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ABSTRACT

The growth of stem segments excised from cooled and uncooled tulip (Tulipa gesneriana L. ‘Apeldoorn’) bulbs stored for three months
after flower bud formation at 5°C and 17°C, respectively, was enhanced by indole-3-acetic acid (IAA) at 0.1% (w/w) in the light and in
dark conditions, when it was applied to the place where flower buds were removed. On October 27, the enhanced growth of excised stem
segments induced by IAA was very reduced under natural light conditions. On the other hand, the susceptibility and/or responsiveness of
tulip stem segments excised from cooled or uncooled bulbs to exogenously applied IAA increased as the age or maturation of tulip bulbs
increased until January 15 of the following year. The ability of tulip stem segments to elongate did not depend on low temperature and
light conditions. A possible explanation for IAA-induced growth of tulip stem segments is discussed from the aspect of the solutes in the

cell sap and on the balance of endogenous plant hormones in the bulbs.
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INTRODUCTION

Tulip bulbs with terminal buds containing a complete
flower require a period of 12-16 weeks of cold (low tempe-
rature) treatment for floral stalk elongation, indicating that
tulip bulbs have a kind of dormancy released by exposure to
low temperature (Kamerbeek et al. 1972). The duration of
the cold treatment is a major factor that determines how the
stem grows and how the flower opens. Increasing the dura-
tion of cold treatment decreases the time from planting to
flowering. Enlargement of the stem and leaves of cooled
tulip bulbs is almost entirely due to the elongation of cells
produced early in the development of the flower bud (Gil-
ford and Rees 1973).

Auxins are well known to play an important role in the
growth and development of tulips. The leaves and gynoe-
cium have been suggested to provide auxins for inducing
stem growth (Op den Kelder ef al. 1971; Hanks and Rees
1977; Saniewski and de Munk 1981; Banasik and Saniew-
ski 1985). Excision of all leaves and the flower bud in the
early growth stage of tulips resulted in total inhibition of
stem growth. The exogenous application of auxin such as
indole-3-acetic acid (IAA, at 0.005~0.1%, w/w in lanolin),
naphthaleneacetic acid (NAA, at 0.05~0.2%, w/w in lano-
lin) and indole-3-butyric acid (IBA, at 0.2%, w/w in lano-
lin) to the place where the flower bud had been removed
almost completely recovered stem growth of tulips
(‘Apeldoorn’ and ‘Oxford”) (Saniewski and de Munk 1981;
Banasik and Saniewski 1985). Removal of IAA applied exo-
genously in different growth stages of tulip stem immedi-
ately stopped further elongation of each internode, indica-
ting that continuous supply of IAA is necessary for tulip
stem growth (Saniewski and Wegrzynowicz-Lesiak 1993).

IAA applied at the cut surface of the stem with all
leaves and the flower bud removed also induced stem
growth in uncooled-rooted and -derooted tulip bulbs (‘Apel-
doorn’ and ‘Gudoshnik’), but the effect of auxin was much

smaller than in cooled bulbs (Saniewski and Okubo 1997).
Recently, Saniewski et al. (2005a) showed that the applica-
tion of TAA as a lanolin paste at the cut surface of the top
internode in stem segments prepared from growing shoots
of cooled tulip bulbs (‘Apeldoorn’) greatly promoted the
growth of all internodes of the stem. These results described
above strongly suggest that the promoting-effect of IAA on
inducing growth of intact and/or excised stem of tulips is
affected by the culture (experimental and application) con-
ditions. In addition, it has been shown that solutes such as
carbohydrates, including starch, sucrose, glucose and fruc-
tose, found at the first internode were responsive to promote
the elongation of the upper internodes induced by auxin
(Saniewski et al. 2005a). Susceptibility and/or responsive-
ness of tulip stem segments excised from cooled or un-
cooled bulbs to IAA, however, have not been clarified yet.
In a strenuous effort to understand the susceptibility and/or
responsiveness of stem segments of tulips (‘Apeldoorn’) to
IAA applied exogenously, we successfully discovered a no-
vel fact: the important factor for susceptibility and/or res-
ponsiveness to IAA is an increase in the age or maturation
of tulip bulbs but not temperature and light conditions. In
this paper we report this novel finding and also propose the
possible mechanisms to regulate this responsiveness based
on aspects of solutes in the cell sap and on the balance of
endogenous plant hormones.

MATERIALS AND METHODS

Tulip (Tulipa gesneriana L. ‘Apeldoorn’) bulbs with a circumfer-
ence of 10-11 cm were obtained from a private farm in Poland.
After lifting at the end of June, tulip bulbs were stored at 17-20°C
until October 27, and then at 5°C (cooled bulbs) or at 17°C (un-
cooled bulbs) until January 15. Stem segments consisting of the 1%
to 4" internodes without flower buds, leaves and bulbs were
prepared on October 27 (initial stage), November 23 (partially
cooled) and January 15 (cooled), respectively. Lanolin paste with
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or without IAA (Fluka, Switzerland) at 0.1% (w/w) was applied at
the cut surface, the place where the flower bud was removed, of
the stem segments. The stem segments were incubated with water
at 18-20°C under natural light conditions in the greenhouse or
under dark conditions in a phytotron, then the length of stem or
different internodes was measured. Ten to 15 stem segments ex-
cised from tulip bulbs were used for each treatment. At the end of
the experiments, the stem segments were photographed. Data were
subjected to an analysis of variance and evaluated using the Dun-
can’s multiple range test at a 5% level of significance.

RESULTS AND DISCUSSION

The flower buds, leaves, perianth, anthers and stem in fully
cooled (5°C) tulip bulbs (‘Apeldoorn’) were slightly smaller
than those from uncooled bulbs kept continuously at 17°C
(Saniewski and Horbowicz 2005). Only after planting could
the complete differences in growth and development
between cooled and uncooled tulip bulbs be found to be
normal with growth of the shoot and flowering being ob-
served in fully cooled bulbs (‘Apeldoorn’) (Saniewski and
Horbowicz 2005).

The induction of growth by IAA in excised stems on
October 27 under natural light conditions was very small
(Fig. 1), suggesting that the segments were almost unsus-
ceptible and/or unresponsive to IAA applied exogenously.
This result is similar to that in the case of gibberellin A;
(GA; at 200 mg/l) in tulips (‘Oxford’) (Geng et al. 2005).
On the other hand, IAA-induced growth of stem segments
excised from uncooled bulbs and from partially cooled bulbs
on November 23 was significantly evident under natural
light conditions (Figs. 2, 3). Furthermore, while the growth
of stem segments prepared from uncooled and fully cooled
tulip bulbs on January 15 treated with lanolin only and kept
in natural light conditions was very small (Figs. 4-6), the
application of IAA at the cut surface of the stems described
above greatly enhanced stem growth in natural light condi-
tions (Figs. 4, 6). A similar effect of IAA on stem growth
was also observed in the dark (Figs. 5, 6). The stimulatory
effect of IAA on stem growth was more than ca. 200 to
300% regardless of the cold treatment and light conditions;
the highest stimulatory effect of IAA on stem growth was
observed in excised stems from uncooled bulbs incubated
under natural light conditions (Fig. 6). These results
strongly suggest that the important factor for susceptibility
and/or responsiveness of tulip stem segments excised from
cooled and uncooled bulbs to IAA exogenously applied is
the age or maturation of bulbs rather than temperature and
light conditions. These results described above together
with the previous reports in ‘Apeldoorn’ (Saniewski et al.
2005a) and ‘Oxford’ (Geng et al. 2007) tulips strongly sup-
port the idea that the quality and/or the quantity of storage
materials such as carbohydrates in the tulip bulbs are af-
fected during storage, and that IAA as well as GAs substan-
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Fig. 1 The effect of IAA on the growth of tulip stem excised from un-
cooled bulbs; treatments were made on October 27 and photographed
on November 20. Initial length and fresh weight of the stem segment
were 11 mm and 321 mg, respectively. Photographs were initial, control
(lanolin only) and IAA treatment (IAA at 0.1%, w/w in lanolin) from left
to right. Different letters indicate the mean separation in each stem by the
Duncan’s multiple range test at 5% significance. Bars = SE (n=10-15).
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Fig. 2 The effect of IAA on the growth of tulip stem excised from un-
cooled (17°C) (left) and partially cooled (5°C) bulbs (right). Treatments
were made on November 23 and kept in natural light conditions. Photo-
graphs were initial, control (lanolin only) and IAA treatment (IAA at
0.1%, w/w in lanolin) from left to right, and taken on December 7.
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tially affects the metabolism of storage materials by utili-
zing the solutes of cell sap to induce cell elongation in tulip
stems.

The idea described above might answer the following
two important questions: (1) Why does TAA not induce
growth of excised stems on October 27 but greatly induce
growth on January 15 in uncooled and cooled bulbs? (2)
Why does growth of excised stems prepared from uncooled
bulbs on January 15 have almost the same susceptibility to
IAA as stems from cooled bulbs? A possible answer to the
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Natural light conditions
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Fig. 4 The effect of IAA on the growth of tulip stem excised from un-
cooled (17°C) and fully cooled (5°C) bulbs in natural light conditions.
Treatments were made on January 15 and photographed on February 5.
Photographs were initial, control (lanolin only) and IAA treatment (IAA at
0.1%, w/w in lanolin), from left to right.
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Fig. 5 The effect of IAA on the growth of tulip stem excised from un-
cooled (17°C) and fully cooled (5°C) bulbs in darkness. Treatments
were made on January 15 and photographed on February 5. Photographs
were initial, control (lanolin only) and IAA treatment (IAA at 0.1%, w/w
in lanolin), from left to right.
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first question might be that after flower bud formation in
tulip bulbs in October one or more processes may be con-
nected with the ability (sensitivity) of stem cells to elongate
both in low (cooled) and high (uncooled) temperatures in
January.

In addition, the following two important questions are
also raised from this study: (3) Why is the elongation growth
of stem segments prepared from cooled and un-cooled
bulbs induced by [AA almost similar in darkness and in the
light? (4) Why do the normal growth of shoots and flower-
ing take place only in fully cooled tulip bulbs?

The fact that sufficient growth of the tulip stem is ob-
served in fully cooled bulbs but not in uncooled bulbs
(Kamerbeek et al. 1972) strongly supports the idea that ade-
quate levels of endogenous auxin to induce stem growth are
produced only in fully cooled bulbs (Saniewski and de
Munk 1981). However, the ability of stem cells within tulip
shoots inside the bulbs become susceptible and/or respon-
sive to exogenously applied auxin not only in fully cooled
tulip bulbs but also in uncooled or partially-cooled tulip
bulbs (‘Apeldoorn’) (Figs. 2-6). In addition, this ability
seems to be dependent on an increase of the age or matu-
ration of bulbs. This is the first report that shows that the
important factor for susceptibility and/or responsiveness of
excised tulip stem segments to exogenously applied auxin is
not low temperature and/or light condition but only an in-
crease in the age or maturation of the bulb.

The reason why stem cells in only mature tulip bulbs
are susceptible and/or responsive to exogenously applied
auxin is still not clearly understood. Similar seasonal differ-
ences in the response to GA treatment have also been repor-
ted in non-pre-cooled tulip bulbs (‘Oxford’) (Geng et al.
2005). One possible mechanism is the increase in the total
amount of solutes in the cells as one major parameter for
cell elongation. In stems excised from growing shoots of
cooled tulip bulbs, exogenously applied IAA has been sug-
gested to enhance the translocation of solutes from the basal
region to the upper elongating region of shoots, and the
source size or the amount of solutes is responsible for IAA-
induced elongation growth (Saniewski et al. 2005a). Starch
degradation occurred in the scales of tulips (‘Oxford”)
during storage regardless of storage temperature, although
the rate of degradation in the scale was faster in cooled
bulbs than in uncooled ones (Geng et al. 2007). These facts
support the notion that susceptibility and/or responsiveness
of excised tulip stem segments to auxin applied exogen-
ously is dependent on the total amount of solutes relating to
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endogenous changes in metabolism such as source activity
during aging, or maturation of the bulb.

As shown in Figs. 4-6, regardless of the light conditions
exogenously applied IAA greatly promoted the growth of
segments excised from cooled and uncooled tulip bulbs
(‘Apeldoorn’). In addition, the responsiveness to IAA was
little affected by natural light or dark conditions. We also
found that the effect of IAA on the growth of excised stems
is almost similar in the dark and in the light (M. Saniewski,
H. Okubo, K. Miyamoto and J. Ueda, unpublished results).
After planting, however, the growth of shoots in intact fully
cooled tulip bulbs in darkness has been shown to be much
higher than that in the light conditions (Okubo and Uemoto
1984; M. Saniewski, H. Okubo, K. Miyamoto and J. Ueda,
unpublished results). This discrepancy between intact tulip
shoots and its stem segments might be explained by the dif-
ference in the total amount of solutes contributing to IAA-
inducing cell elongation in the dark conditions. The growth
of excised stems prepared from cooled and uncooled tulip
bulbs is probably regulated by the availability of free sugars
(and other compounds) that exist in the initial stem. It is
probable that not only the endogenous levels of sugars but
also their availability are similar in excised stems from
cooled and uncooled tulip bulbs. This is intricately related
to carbon and nitrogen metabolism in the tulip bulbs (Oh-
yama et al. 2006).

Another possible mechanism related to the decrease
and/or increase in levels of inhibitors and/or promoters in
mature bulbs, respectively, has been proposed. Plant growth
and development are regulated by the endogenous balance
between promoters such as auxin and GA, and inhibitors
such as abscisic acid (ABA). This relationship is also true in
tulip shoot growth. Saniewski et al. (1999) have shown that
simultaneous application of GA; with ABA totally inhibited
shoot growth and flowering induced by GA in uncooled,
derooted tulip bulbs (‘Apeldoorn”). Recently, ABA content
in the scales of tulips (‘Oxford”) gradually decreased as the
duration of storage was extended regardless of storage tem-
perature, suggesting that the time-dependent decrease in
ABA in the scale during storage promotes sensitivity to GA
after planting (Geng et al. 2007). As well as ABA of these
tulip cultivars (Aung and Hertogh 1979; Terry et al. 1982;
Moore 1989), jasmonates which inhibit auxin-induced
growth of plants (Miyamoto e al. 1997; Saniewski et al.
2005b) have also been found in tulips as important growth
regulators (Skrzypek et al. 2005). Therefore, it seems that
excision of stems from cooled and uncooled tulip bulbs
(‘Apeldoorn’) is connected with removal of inhibitors such
as ABA and jasmonates.

The elongation of all the internodes in tulips (‘Apel-
doorn’ and other cultivars) has been reported to be substan-
tially controlled by the interaction of endogenous auxins
and GAs (Okubo and Uemoto 1985; Okubo et al. 1986;
Saniewski 1989; Saniewski and Kawa-Miszczak 1992; Riet-
veld et al. 2000), although the effect of GAs in the pre-
sence and/or absence of auxin on the stem growth of tulips
remains controversial. Exogenously applied GAs partially
substituted for the cold treatment of tulip bulbs and stimu-
lated shoot growth and flowering (van Bragt and Zijlstra
1971; van Bragt and van Ast 1976; Rudnicki ef al. 1976;
Cocozza Talia and Stellacci 1979; Jones and Hanks 1984).
Saniewski (1989) has also suggested that endogenous GAs
together with auxin play an important role in stem elonga-
tion of tulips (‘Gudoshnik’). According to this idea, it is
possible to say that the growth of tulip stems induced by
IAA applied just after removal of all leaves and the flower
is due to the interaction of IAA with endogenous GAs pro-
duced in the stem. GAs or their precursors may be synthe-
sized in the stem or transported from bulbs.

Under natural conditions GAs produced during the
cooling of bulbs play an important role in the flower bud
growth and those synthesized during shoot growth together
with auxin control stem elongation of tulips. Free acid GAs
of GA,, GA,4, GAy, GA;,, GA,, and GAj, have been identi-
fied in both cooled and uncooled tulip bulb sprouts (‘Apel-

145

doorn’) (Rebers 1992; Rebers ef al. 1994, 1995). Among
them, GA,4 seemed to be the major GA, and GA;, GAy and
GA;, were also detected in lower amounts. Rebers et al.
(1995) suggested that there was no direct correlation
between cold-stimulated growth and a change in endogen-
ous GA status in sprouts or basal plates of tulip bulbs during
cold storage. Rebers et al. (1995) also reported that the
higher level of GA, and its inactivation product GAs4 were
observed only in growing floral stems of cooled tulip bulbs
(‘Apeldoorn’), and the absence of a significant quantitative
accumulation of GA;. Based on these results, they sug-
gested that GA, is probably involved in floral stem elonga-
tion in tulip. Saniewski et al. (1990) found that GA; and
GA4+7 applied in soaked cotton wick wrapped around all the
internodes of stem, after excision of all leaves and the
flower bud, obviously induced stem elongation in tulips
(‘Apeldoorn’). GAs applied as lanolin paste to the place of
the flower bud removed after excision of all leaves or as
soil drench did not induce stem growth of tulips. These re-
sults indicate that the growth of tulip stem induced by GAs
is less than that by TAA applied to the cut surface of the
stem just after flower bud removal.

In addition, exogenous GA incorporated in stem tissues
seems to contribute to induce the elongation of all inter-
nodes in tulips together with endogenous auxin. Endoge-
nous levels of GAs induced during IAA action are efficient
for control of stem growth in the interaction with the auxin,
and additional exogenous level of GAs only slightly affec-
ted the stem growth induced by IAA. Ross et al. (2003)
claimed that in elongating internodes of pea (Pisum sativum
L.), auxin maintains the level of the bioactive GA, GA,, by
promoting GA, biosynthesis and by inhibiting GA; deacti-
vation. Similar relationships between GAs and TAA will be
possible in tulip shoots. In our preliminary experiments
using tulip (‘Apeldoorn’) segments excised from cooled and
uncooled bulbs, simultaneous application of GA (GA;) with
IAA did not promote TAA-induced growth (M. Saniewski,
H. Okubo, K. Miyamoto and J. Ueda, unpublished results).

Based on the results of this study, extensive transport of
solutes in cell sap is required for maintaining adequate
growth of the tulip stem. As described above, I[AA might
contribute to this step in tulips (Saniewski et al. 2005a).
There are numerous reports in which the mode of action of
GAs to promote the growth of intact plants is also connec-
ted to the translocation of solutes in cell sap (Mulligan and
Patrick 1979; Aloni et al. 1986; Miyamoto and Kamisaka
1988a, 1988b, 1990; Miyamoto et al. 1992). The role of
GAs in the [AA-induced growth of stem segments prepared
from cooled (matured) and uncooled bulbs, and in growth
and development in intact tulips under natural conditions
should be intensively studied in the future. More ingenious
ideas and techniques will be introduced in further studies.
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