productivity of in vitro tuberization systems is strongly
affected by explants used for tuberization. The physiologi-
cal age, type of explants and explant density significantly
influence tuber development.

Physiological age

The first detailed report on the role of the physiological age
of an explant (plantlet) used for tuberization in the subse-
quent in vitro tuberization in a PGR-free system was pub-
lished by Garner and Blake (1989). They concluded that the
number of weeks before transfer of plantlets to short days
affected the success of tuberization and at least 4 weeks
were necessary in 16 h days for the most rapid microtuber
development and for the fresh weight of microtubers to
increase. In our experiments tuberization responses of in
vitro plantlets of different physiological ages (exposure to
long days before tuberization for 3, 4, 5 and 6 weeks) and
of various genotypes (from ecarly, mid and late maturity
groups) were examined (Dobranszki ez al. 1999b). The phy-
siological state of in vitro plantlets affected the tuberization
pattern, especially the size distribution of microtubers. Con-
siderable differences in tuber size and tuber number were
observed between the genotypes. To determine the physio-
logical age of plantlets, the stem length together with the es-
timated leaf area of the third leaf were suitable. It was con-
cluded that morphological characters of plantlets can be
used to predict the appropriate physiological state for relia-
ble microtuberization, which is genotype-dependent.

Culture density

Forti et al. (1991) concluded that culture density could af-
fect the percentage tuberization in a genotype-dependent
way if single-node cuttings were used for tuberization. In
our experiments in vitro plantlets of four varieties were
grown at different plant densities (20, 30, 40 plantlet per jar,
400 ml Kilner jar) and the response of varieties differed
depending on the culture density. In general, the time taken
to initiate tubers was less at higher plantlet densities. The
number of tubers per plantlet was not affected by plantlet
density but the highest rate of usable (> 4 mm in diameter),
uniform microtubers developed in the highest plant densi-
ties (Tabori et al. 2000a).

Type of explant

In vitro tuberization in PGR-free systems was generally in-
duced on whole plantlets (Garner and Blake 1989; Dob-
ranszki and Mandi 1993; Dobranszki et al. 1999a), on nodal
segments (Forti et al. 1991) or on layered in vitro shoots
with various number of nodes (Leclerc et al. 1994; Magyar-
Tabori and Dobranszki 2002; Dobranszki and Magyar-
Tébori 2004).

According to the experiments of Leclerc et al. (1994),
layered shoots with 6 nodes tuberized more rapidly and
produced significantly larger but fewer in vitro tubers than
nodal cuttings. They proposed that the difference in the
number of microtubers per original shoot was due to the ex-
pression of correlative inhibition in layered shoots, even
though it may be altered by changing the orientation by 90°.
If shoots were dissected into nodal cuttings, their hormonal
balance was disrupted thereby promoting tuberization of
each nodal cutting. Similar results concerning explant type
were obtained by Pelacho ef al. (1999) on PGR-free medium
by using organic acids.

In vitro tuberization was induced on layered explants
with a number of nodes (1-5 nodes per explant) on PGR-
free medium with high sucrose (8%) content. The total
number of nodes per jar was the same in each treatment
(Magyar-Tabori and Dobranszki 2002; Dobranszki and
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Fig. 3 Microtubers originating from different explants. 'K' refers to the
control treatment when 8% sucrose solution was poured onto the plantlet
and the numbers indicate the explant size (i.e. the number of nodes) when
explants were layered onto high-sucrose-medium (8%). (Diameter of
Petri-dishes on the picture is 80 mm). From Magyar-T4bori and Dobranszki
(2002) International Journal of Horticultural Science 8, 33-36, ©2002, with kind
permission from Agroinform Publishing House.

Magyar-Téabori 2004). The type and size of the explant mar-
kedly influenced both the number and the size of micro-
tubers developed. When the position of plantlets was verti-
cal in the control treatment, the highest number of tubers
per jar were produced, which may be explained by the use
of fully developed plantlets with a high leaf area for per-
ception of environmental stimuli, such as photoperiod, and
with a well-balanced hormone state of the whole plantlet.
However, the size and weight of microtubers was low.
Changing the orientation of the shoots by 90° caused fewer
tubers per jar and the number of tubers decreased as the size
of explants increased. However, the size and weight of
microtubers increased as the size of layered shoots in-
creased, which may be caused by improved nutrition of
buds due to their better contact with the medium. Cutting of
plantlets into nodal cuttings (i.e. explants with 1 node) re-
sulted in the cessation of correlative inhibition among buds
(Levy et al. 1993), promoted the induction and initiation of
more microtubers than on explants with 2-5 nodes. How-
ever, the size of microtubers was smaller. This result is
similar to the finding of Leclerc et al. (1994). The majority
of microtubers (49.4%) were 6-8 mm in the case of the
smallest explants (with 1 node). When explants with 2 to 5
nodes were used, most microtubers were 8-10 mm but an
increase in explant size, increased the number of micro-
tubers produced with a larger diameter up to 16 mm. The
average fresh weight of tubers also increased with an in-
crease in the size of the explants (Fig. 3). Based on expe-
riments in our laboratory with three cultivars, the use of
explants with two nodes is recommended for economically
reliable microtuber production. In these experiments, the
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average fresh weight of microtubers was sufficiently high
(208-250 mg, depending on the cultivar), the number of
large sized microtubers was very high (38-55% were larger
than 8 mm) as well as the total number of tubers per jar
(15.9-20.1) (Magyar-Tébori and Dobranszki 2002; Dob-
ranszki and Magyar-Tabori 2004).

Beside plantlets, nodal segments or layered shoots,
microtubers can also be used as explants for in vitro tuberi-
zation. Khuri and Moorby (1996) produced plantlets ready
for microtuberization and in vitro tubers developed were
morphologically identical to those from nodal segments.

Histology of microtubers

Potato plants form tubers as a storage organ. The sink capa-
city of a storage organ is important economically and influ-
ences the final size of the organ. The economical use of
microtubers mainly depends on their size because larger
microtubers have higher initial vigour, emergence and per-
formance and they are able to produce a larger crop than
small tubers (Wiersema et al. 1987; Ranalli et al. 1994;
Tabori et al. 1999a). The size of microtubers can be in-
creased by manipulating the factors mentioned in the previ-
ous sections; consequently, some microtubers that deve-
loped were larger but their final diameter seldom exceeded
10 mm (Tovar ef al. 1985; Slimmon et al. 1989; Struik and
Lommen 1991; Charles et al. 1992; Seabrook et al. 1993).
Considering the pattern of tuberization, it is well known
that tuber growth continues after stolon swelling, especially
in the perimedullary region of tubers. However, this tissue
region does not develop or develops slightly in in vitro-
grown tubers and it may be hypothesized that this limits the
final size of in vitro tubers around 10 mm (Struik et al.
1999). Microtubers, like conventional tubers, consist of
three main tissue regions: the cortex, perimedulla and pith.
Liu and Xie (2001) measured the different tuber regions and
their correlation with each other in microtubers. They mea-
sured the number and volume of the cells in the different
tuber tissues during tuber growth and established that cell
number and volume increased simultaneously and that the
relationship between them could be described by a power
function; like the relationship between cell division and
expansion to tuber weight, Y = aW®, where Y = cell number
or cell volume, and W = tuber fresh weight. The volume of
fresh microtubers and their tissues were calculated by ap-
plying the data to the formula for an ellipsoid: V' =
4/371/8Iw’= 0.52/w” (I = length of tuber, w; = width of pith
tissue, w, = total width of the perlmedulla and pith tissues,
w; = fotal width of the cortex, perimedulla and pith tissues).
Calculations of the volume of tuber tissues are derived as
cortex was: Vo = 0.52l(w32—W22) perimedulla: Vie =
0. 52](w2 -w) ) pith: V,; = 0.52/w,". There was a linear
relationship between tuber volume and fresh weight. They
concluded that microtuber size could be increased by the
regulation of environmental factors applied during the tube-
rization process.

The production of large sized microtubers in three po-
tato cultivars were investigated in our laboratories and the
effects of the applied tuberization conditions on the propor-
tion of microtuber tissues, especially on the perimedullary
region were studied (Magyar-Téabori and Dobranszki 2002;
Dobranszki and Magyar-Téabori 2004) based on the mathe-
matical calculation described by Liu and Xie (2001). In
vitro tubers were produced on PGR-free medium, from
which 69-79% had a diameter larger than 6 mm, 53-55%
were larger than 8 mm and 11-29% of the microtubers pro-
duced were larger than 10 and up to 16 mm in diameter.
Microtubers produced on PGR-free medium had a well-de-
veloped perimedullary region, which seemed to be impor-
tant in the final size of tubers until microtubers reached 12
mm in diameter. Presumably, its increase could be one of
the important factors influencing the capacity of micro-
tubers to act as a sink for assimilates, as in the case of field-
grown tubers. However, in microtubers with diameter larger
than 12 mm, the volume rates of the perimedullary region
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did not increase further and the maximal tuber size was 16
mm (wj3). It seems that this is the maximum tuber size that
could be reached on PGR-free medium, if an economically
sufficient multiplication rate and tuber number in a jar were
necessary.

DORMANCY AND SPROUTING
CHARACTERISTICS OF MICROTUBERS

Dormancy is defined as “the physiological state of the tuber
in which autonomous sprout growth will not occur, even
when placed under ideal natural conditions for sprouting
(darkness, temperature 15-20°C, relative humidity about
90%)” (Reust 1986). This innate dormancy period can be
followed by an enforced dormancy period when bud growth
is suppressed (Jefferies and Lawson 1991). The dormant
period can be considered to begin at tuber initiation, and
end when buds are capable of growth (Wiltshire and Cobb
1996). Since tuber dormancy begins at tuber initiation and it
can be observed in vitro, the true differences in the dormant
period can be detected (Tabori et al. 1998). Generally the
dormant period is considered to have ended when 80% of
microtubers have at least one sprout longer than 2 mm (Le-
clerc et al. 1995). A time elapse to 50% of sprouted tubers
can also be used to determine the dormant period. In the
case of a normal distribution, the mean equals the median
and therefore the mean duration of dormancy equals the
moment at which 50% of tubers have ended dormancy (van
Ittersum 1992). In our experiments microtubers were pro-
duced under highly standardized conditions and were uni-
form in size, a normal distribution was therefore assumed
(Tabori et al. 2000b).

The length of the dormancy period is under genetic and
environmental control (Sonnewald 2001). Mapping of a
backeross population derived from haploid potato (Solanum
tuberosum) and diploid wild species (Solanum berthaultii)
showed that at least eight quantitative trait loci (QTLs) were
associated with tuber dormancy (Simko et al. 1997). The
most prominent QTL for dormancy was detected on chro-
mosome II and explained 7.1% of the variance (Sliwka ef al.
2008). Moreover, Agrimonti et al. (2007) identified the G1-
1 gene as a genetic marker for breaking dormancy in potato
tubers.

The physiological regulation of potato tuber dormancy
and related research were reviewed by Suttle (2004b).
Growth promoters and inhibitors play an important role in
regulating the dormancy of potato tubers. Ethylene and
abscisic acid are considered to be sprout inhibitors, while
cytokinins and gibberellins stimulate growth (Sonnewald
2001).

Auxins

Endogenous auxins presumably do not play a role in tuber
dormancy (Suttle 2004b). However, Sorce ef al. (2000) de-
tected a significant increase of indole-3-acetic acid (IAA)
concentration from harvest to the end of dormancy, regard-
less of storage temperatures. When freshlg harvested tubers
were immersed in IAA solution (10°-107 M), it increased
the duration of dormancy by 30%. The prolongation of dor-
mancy by IAA may be related to an increase in ethylene
production in meristems (Dogonadze et al. 2000). Treat-
ment of tubers with biologically active auxins resulted in a
transient, dose-dependent increase in ethylene production
and inhibition of sprout growth (Suttle 2003). Similarly,
sprouting was inhibited by solutions containing greater than
0.1 mg ml" TAA, and it reduced sprouting by 30-45% com-
pared to the control (Slininger et al. 2004).

Ethylene

Applications of different ethylene antagonists Suttle (1998a)
showed that endogenous ethylene was required only during
the early or induction phase of tuber endodormancy. Ad-
ditionally, the study demonstrated that endogenous ethylene
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plays an essential role in the regulation of potato microtuber
endodormancy. Dogonadze et al. (2000) also found that
ethylene is one of the phytohormones that regulate the dor-
mancy of potato tubers. In comparison to tubers stored in
the air control the sprouting was delayed in a dose-related
manner on tubers from the ethylene treatments (Daniels-
Lake et al. 2005). However, Pruski ef al. (2006) observed
that shoot emergence from the ethylene-treated tubers oc-
curred significantly earlier.

Abscisic acid (ABA)

High levels of endogenous ABA have been linked to pro-
longed dormant periods in field-grown tubers (Coleman and
King 1984). A positive correlation was also observed be-
tween tissue levels of ABA and the microtubers dormancy
(Leclerc et al. 1995). Suttle and Hultstrand (1994) demons-
trated that endogenous ABA is essential for both the induc-
tion and maintenance of potato microtuber dormancy. The
changes in ABA content observed during tuber dormancy
progression are the result of a dynamic equilibrium of ABA
biosynthesis and degradation that increasingly favours cata-
bolism as dormancy progresses (Destefano-Beltran et al.
2006a). A relationship between the ABA level and dormancy
was demonstrated through polygene mapping (Simko et al.
1997). ABA synthesis and metabolism occurred in all tuber
tissues examined (meristems, surrounding periderm and
underlying cortical tissues) and are presumably controlled
at the level of SINCED (biosynthesis) and StCYP7074 (cata-
bolism) gene activities (Destefano-Beltran et al. 2006b).

Cytokinins

Turnbull and Hanke (1985) studied the changes in tissue
sensitivity to cytokinin and found that cytokinins may be
the primary factor in the switch from innate dormancy to
the non-dormant state in potato tuber buds. Accordingly, the
loss of endodormancy was reported to precede significant
increases in the endogenous levels of different cytokinins in
dormant tuber. Injection of several endogenous cytokinins
resulted in the rapid and complete termination of tuber
endodormancy (Suttle 1998b). However, immediately after
harvest and during the initial period of storage, tubers en-
tered dormancy and exogenous cytokinins were completely
ineffective in breaking tuber dormancy. Thereafter, dormant
tubers exhibited a gradual increase in sensitivity to both
cytokinins (Suttle 2001).

Gibberellins (GA)

Suttle (2004a) showed that endogenous GAs do not play a
role in potato tuber dormancy release, but in the regulation
of subsequent sprout growth. Similarly, treatments of micro-
tubers with exogenous gibberellic acid (GA3) did not break
dormancy, but stimulated sprouting at the end of the dor-
mancy period (Desiré et al. 1995b). In contrast, Alexopou-
los et al. (2007) concluded that GA; alone or in combina-
tion with benzyl adenine promotes dormancy breakage and
sprouting.

The dormant period of microtubers was not influenced
by the presence of PGRs in the microtuberization medium
(Leclerc et al. 1995). In contrast, Gopal ef al. (2004) found
that the microtuber dormancy period was shortened by 3-4
weeks with the addition of ABA to the medium, but that this
effect was not detected in all genotypes. The addition of
growth retardants to the medium (ancymidol or paclobutra-
zol at 10™ M) inhibited premature sprouting of potato micro-
tubers (Harvey ef al. 1991).

Although the physiological mechanism of potato dor-
mancy has been widely studied, very little information is
available on the dormancy of potato microtubers. It is impor-
tant to extend our knowledge about the dormant period of
microtubers, since termination of dormancy by chemical
(GA;) is often problematic (Tovar et al. 1985). Incomplete
breaking of dormancy can cause low production of seed
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tubers (Pruski ef al. 2003b).

Microtubers remained dormant for a minimum of 12-15
weeks after initiation (Suttle 1998a). Microtubers had lon-
ger dormant periods when harvested after 28 days compared
with 56 days of incubation, when the dormant period was
measured from harvest to sprouting. However, these dif-
ferences were not significant when the dormant period was
measured from the time of microtuber initiation to sprout-
ing (Leclerc ef al. 1995). Similarly, the dormant period of
microtubers measured from initiation to sprouting were not
affected by the duration of the incubation (growth) period,
as observed with field-grown tubers (Cho et al. 1983). This
discrepancy could be explained by the lack of variation in
the incubation temperature of the in vitro system, while
field-grown tubers are subjected to temperature fluctuations,
especially later in the season (Leclerc ef al. 1995).

Van Ittersum and Struik (1992) studied the relationship
between stolon and several tuber characteristics and the
duration of tuber dormancy. They found that tuber weight
was the most significant factor affecting dormancy. Tuber
weight was rather closely (negatively) correlated with dor-
mancy, and the length/width ratio of the tuber and the dura-
tion of dormancy were negatively correlated. The heavier
the tubers, the shorter the duration of dormancy, but the re-
lation was not linear. Similarly, as tuber size increased,
tubers broke dormancy earlier and produced more sprouts
(Wurr et al. 2001). The size of the microtuber was also
found to have a significant effect on the duration of dor-
mancy: smaller microtubers (<250 mg) had a longer dor-
mant period than those greater than 250 mg. The longer dor-
mancy periods of small microtubers may reflect differences
in tuber age at the time of harvest (Leclerc ez al. 1995). In
our experiments conducted with microtubers, we could not
find any significant differences between different size-
groups. This lack of difference may be attributable to the
very small range in size (some mm) or to other factors (e.g.
too large a loss in the case of smallest tubers or early
sprouting of some immature tubers in this fraction) (Tabori
et al. 1999a). Moreover, van Ittersum (1992) found that the
relation between dormancy and tuber weight can be cultivar
dependent. However, the number of sprouts was affected by
the size of the microtuber: the larger the tuber the greater
the number of sprouts that began to grow (Wiersema et al.
1987; Tabori et al. 1999a).

The duration of dormancy is also significantly related to
the date of tuber initiation and to the position of the tuber
on the plant during its growth. The later a tuber was initi-
ated, the longer its duration of dormancy in days after
haulm cutting. However, a delay in tuber initiation did not
result in the same delay in the end of dormancy (van Itter-
sum and Struik 1992).

Effects of environmental factors during
tuberization

Light

Microtubers induced in total darkness had much longer
dormancy than those produced under short day illumination
(Tovar et al. 1985; Coleman and Coleman 2000). Micro-
tubers produced under long days showed rapid sprouting,
whereas under short days sprouting was delayed (Vecchio et
al. 2000). We studied the sprouting pattern of microtubers
produced under three different photoperiodic conditions: (i)
plantlets were exposed to short days all through for 13
weeks [FP-1] or (ii) to complete darkness for 2 weeks, pre-
ceded by short day exposure of 2 weeks, and followed by
another short day exposure for further 9 weeks [FP-2] or
(iii) first to short days for 2 weeks, then to total darkness to
the end of the experiments for 11 weeks [FP-3]). These
treatments showed a slight (but in a few cases statistically
significant) influence on dormancy. When short days were
interrupted by 2 weeks of darkness in the FP-2 treatment,
the dormant period was shortened, while 11 weeks darkness
applied after a short day exposure of 2 weeks in the FP-3
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treatment extended the dormant period as compared those
microtubers that developed all throughout in the FP-1 treat-
ment of short days. Expression of these effects depended on
genotype and storage temperature (Tabori ef al. 1999a). The
tuber induction treatments influenced the time of tuber ini-
tiation, thus they could indirectly cause differences in dura-
tion of dormancy. The shortening effect of FP-2 was slightly
moderate when dormancy was measured from tuber initia-
tion. This indicates that the shortening effect of FP-2 was
mainly attributable to the earlier tuberization (Téabori ef al.
1998). However, when dormancy was considered from
tuber initiation, the elongation effect of FP-3 was consider-
ably more indicating a direct effect on dormancy. This ef-
fect may be due to a decrease in temperature accompanying
dark treatments (24°C in day-time vs. 15°C at night-time).

A similar effect of dark was observed by Tovar ef al. (1985).

The number of sprouts was also affected by tuber induc-
tion treatments. In general, we observed the highest number
of sprouts on tubers developed under short day illumination
without a dark period, and the lowest number of sprouts
was in microtubers produced mainly in darkness following
a 2-week short day period. It can be partly explained by
changes in tuber shape, which was influenced by photope-
riod treatments resulting in longer tubers in the FP-1 treat-
ment. Thus, even if the smallest diameter was the same, the
tubers from FP-1 were larger. The differences could also be
associated with an advanced age of microtubers (Tabori et
al. 1999a). Kumar and Knowles (1993) found that the loss
of apical dominance is associated with the advanced age of
tubers, which can result in more sprouted shoots. Similarly,
Gopal et al. (1997) found that the number of buds increased
when tuberization was induced by short day illumination as
compared to tuberization under darkness. Pruski et al.
(2002) found that microtubers derived from the short photo-
period treatment were green and seemed to be less juvenile
than the tubers from the dark treatment.

Light intensity applied through short day illumination
influences the dormant period significantly. In general, the
lower the light intensity, the longer was the dormant period
for tested cultivars. Light intensity had the most significant
influence on dormancy when tuber induction was carried
out under the FP-2 treatment (short day illumination inter-
rupted by 2 weeks of darkness) (Téabori et al. 2000D).

Temperature

Exposure of cultures to low temperature (4°C) during tube-
rization delayed tuber initiation and showed post-effects on

dormancy in in vitro experiments (Martinez and Tizio 1990).

Thieme (1988/89) also observed that very low temperatures
(9°C) during tuberization may prolong the dormant period
of microtubers considerably. Low temperatures may affect
dormancy length via increased ABA content as compared to
hot conditions (van den Berg ef al. 1991).

Explant

When tuberization occurred in plantlets developed on re-
cycled microtubers, the microtubers possessed a similar pe-
riod of dormancy as those from nodal segments (Khuri and
Moorby 1996). In our laboratory, we conducted experi-
ments with the cv. ‘Desiree’ on the tuberization capacity of
shoot explants with a varying numbers of nodes (1-5). Based
on comparisons of these results to dormancy of microtubers
developed on whole plants (64 days at 17°C storage tem-
perature), we found that the dormant period of microtubers
produced on explants with 1 and 2 nodes was significantly
shorter (36 and 44 days, respectively). Although the dor-
mant period of tubers formed on explants with 3, 4 and 5
nodes were also shorter (59, 48 and 46 days, respectively),
the differences were not significant.

Genotype
The length of dormancy largely depends on the genotype in
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vivo (Vecchio et al. 2000; Hossain et al. 2002; Pande et al.
2007). The dormant period of microtubers was also found to
be cultivar-specific (Ranalli et al. 1994) and a significant
correlation was observed between in vitro and in vivo dor-
mant periods (Leclerc et al. 1995). In our experiments, we
also found that the length of dormancy of microtubers de-
pended on genotype, but not on maturity. Duration of dor-
mancy was shorter in the case of ‘Cleopatra’ (early) and
‘Bord’ (late) (73 and 82 days on average of photoperiod and
storage temperature treatments, respectively), than in the
case of ‘Desiree’ (mid-late) and ‘Giilbaba’ (mid-early) (102
and 138 days, respectively (Tabori et al. 1999a).

Effects of post-harvest conditions
Temperature

Because of the active metabolic state of dormant tubers
(Desiré et al. 1995a; Espen et al. 1999), they are subject to
changes in the physical environment, particularly tempera-
ture, which is the most important physical factor affecting
dormancy. Within a range of 3 to 20°C, tubers stored at
lower temperatures have a longer period of innate dor-
mancy than those stored at higher temperatures. Similarly,
after innate dormancy, low temperatures can enforce dor-
mancy, and sprout growth increases at higher temperatures
(Wiltshire and Cobb 1996). During storage at 2°C for 61
days, no sprouting was observed on microtubers, but after
similar storage period at 8°C, virtually all microtubers had
formed small sprouts (Claassen et al. 1992). In our experi-
ments also storage of microtubers at low temperatures pro-
longed the rest-period considerably. Difference was larger
between tubers stored at 5 and 10°C than between tubers
stored at 10 and 20°C. The effect of low temperatures was
larger for cultivars with longer dormancy (Tabori er al.
1999a). Desiré et al. (1995) found that the duration of
dormancy was 22 weeks in cold storage (4°C) in the case of
‘Desiree’ microtubers, which corresponded to our results
obtained for ‘Desiree’ stored at 5°C.

Storage period (20 or 60 days at 4°C) did not affect
sprouting (Vecchio et al. 2000). The growth rate of sprouts
was very low for ‘Desiree’ microtubers after a short period
(from 25 to 46 days) of cold storage (3°C), while vigorous
sprout-growth was observed after 60 and 74 days of cold
storage (Tabori et al. 1999b). In contrast, dormancy of
microtubers decreased more than a half with reduced time
of storage at 3°C (28, 56, 84 and 105 days) (Ranalli et al.
1994).

Storage of microtubers under different temperatures led
to different kinds of losses: in a refrigerator (4°C) more
than 40% physical damage was observed, while under high-
er temperatures 24% tubers weight loss occurred after 60
days (Hossain et al. 2002). In our experiments, the loss of
tubers largely depended on the size, and considerable loss in
the smallest tubers (2-4 mm) may be due to their immature
state and the increased surface: volume ratio (Tébori et al.
1999a). Weight loss during storage in microtubers was ac-
companied by turgor loss, brownish discolouration, etc. as
was also observed by Lommen (1993) in minitubers (first
ex vitro generation of in vitro plantlets or microtubers).
Moreover, microtubers which lost over 40% of their weight
during the first week of storage had longer dormancy than
others (Akita and Takayama 1994a).

Light

The dormancy period was much longer in microtubers
stored under light than those stored in the dark (Gopal et al.
2004). Under light-storage, the microtuber dormancy period
increases in microtubers produced on medium supplemen-
ted with 60 g/l sucrose, but it decreased with further in-
crease in sucrose content (Gopal et al. 2004). Interactions
between several factors (genotypes, ABA content, sucrose
and storage illumination, and others) were observed (Ra-
nalli e al. 1994; Tébori et al. 2000b; Gopal et al. 2004).
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Chemicals

Postharvest application of rindite (fumigation with 2 ml rin-
dite for 48 h or 4 ml for 24 h) significantly reduced the dor-
mancy period of potato microtubers of ‘Atlantic’, ‘Supe-
rior’, ‘Lemhi Russet’, ‘Red Dale’ and ‘Kennebec’. Kim et
al. (1999) recommended that microtubers should be treated
at least 2 weeks after harvest when the skin of microtubers
is mature. Treatment of tubers with bromoethane, seemed to
be similarly efficient, but was less toxic (Coleman 1984).
Destefano-Beltran et al. (2006a) also used bromoethane to
induce rapid and synchronous sprouting of dormant tubers.
Treatment of microtubers with GA; was more effective than
rindite (Pruski et al. 2003b). Hossain ef al. (2002) also
found that treatment of microtubers with 8§ mg/l GA; and
storage at 30°C combined with 12 h illumination was effec-
tive in breaking dormancy. Treatment of microtubers with
ethanol (0.5 % for 3 days) also broke dormancy (Claassens
et al. 2005). Breaking of dormancy could be also achieved
by applying an electrical current of 50 and 100 V for 5 days
(Kocagaliskan et al. 1989).

Others

Microtubers produced in liquid medium had a relatively
shorter dormancy than those produced on solid medium
(Teisson and Alvard 1999). High sprouting (> 90%) and
survival rate (= 89%) could be obtained within 30 days in
microtubers originating from hydroponic culture system
(Nhut et al. 2006). Moreover, when the volume of tuber
induction liquid medium was increased from 30 ml to 60 ml,
the dormant period decreased by more than a half from 43.1
days to 12.9 days (Stahlshmidt de Fernandez et al. 1995).
Application of a high concentration of sucrose (140 g/I) in
tuberization medium shortens the microtuber dormancy
period (Desiré et al. 1995b).

Microtubers with a high Ca®" content produced under a
long photoperiod showed the highest sprouting percentage
and the quickest average time of sprouting. The high amount
of K* found in Desiree in the presence of CCC [(2-chloro-
ethyl) trimethylammonium chloride], irrespectively of pho-
toperiods, is linked with an extended dormancy (Vecchio et
al. 2000).

CONCLUDING REMARKS

Tuberization of potato is a complex developmental process
involving interactions between environmental, biochemical
and genetic factors. Morphological and biochemical pro-
cesses are regulated by specific gene expression patterns
(Bachem et al. 2000). The most important environmental
signals for tuberization involve short-day photoperiod, high
irradiance and low temperature. Perception of environmen-
tal stimuli occurs in the leaves and is mediated by phyto-
chrome-B and GAs and then the produced systematic signal
transmitted to the stolons to initiate tuberization (Sarkar
2008).

This literature review confirmed the strong analogy in
the growth responses between the field-grown and in vitro
tubers produced in PGR-free systems, which allows the use
of these systems in basic research, such as plant metabolism,
gene regulation, and germplasm selection, among others.

It was proved (Dobranszki et al. 1999a) that a deter-
mined quantity of light illumination is necessary to induce
reliable in vitro tuberization, indicating a phytohcrome-me-
diated multiple signal transduction pathway of tuberization.

Moreover, it was demonstrated that it is possible to pro-
duce a high number of large tubers, which enables econo-
mical seed-potato-production. Strong genotype-dependence
was detected and statistically proven, both in the tuberiza-
tion responses and in the dormancy and sprouting character-
istics of microtubers.

Commercial production of seed potato is still based
mainly on the use of in vitro plantlets (Pruski et al. 2003b);
however, microtubers have been integrating in seed potato
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programme since 1990 years (Struik and Lommen 1991;
Khuri and Moorby 1996; Lazanyi et al. 1998; L& 1999).
Use of microtubers in the production of minitubers is lim-
ited because of their low yielding capacity, mainly if they
planted in field. There are some reports about improving the
field or greenhouse performance of microtubers (Struik and
Lommen 1999; Rolot and Seutin 1999; Vanderhofstadt 1999;
Pruski et al. 2003b).

Reviewed results originating from PGR-free systems
promote the application of microtubers in seed-potato sys-
tem and their commercial use, which has been becoming
more and more important around the world (Donnelly et al.
2003). The main problem of application of microtubers is
related to their dormancy and sprouting.

Dormancy of microtubers produced in PGR-free sys-
tems is influenced by the same factors as reported for field-
grown tubers, such as cultivar, environmental conditions
during tuberization and storage. The dormant period can be
predicted, and thus the timing of tuber production and
sprouting can be planned. Sprouting of microtubers could
be synchronized and therefore their use in seed-potato-pro-
duction can be profitable.
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