
Effects of different combinations of short days and dark treatment and different light intensities during
the short days on in vitro tuberization of three potato cultivars were examined. Tuberization in Desiree,
Cleopatra and Gracia was induced by short-day-treatment after 4 weeks culture under long days. To pre-
serve natural endogenous hormonal balance of in vitro plantlets growth regulators were not added to the
medium. The shorter the duration of short-days period the higher light intensity necessary for earlier
tuber initiation. There was also a synchronizing effect of the high light intensity on tuber initiation but it
depended on photoperiod-treatments and genotypes. The higher the light intensity during induction peri-
od the less favourable the effect of light applied after the induction period.
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INTRODUCTION

In vitro tuberization for propagation of disease-free potatoes and for conservation of
germplasm of potatoes has been reported [9, 15, 19].

Recently some researchers have studied the effects of environmental factors, such
as light or temperature, on in vitro tuberization. These studies did not use growth reg-
ulators in order to avoid the potential effect(s) of the regulators on the developmen-
tal response of in vitro culture [1, 3, 4, 5, 6, 7, 10, 18].

This study was undertaken to examine tuberization of in vitro plantlets from a sim-
ilar genetic origin but of different maturity groups under different light intensities
applied with various photoperiodic treatments in order to improve in vitro tuberiza-
tion.
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MATERIALS AND METHODS

Plant material

In vitro culture of Solanum tuberosum L. cvs. Cleopatra (early maturity), Gracia
(mid-early maturity) and Desiree (mid-late maturity) were used. They are related
genotypes, because Desiree was one of the parents of both Cleopatra and Gracia.

Shoot culture

Nodal cuttings of four-week-old in vitro plants served as explants for the experi-
ments. Initial explants were placed in jars (Kilner jars, 400 ml, 75 mm × 85 mm) cov-
ered with plastic caps, and each containing 30 nodal explants on 40 ml Murashige
and Skoog [13] medium supplemented with 0.8% agar and 3% sucrose. Cultures
were maintained for four weeks in a culture room at 24/15 °C day/night temperature
and 16 h photoperiod and 106 mmol m�2 s�1 light intensity. On average 27 fully devel-
oped plantlets (at least 4 cm long with large leaf surface and well-developed roots)
per jar developed after the long-day-treatment of four weeks.

Tuber induction treatment

Tuber induction treatments were carried out after four weeks of long-day-treatments.
This period was required for vigorous plantlet development in vitro [8, 17], which is
an essential precondition for the perception of the environmental stimuli, such as
light [8, 17]. Tuberization was induced on the same medium with a layer of 8%
sucrose solution poured onto the cultures (5 ml in each jar). Five different photope-
riodic regimes (Table 1) were used giving different combinations of short days (8 h
illumination/day) and total darkness (0 h illumination/day).

Three different light intensities were applied during short-day-treatments: 106
mmol m�2 s�1 (Li-0 treatment), 53 mmol m�2 s�1 (Li-1 treatment), 5.3 mmol m�2 s�1

(Li-2 treatment). Warm-white fluorescent tubes with the waveband between 400�700
nm were used as light source.

Measurement and data analysis

The time for tuber initiation in vitro was determined as the time of the appearance of
the first microtuber in a jar. Tuber development was recorded by counting the num-
ber of tubers per jar every 2 weeks after tuber initiation and by observing the mor-
phological type of the developing tubers. Tuber size and number of microtubers per
jar from each treatment was evaluated at the end of each experiment (after 17 weeks).
At least 10 replicates were analysed for each treatment. The statistical analysis of
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data for tuber initiation and number was made by analysis of variance or by other
robust tests (Welch-, James-, Brown�Forsythe-tests) related to analysis of variance
depending on the results of tests for standard deviations [2]. The standard deviations
were analysed by Bartlett-, O�Brien- and Levene-tests [11]. Analyses were conduct-
ed with SPSS PC+4 software.

RESULTS AND DISCUSSION

Tuber initiation

The time for tuber initiation varied with the photoperiodic and light intensity treat-
ments in each genotype (data presented in Fig. 1).

Darkness applied after high light intensity had an accelerating effect on the
appearance of tubers. Fp-2 and Fp-3 treatments resulted in earlier tuber initiation in
all examined cultivars compared to the Fp-1 treatment. The treatments with one week
or less under short days (Fp-4 and Fp-5 treatments) caused a further decrease in the
number of days required to initiation in case of Grácia and Desiree. If the dark- and
short-day-treatment was combined according to the demand of the given genotype,
the dark treatment led to synchronization of tuber initiation. This synchronization
effect of darkness was expressed by significant decrease of the standard deviation(s)
of data in case of Desiree and Gracia in the Fp-2 and the Fp-3 treatments. The same
effect of dark treatment was obtainable in the Fp-3 treatment in case of Cleopatra.
However, the further reduction of the period of short day treatment applied before
darkness caused the cessation of its synchronizing effect in all cultivars.

After medium light intensity (Li-1 treatment), the effect of darkness applied in the
Fp-2-5 treatments varied according to genotype. A synchronizing effect of darkness
on tuber formation in the Fp-2-4 treatments also occurred in Cleopatra and Gracia.

After low light intensity (Li-2 treatment) the dark treatment had both accelerating
(Cleopatra, Gracia) and delaying (Desiree) effects on tuber initiation depending on
genotype as listed. The synchronizing effect of this treatment was also observed in
Cleopatra and Gracia.

It can be concluded that short-day-treatment applied after induction phase had a
delaying effect on tuber initiation, while darkness applied after the induction phase
accelerated and synchronized tuber initiation when high light intensity was applied
before dark treatment. After lower light intensities the dark treatment had only syn-
chronizing effect on tuber initiation. However, the dark-treatment was effective only
when the short-day-treatment was long enough before exposure to dark. The required
length of short-day-treatment was genotype-dependent.

The shorter the duration of short-days period the higher is light-intensity necessary
during short days to induce earlier tuber initiation. There was also a noticeable syn-
chronizing effect of the highest light intensity on tuber initiation depending on pho-
toperiod-treatments and genotypes.
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Fig. 1. Number of days required for appearance of the first tuber in each jar at the different light treat-
ments (Fp: photoperiod-treatments, Li: light-intensity treatments applied during short days)
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Fig. 2. Development of microtubers after induction at high light-intensity treatment
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Fig. 3. Development of microtubers after induction at medium light-intensity treatment
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Fig. 4. Development of microtubers after induction at low light-intensity treatment
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MANOVA and related methods (see above) proved that both the main effects and
2-way interactions (Fp-Li, Fp-Clones, Li-Clones) and also the 3-way interaction (Fp-
Li-Clones) were significant (P < 0.01).

These results indicate that an adequate quantity of light illumination is without
doubt necessary to induce tuberization but the further light effects can be un-
favourable.

Tuber development

After high light-intensity the dark treatments led to a significant increase in the num-
ber of tubers per jar, which can be seen from the second week after induction in the
Fp-2 and Fp-3 treatments and from the first week and from the third day after induc-
tion in the Fp-4 and Fp-5 treatments, respectively. Accordingly, in these treatments 2
weeks (Fp-2, Fp-3) or 1 week (Fp-4) or 3 days (Fp-5) short-day-treatments were
applied before cultures were exposed to dark.

The number of tubers increased markedly during the 3rd and 4th weeks when the
cultures were kept in the dark (Fp-2, Fp-3 treatments) compared to those cultures,
which were kept in short days (Fp-1). However, replacing of cultures from dark to
short days (Fp-2 treatment) caused a temporary, but obvious inhibition in the forma-
tion of new tubers compared to those cultures remaining in dark (Fp-3 treatment)
(Fig. 2).

At lower light-intensities the increase in tuber number was faster as compared to
treatment in the highest light-intensity but only in case of Fp-1 treatment. This effect
of the lower light-intensities was just the contrary in the other Fp-treatments. In the
Fp-4 and Fp-5 treatments tuber initiation was delayed and the final tuber number was

Table 1
The photoperiod-treatments applied after the four week

culture period under long days

Weeksa

Treatments
SD (8 h) D (0 h) SD (8 h)

Fp-1 13 � �
Fp-2 2 2 9
Fp-3 2 11 �
Fp-4 1 12 �
Fp-5b 0+3 days 11+4 days �

a SD: short days (8 h daily illumination), D: darkness (0 h daily
illumination).

b Cultures were kept for 3 days at 8 h photoperiod prior to
exposure to total darkness (0 h daily illumination).



lower when the highest light-intensity was applied during the short days. However,
the tuberization responses of different genotypes to the different light-intensities
were different (Figs 3�4).

The morphology of developing tubers (sessile or non-sessile type) was determined
according to McGrady et al. [12]. The earlier application of dark treatment resulted
in increasing percentages of sessile tubers in comparison with non-sessile ones,
which can indicate stronger tuberization stimulus.

When the development of tubers occurred mainly under light conditions (Fp-1 and
Fp-2 treatments), the tubers formed either in the medium or developed at the end of
long stolons directly under the plastic cap of the culture jars. Microtubers developed
within the medium had prominent lenticels, larger diameter (0.7 to 1.8 cm) and their
epidermis often split open, which prevented their further use. This effect of light was
observable mainly in case of Gracia. The colour of these tubers varied from green to
blackish green, which was probably due to their development under light, moreover
their shapes was true-to-type.

Microtubers produced in the Fp-3-5 treatments were positioned high above the
surface of medium and were round. The colours of tuber skin were true-to-type, yel-
low or red depending on genotypes. However, their diameter was smaller than that
of tubers produced under light conditions. The similar morphological characteristics
of microtubers developed under different light conditions were observed by Slimmon
et al. [16] and Novak & Asiedu [14].

Tuber number

Both the final number of developed tubers and the number of tubers with 2 mm or
larger than 2 mm in diameters were analysed by MANOVA and related methods.
Table 2 includes the average number of microtubers with 2 or larger than 2 mm in
diameter per jar after 17 weeks. The analyses proved correlations between the treat-
ments and between the treatments and clones and also the 3-way correlantions was
significant (P < 0.01).

If cultures were exposed to light during all the experiments (Fp-1 treatment) the
medium light-intensity (Li-1 treatment, 53 mmol m�2 s�1) was as favourable as the
highest light-intensity. With the extension of darkness, the highest light-intensity was
more favourable for producing more in vitro tubers.

In general, the most favourable conditions to maximize the number of tubers with
2 or larger than 2 mm in diameter were the Fp-3 or Fp-4 treatments and high light-
intensity applied under short days. Although the tuber number was not significantly
different in the Fp-1 and Fp-2 treatments compared to those developed in the Fp-3 or
Fp-4 treatments in Cleopatra and Desiree, the loss of tuber number during storage
was significantly larger for tubers produced by Fp-1 and Fp-2 treatments (data not
presented).

The tuber number always reached 1.00 tuber per plantlet (1.26 to 1.33 depending
on cultivars) in the best treatments if we counted only the tubers with 2 or larger than
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2 mm in diameters. The best treatment means the rational in vitro application of light
as an environmental factor controlling tuberization process of potato in vivo. These
results are better than those which were obtained by using growth regulators to
induction of in vitro tubers [16, 19, 20].
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