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Stellingen 

1. Bij tulpebollen is er geen directe correlatie tussen gibberelline-gehalten aan het 

eind van een koude bolbewaring en de daaropvolgende stengelstrekking na het 

planten van de bollen. 

Dit proefschrift. 

2. Voor de koude-gestimuleerde stengelstrekking van tulpen is GA4 belangrijker dan 

GA!. 

Dit proefschrift. 

3. Niet alleen de koudebehandeling maar ook de bewaarperiode zelf, doet de 

gevoeligheid van tulpespruiten voor gibberellinen toenemen. 

Dit proefschrift. 

4. Aan het eind van het bewaarseizoen zijn zowel de gevoeligheid voor gibberellinen 

als de GA-synthese capaciteit niet beperkend voor de in vitro groei van 

tulpespruiten uit ongekoelde bollen. 

Dit proefschrift. 

5. Een uitspraak over de functie van een verhoogd gibberelline-gehalte aan het eind 

van de koudebehandeling van bloembollen is zinloos, wanneer ongekoelde 

controlebollen van dezelfde leeftijd niet geanalyseerd zijn. 

L.H. Aung and A.A. De Hertogh (1967) Plant Cell Physiol. 8: 201-205. 
T. Takayama, T. Toyomasu, H. Yamane, N. Murofushi and H. Yajima (1993) J. Japan Soc. 
Hort. Sei. 62:189-196. 
Dit proefschrift. 

6. De inspanningen die verricht worden om mensen zuiniger met natuurlijke 

grondstoffen om te laten gaan, staan in contrast met de verspilling van kennis en 

talent die ontstaat door werknemers slechts voor een beperkte periode aan te 

stellen. 



7. Het is vreemd dat het voor- of dankwoord van een proefschrift het enige 

onderdeel is dat zonder tussenkomst van promotor of rector magnificus 

vermenigvuldigd mag worden, hoewel het de meest gelezen pagina's zijn. 

8. Een tijdelijk werkverband buiten Nederland zou het relativerend vermogen van 

veel ontevreden Nederlanders aanzienlijk vergroten. 

9. Het grote aantal criteria dat tegenwoordig gehanteerd wordt bij sollicitatie­

procedures voor academici, staat in geen verhouding tot de geringe eisen die 

gesteld worden om aan een universitaire studie te mogen beginnen. 

10. Het toenemende privé gebruik van de auto in Nederland kenmerkt de toenemende 
individualisering. 

11. De bevolkingsexplosie als de oorzaak van armoede is een westers argument om de 

werkelijke oorzaken te verdoezelen. 

Pakistan Times, 11 oktober 1994. 

12. Het zou beter gaan met het milieu wanneer er in de economie naast producenten 

en consumenten, ook sprake zou zijn van "reducenten", zoals in de biologie. 

13. De bewering dat altviolisten gedesillusioneerde violisten zouden zijn, wordt niet 

ondersteund door het grote aantal verzoeken dat ze krijgen om mee te spelen in 

muziekgezelschappen. 

E. Heimeran en B. Aulich. (1936) In: Das stillvergnügte Streichquartett. Heimeran Verlag, 

München, p. 40. 

14. Musici streven naar eenzame hoogten, muzikanten naar saamhorigheid. 

Stellingen behorende bij het proefschrift 'Gibberellins and the cold requirement of 

tulip' door Mariken Rebers. 

Wageningen, 16 december 1994 
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Voorwoord 

In 1989 ben ik begonnen bij de vakgroep Plantenfysiologie, om onderzoek te doen met 

onder andere de nieuw verworven GC-MS. Niet alleen dit onderzoek heb ik met 

plezier uitgevoerd, ook de omgevingsfactoren heb ik als heel plezierig ervaren. Er zijn 

hier veel mensen bij betrokken geweest en ik wil allen, ook degenen die ik hieronder 

niet met naam noem, hartelijk bedanken voor hun bijdrage. 

Om te beginnen, de aanschaf van de kostbare GC-MS is vooral te danken geweest 

aan de inzet van prof. J. Bruinsma. Samen met Kees van Loon heeft hij een 

belangrijke rol gespeeld aan het begin van dit project. 

Erik Knegt en Evert Vermeer hebben mij daarna zorgvuldig wegwijs gemaakt in 

de wereld van de chromatografie. Het was voor mij als veldbioloog een hele 

ontdekking dat ik me in de kelder, waar echt geen plantje wil groeien, uitstekend thuis 

voelde. Daarnaast heeft Erik mij veel bijgestaan bij allerlei zaken rondom het 

onderzoek; zelfs uren bollen pellen werd zo een plezierige bezigheid. Dank je wel! Ik 

heb ook veel geleerd van je fraaie woordkeuzes en zorgvuldige wijze van formuleren. 

Bovendien was je tot en met het laatste figuur in het proefschrift hoop in uitzichtloze 

computerdagen. 

Evert heeft steeds de GC-MS aan de praat gehouden en verschrikkelijk veel 

gibberellines voor me gemeten. Daarnaast was hij ook altijd in voor het uitwisselen 

van culinaire wetenswaardigheden. Ruth van der Laan en Ben van der Swaluw, 

technische steunpilaren en mede-paling eters, hebben eveneens bijgedragen aan het 

goede werkklimaat. 

Na anderhalf jaar kreeg ik een nieuwe hoogleraar als promotor: Linus van der 

Plas. Linus, je hebt heel veel tijd vrijgemaakt om mee te denken over het onderzoek 



Voorwoord 

en de daarbij horende problemen. Je begrip en hulpvaardigheid leken onafhankelijk 

van je agenda en de zomerse buitentemperatuur. Het heeft mij bijzonder gestimuleerd 

om door te zetten en optimistisch te blijven. 

De bij dit projekt betrokken medewerkers van het Laboratorium voor 

Bloembollen Onderzoek in Lisse wil ik noemen voor hun bijdrage aan verhelderende 

discussies. Vooral Hanneke Franssen heeft veel praktische problemen opgelost en 

theoretische moeilijkheden helpen onderzoeken. 

Siep Massalt legde de groei van tulpespruiten in buizen fotografisch vast en Allex 

Haasdijk tekende de omslag van dit proefschrift, wat zeker een vermelding waard is. 

De studenten Dick van der Wal en Gaea Romeijn hebben een groot aantal tulpebollen 

in hun handen gehad. Ook al zijn veel van hun experimenten niet of nauwelijks meer 

in dit proefschrift terug te vinden, toch hebben zij op hun manier bijgedragen aan het 

onderzoek. 

I am especially grateful to Yuji Kamiya and prof. Nobutaka Takahashi for their 

hospitality during my stay at REKEN institute in Japan. In addition, thanks to their 

financial support I could join the symposium 'Frontiers of Gibberellin Research' in 

Japan. The discussions during these visits have substantially contributed to this thesis. 

Daarnaast heb ik de afgelopen S jaar een grote variatie aan collega's gehad. Jullie 

wil ik bedanken voor jullie doorzettingsvermogen, om steeds weer op deskundige 

wijze de voor mij broodnodige afleiding te verzorgen. Ook het salonorkest 

'Passepartout' liet mij steeds weer op tijd beseffen dat de tulpenwetenschap ook een 

heel gezonde bijzaak kan zijn. Midden in de werkweek maakten we muziek, in de 

wetenschap dat je eveneens kunt zoeken naar de correlatie tussen de kwaliteit van de 

piano en het geserveerde buffet. 

Tenslotte bedank ik mijn ouders, Paul, Saskia en de familie Verheijen voor de 

belangstelling en gezelligheid. En Leon, dank je wel voor je geduld en nog veel meer! 

Mariken 



Abbreviations 

A^o „„, absorbance at 210 nm 

ABA abscisic acid 

BX-112 prohexadione 

BuOH n-butanol 

cv. cultivar 

dpm disintegrations per minute 

E .C . enzyme commission number 

ELISA enzyme-linked immunosorbent assay 

EtOAc ethyl acetate 

FW fresh weight 

GA, GAn gibberellin, gibberellin n 

GC gas chromatography 

GC-MS gas chromatography-mass spectrometry 

HPLC high-performance liquid chromatography 

IAA indolyl-3-acetic acid 

KRI Kovâts retention index or indices 

[M]+ molecular ion, parent ion 

Me methyl derivative 

MeOH methanol 

MeTMSi methyl trimethylsilyl derivative 

MS medium Murashige and Skoog medium 

m/z mass/charge ratio 

P paclobutrazol 

PB petroleum benzin 40-70 

PVP polyvinylpyrrolidone 

QAE quaternary ammonium ether 

RIA radioimmunoassay 

SD standard deviation of series 

SIM selected ion monitoring 

TIC total ion current 

w/v weight/volume 



1 General introduction 

Tulip 

The year 1994 is special for people working in tulip cultivation and research in the 

Netherlands, because 400 years ago the first tulips were flowering in the Botanical 

Garden in Leiden, the Netherlands. This was the start of a period of 'tulipomania' in 

the beginning of 17th century, in which tulip bulbs were bought as speculation object 

at extremely high prices. In 1637 this tulipomania suddenly came to an end, although 

tulips continued to be popular. 

The tulip is a monocotyledonous plant and is a member of the Liliaceae family. 

The genus Tulipa includes about 125 species, which are distributed in two sub-genera, 

Eriostemones and Leiostemones. The present day garden tulips, which belong to the 

Leiostemones, originate from types introduced into Europe from Turkey after the 

middle of the 16th century. 

To date, the Netherlands is the main tulip bulb producer in the world, growing in 

1983 about 86% of the total world tulip bulb production (Le Nard and De Hertogh, 

1993). 

Lifecycle 

Tulip bulbs originate from seeds, which require low temperatures for proper 

development of the embryo. The embryo produces a plant with a cotyledonary leaf, 

one primary root and a hollow diverticulum called a "Dropper". This organ grows 

into the soil and produces a small bulb, which needs four to five additional growth 

^Çl 
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cycles before a flowering-size bulb is produced. 

Seedlings are only used for breeding purposes. Commercially, tulips are 

vegetatively propagated, based on the production of daughter bulbs by the vegetative 

buds of the bulbs. 

The tulip bulb has an annual replacement cycle, in which a key aspect is the 

continuous change that occurs in the various organs over time. At any time period, 

there are organs that are being initiated, developing or senescing. The growth cycle 

can be divided into three main phases (Le Nard and De Hertogh, 1993): 

(1) At the end of spring, the aerial organs of the mother bulb are senescing and the 

growth of the daughter bulbs ceases. Shortly after bulb harvest in June or July, the 

flower bud and the root primordia of the daughter bulbs are initiated and formed. 

Flower bud differentiation is complete at about the end of July (stage "G", Cremer et 

al., 1974). By the end of summer, all the organs of the daughter bulb plant are 

present, including granddaughter bulbs in the axils of the scales. 

(2) After planting these daughter bulbs in autumn, root growth occurs rapidly. The 

already differentiated shoot elongates slowly and there is slight growth of the 

granddaughter bulbs. In contrast, the scales are slowly senescing and the basal plate is 

relatively unchanged. 

(3) In early spring the greatest biomass increase occurs. Rapid shoot growth leads to 

flowering. Granddaughter bulb growth continues and is especially rapid after 

flowering. In contrast, the daughter bulb scales shrivel and progressively disappear. 

Cold requirement 

An important factor affecting the growth and development of tulip is temperature. The 

tulip has an obligatory warm-cool-warm cycle (De Hertogh et al., 1983). The flower 

is initiated at relatively high temperatures (17°-20CC or higher). Following flower 

initiation, a cold period (2°-9°C) is required. At this low temperature physiological 

changes occur which prepare the shoot for adequate floral stalk elongation and flower 

development at the subsequent higher temperatures (17°-20°C). In a temperate climate 

as in the Netherlands, these phases can take place during the seasons under natural 

conditions. However, in horticultural practice, flowering is programmed by simulating 

the temperature conditions required in nature (forcing). The winter season in 

particular, can be replaced by dry-storing the bulbs in cooled ventilated chambers, 

prior to planting the bulbs. This cold temperature treatment can be applied after flower 

bud differentiation is complete (stage "G", Cremer et al., 1974). 
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The duration of this cold treatment is quite critical to achieve adequate floral stalk 

extension, synchronous and rapid flower development and high flower quality after 

planting the bulbs. The number of days from planting to flowering and the final floral 

stalk length is a function of the number of weeks of low temperature that the bulbs 

have received. Both temperature-dependence and duration of the required dry-storage 

period, are cultivar specific. For bulbs of tulip cv. Apeldoorn, the relation between 

the duration of the cold treatment, and the subsequent floral stalk elongation and 

flower development, is shown in Figure 1.1. A dry-storage treatment of 12 weeks at 

5"C prior to planting, will lead to proper floral stalk elongation and flower 

development. Shorter periods at 5°C usually lead to slower shoot elongation and 

delayed flower development. When bulbs are planted without any cold treatment, the 

growth of the terminal bud is strongly reduced and flower abortion often occurs. 
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Figure 1.1 The development of the tulip sprout cv. Apeldoorn after planting bulbs at 20°C, 
in relation to the duration of the cold treatment (5°C) before planting. 

For economic reasons, a practical assay to test whether a particular bulb has 

received a proper cold treatment is desirable. In order to identify parameters that are 

indicative for a proper cold treatment of tulip bulbs, there is a search for cold-

dependent parameters which are related both to a proper cold treatment and to the 

subsequent floral stalk elongation and flower development (Boonekamp et al., 1990). 

For that reason, a better knowledge of the physiological changes occurring in the 
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bulbs during the cold period is needed. In related projects research is directed towards 

carbohydrate and amino acid metabolism (Kollöffel et al., 1992; Lambrechts et al., 

1992a; 1992b; 1993; 1994); respiration characteristics of isolated mitochondria and 

ethylene production (Kanneworff and van der Plas, 1990; 1992; 1994a; 1994b) and 

membrane composition and characteristics during the cold bulb treatment (Walch and 

van Hasselt, 1990). 

These processes might be connected with hormonal changes. There are 

indications that gibberellins (GAs) in particular are involved in the cold requirement of 

tulip: application of GAs could partly replace the cold treatment (van Bragt and Zijl-

stra 1971; van Bragt and van Ast, 1976; Bylov and Smirnova, 1979; Hanks and Rees, 

1980a; Hanks, 1982; Hanks and Rees, 1983). In addition, cold-stimulated floral stalk 

elongation was suggested to require GA biosynthesis (Shoub and De Hertogh, 1974; 

Hanks and Rees, 1977; Suh et al, 1983a; Okubo et al, 1986; Saniewski, 1989). 

Gibberellins 

Li 1965, gibberellins were defined as compounds having an enf-gibberellane skeleton 

and biological activity in stimulating cell division, cell elongation or other biological 

activity as may be specifically associated with this type of naturally occurring sub­

stance (Paleg, 1965). To date, more than 90 different GAs have been characterized by 

their chemical structure in higher plants and fungi (Pearce et al., 1994), their numer­

ical order approximating the chronological order of their discovery. In general, GAs 

play an important role in growth and development of plants, particularly in dormancy 

breaking, germination, shoot extension and induction of flowering (Graebe, 1987). 

The GAs can be divided into two main groups, the C20-GAs with a 20-carbon 

skeleton such as GA12, and the C19-GAs with a 19-carbon skeleton such as GA9. 

Within each of these groups, there is considerable variation in the degree and position 

of oxidation, which is usually hydroxylation. The major positions of hydroxylation are 

indicated in Figure 1.2, which also shows the structures of the non-hydroxylated GA12 

and GA9. 

From this large group of structures, the number of bioactive GAs is limited. The 

numerous GAs present in a plant or plant organ may represent only a few bioactive 

GAs, the others being either precursors or inactivation products. 

Gibberellins also exist as conjugates, linked to a limited number of low molecular 

weight molecules. The most common naturally occurring GA conjugates are GA-

glucose conjugates (Hedden, 1987). Conjugated GAs themselves have low or no 
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Figure 1.2 The main positions of GA hydroxylation in higher plants and the structures of the 
non-hydroxylated GA12 and GA9. The closed arrows indicate the most common positions. 

biological activity. They may yield free GAs after chemical or enzymic hydrolysis 

(Rood et al., 1983). The function of conjugated GAs in plants is uncertain. Con­

jugation might convert GAs to inactive, water soluble molecules suited for transport or 

storage. It is possible that reversible conjugation is involved in the regulation of the 

active hormone levels (Rood et al., 1983; Schneider and Schmidt, 1990). 

Gibberellin biosynthesis 

In higher plants there are several sites of GA biosynthesis: developing fruits or seeds, 

elongating shoot apical regions, roots and young leaves (Graebe and Ropers, 1978; 

Sponsel, 1987). The proper functioning of GA biosynthesis is essential for the normal 

development of plants. GA biosynthesis is activated and inactivated during the life 

cycle of a plant; the pathways are different in different species and even in different 

organs of the same species (Graebe, 1987). In the biosynthesis of GAs three stages 

can be distinguished (Figure 1.3): (1) the biosynthesis of e/tf-kaurene, (2) the reactions 
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from e/tf-kaurene to GA12-aldehyde, and (3) the conversions after GA12-aldehyde. The 

pathway until GA12-aldehyde is identical in all plants (Sponsel, 1987). In contrast, the 

steps after GA12-aldehyde, leading to the formation of bioactive GAs, can vary 

between different species. 

Three routes can be distinguished, differing in positioning and timing of 

hydroxylation (MacMillan, 1984), as shown in Figure 1.4. In many higher plants, 

such as maize (Phinney, 1984; Fujioka et al., 1988) and pea (Kamiya and Graebe, 

1983), the early-13-hydroxylation pathway leads to GA20, GA29 and GAj. GAX is 

probably the active GA of this series in the control of stem growth (Phinney, 1984). 

In pea embryos, a parallel non-3,13-hydroxylation pathway leading to GA9 and GA51 

was found (Kamiya and Greabe, 1983). In addition, there is an early 3-hydroxylation 

pathway leading to GA4 and GA34, as found in Arabidopsis (Talon et al., 1990). 

However, the observed pathways are rarely discrete. They may converge or diverge to 

form a metabolic grid, as shown in Figure 1.4 (adapted from Kamiya et al., 1985 and 

Sponsel, 1987). 

Among the physiologically active hormones, in particular the 3ß-hydroxylation of 

the GA molecule, as in GAX and GA4, is considered to be an essential feature for 

promoting stem elongation (Talon et al., 1990; Evans et al., 1994). In contrast, 2ß-

hydroxylation leads to inactivation of the GA molecule, e.g. the formation of GA8 and 

GA34. Other GAs show intermediate or low activity, depending on their conversion 

into active structures, or their structural resemblance to an active form (Sponsel, 

1987). 

Analysis of gibberellins 

Gibberellins lack physical properties for selective physico-chemical detection, and until 

the introduction of gas chromatography-mass spectrometry (GC-MS) for GA analyses 

in 1967, GAs were analysed using bioassays. These procedures yielded at best only 

semiquantitative results and they provided hardly any information on individual GAs. 

Although bioassays are still in use for establishing the presence of GA-like substances 

in plant extracts, it is now generally acknowledged that they lack precision. Moreover, 

they provide no reliable data on GA levels since plants may contain inhibitors that can 

interfere with the bioassays. 

In GC-MS, the mass spectrometer serves as a highly versatile GC detector. GC-

MS is a suitable method to analyse the endogenous GA content, since the mass 

spectrum together with its retention time is a unique property for each GA. In 
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Figure 1.3 Principal reactions involved in the biosynthesis of gibberellins. Adapted from 
Rademacher (1991). 
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Figure 1.4 Metabolic grid of gibberellins in higher plants, showing known conversions. 
Dotted lines indicate hypothetical conversions. Adapted from Kamiya et al., (1985) and 
Sponsel (1987). 

addition, selected ion monitoring (SIM) provides a highly sensitive and selective 

method which, using isotope labelled G As, enables quantification of the endogenous 

G A levels. 

Alternatively, immunoassay techniques were developed for the analysis of GAs. 

The application of immunoassays to GA analyses is more complex than for other 

classes of plant hormones, because of the many qualitative differences in GA 

structures. Several sensitive RIA and ELISA methods are available for the detection of 

GAs. However, due to the cross reactivity of the antibodies, their applications are 

limited. 

Inhibitors of GA biosynthesis 

Methods to investigate the relationship between GAs and their physiological response, 

are the use of chemicals to block the GA biosynthesis, and genetic mutants which are 

blocked in the GA biosynthesis pathway or have a reduced sensitivity to GAs. For 

8 
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tulip, no GA mutants are available. 

GA biosynthesis inhibitors are known for their growth retarding ("dwarfing") 

effect on plants. They act by blocking specific steps in the biosynthetic pathway which 

lead to biologically active G As. Three different groups can be distinghuished, 

inhibiting GA biosynthesis (Figure 1.3) at different stages (Rademacher, 1991): (1) 

"onium" compounds, (2) compounds with a nitrogen-containing heterocycle and (3) 

cyclohexanetriones 

"Onium" compounds as chlormequat chloride (CCC), AMO-1618, chlorphonium 

chloride and mepiquat chloride, have a positively charged ammonium, phosphonium, 

or sulphonium moiety. These compounds interfere with the biosynthetic steps directly 

before ««/-kaurene (Rademacher, 1991). 

Several growth retardants with a nitrogen-containing heterocycle, e.g. ancymidol, 

paclobutrazol, tetcyclasis, uniconazole and inabenfide, inhibit the oxidative reactions 

leading from e/tf-kaurene to ewf-kaurenoic acid (Rademacher, 1991). 

Cyclohexanetriones block late reactions in the GA biosynthetic pathway. The 

primary action of e.g. prohexadione (BX-112) is the inhibition of 3ß-hydroxylations in 

GA biosynthesis, e.g. the conversion of GA20 to GAX (Nakayama et al., 1990a; 

Nakayama et al., 1992). To a lesser extent, prohexadione also interferes with 2ß-

hydroxylations (Nakayama et al., 1990b). 

Gibberellins, stem elongation and flower development 

Application of GAs to plants can influence a variety of processes, including stem 

elongation, dormancy and flowering (Crozier and Turnbull, 1984). In many plants that 

require either an inductive low temperature or long day treatment, exogenous GAs can 

substitute for the environmental stimulus (Pharis and King, 1985). There is consi­

derable evidence that photoperiodic control of stem elongation in rosette plants is me­

diated by GAs (Metzger and Zeevaart, 1980). Although a long day treatment of spi­

nach plants did not lead to an increase of the total G A content of the plants, the levels 

of individual GAs were altered. The level of GA19 decreased while the levels of GA20 

and GA29 increased during the same period. These observations led to the suggestion 

that the conversion of GA19 to GA20 is under photoperiodic control (Metzger and 

Zeevaart, 1980). Following the detection of GAX and the use of the GA biosynthesis 

inhibitor prohexadione (BX-112), it was reported that the 3ß-hydroxylation of GA20 to 

GAj is necessary for stem elongation in spinach (Zeevaart et al., 1993) 

Some plants require a period of low temperature before flowering can be 
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induced. In Brassica species, flowering is initiated during the cold period, but in many 

plants flowers appear only after transfer to higher temperatures. The crucifer Thlaspi 

arvense requires a cold treatment for the induction of stem elongation and flowering. 

Longer cold treatments result in greater maximum stem length and reduce the lag 

period for the onset of flowering. It was shown that the cold-induced stem growth of 

T. arvense is a GA-dependent process. Applied GA3 was able to replace the cold treat­

ment completely, leading to stem elongation and flowering. Li addition, cold-induced 

stem growth was shown to require continued GA biosynthesis (Metzger, 1985). 

The effects of GAs on stem elongation have been studied in most detail. Many 

bioassays are based on the growth-stimulating effect of applied GAs. Yet, in spite of 

various studies on the mode of action of GAs, it has not been elucidated yet how GAs 

actually promote stem elongation. GAs can stimulate both cell division and cell 

elongation. Following GA treatment of Samolus parviflorus, a rosette long-day plant, 

the number of cell divisions in the subapical meristem increased considerably (Sachs, 

1965). There are indications that the site of GA action is located in the cell wall 

(Crozier and Turnbull, 1984 and references in there). Applied GA3 increased cell wall 

plasticity of lettuce hypocotyls. Changes in cell wall composition occurred during GA-

induced extension growth but they did not appear to be related to the growth process 

itself. It appeared unlikely that the regulation is affected at the level of DNA or RNA 

synthesis. Experiments with colchicine indicated that the process is independent of 

microtubule or microfibril orientation patterns (Crozier and Turnbull, 1984). 

It has been suggested that Ca2+ ions are involved in the hypocotyl response to 

GA3. The GA-induced promotion of growth might be mediated by a movement of 

Ca2+ ions from the cell wall into the protoplast, facilitating increases in cell wall 

plasticity and hence growth (Crozier and Turnbull, 1984). 

Exogenous GAs induce or promote flowering in many species, being particularly 

effective on long day plants (Pharis and King, 1985). GA application could replace the 

long day requirement for flower initiation in Lolium temulentum and the endogenous 

GA status changed with inductive treatments (Pharis et al., 1987). In several long day 

requiring plants, G A biosynthesis inhibitors could inhibit both the increase in G A 

content and the stimulating effect of long day on flowering, while applied GA3 

reversed the inhibiting effect (Pharis and King, 1985). However, in L. temulentum the 

growth retardant CCC did not prevent flowering (Pharis et al., 1987), and also in 

Silene armeria, the GA biosynthesis inhibitor AMO 1618 had no effect on flowering 

(Cleland and Zeevaart, 1970). 

Remarkably, the structural GA requirements for inducing flowering in L. 

10 
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temulentum were quite different from those for promoting stem elongation (Pharis et 

al., 1987; Evans et al., 1990). For stem elongation 3ß-hydroxylation of the GA 

molecule was essential, whereas florigenicity was reduced by it. Apparently, stem 

elongation and flower development might show different sensitivities to structural 

changes in the G A molecule. These results suggest that the GA receptor for stem 

elongation is different from that for flowering (Evans et al., 1994). 

Gibberellins and tulip 

Research has been done on the effects of applied GAs on the development of tulips, 

with the aim of reducing or eliminating the lengthy cold requirement. GA appeared to 

substitute for the cold period in many, but not all tulip cultivars. GAs had the least 

effects on cultivars with the shortest cold requirement and more effect on those with 

longer cold requirements (Hanks, 1982). In addition, there was a partial rather than a 

complete effect of GA. Table 1.1 gives a survey of reports on the effects of applied 

GAs on tulip growth and development. In general, applied GA decreased the number 

of days from planting to flowering and could substitute partly for the cold treatment in 

several studies. All of the different application techniques used could yield effect, 

although bulb injection appeared the most effective method in most studies. For 

commercial purpose, however, this method is not practical. In many studies, floral 

stalk length was affected by GA application. Several studies reported shorter plants on 

G A application, but also longer plants or no effect on floral stalk length have been 

reported. Differences in response are probably due to different application techniques, 

times of application, and forcing treatments of the bulbs. In addition, most studies 

used GA3, that when compared with several other GAs, appeared to be the least active 

GA for promoting floral stalk elongation or flower development in tulips (Hanks and 

Rees, 1980b). 

Early studies investigated the endogenous GA content in tulip bulbs, during and 

after storage at different temperatures. These studies used low resolution 

chromatographic techniques and bioassays to determine the levels of GA-like 

substances. Table 1.2 a and b present a survey of these results. To allow the 

comparison of the data, the results were recalculated to express as ng GA3-

equivalents g"1 FW. The controversies in the literature with regard to the amount of 

GA present and the changes in G A content during the cold period, are clearly 

illustrated. 
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Chapter 1 

In several studies, it was reported that during the cooling period the amount of 

free GA increased (Aung and De Hertogh, 1967; 1968; Hanks and Rees, 1980b; Suh 

et al., 1983b). However, van Bragt (1971) concluded that no clear relationship existed 

between the level of endogenous GAs and the floral stalk elongation after cold storage. 

A second hypothesis was suggested by Hanks (1982). To explain the only partial 

substitution of the cold treatment by applied GAs, Hanks (1982) supposed an increase 

in GA sensitivity during the cooling period. 

Other hormones 

Numerous plant growth regulators have been applied to tulips to determine the effects 

on sprout growth and flower development. Kinetin could reduce the incidence of 

flower abortion (Hanks and Rees, 1977). Exogenous ethylene induced flower bud 

blasting and injections of kinetin and GA4/7 made the tulips less susceptible to ethylene 

(de Munk and Gijzenberg, 1977; Moe et al., 1978). However, the presence of 

increased ethylene production due to wounding of bulbs, did not cause flower 

abortion. In contrast, it appeared to enhance floral stalk growth and flower 

development (Saniewski and Kawa-Miszczak, 1992). 

When the flower bud was removed before the rapid elongation of the floral stalk, 

floral stalk extension was reduced considerably. Application of indoleacetic acid (IAA) 

reversed the effect of flower bud removal (Hanks and Rees, 1977; Saniewski and de 

Munk, 1981; Okubo et al., 1986; Saniewski, 1989), but GA3 was ineffective (Hanks 

and Rees, 1977; Okubo et al., 1986). This auxin-induced floral stalk elongation could 

be inhibited by application of the GA biosynthesis inhibitor paclobutrazol (Saniewski, 

1989), suggesting that GA biosynthesis was involved in the auxin-mediated stimulation 

of floral stalk growth. When the effect of root removal was investigated, GA3 

application restored the inhibiting effects of root removal (Kawa-Miszczak et al., 

1992). 

Hanks and Rees (1977) suggested that an auxin-mediated system depending on 

auxin produced in the gynoecium, regulates the elongation of the upper internodes. A 

gibberellin-mediated system was suggested to control especially the elongation of the 

lower internodes. Okubo and Uemoto (1985; 1986) and Saniewski et al, (1990) 

suggested that elongation of all internodes is controlled by interactions of auxins and 

gibberellins. It was suggested that G A stimulates the auxin-biosynthesis, -transport or 

-response system (Saniewski and de Munk, 1981). Yet, on the basis of the 

experiments described sofar, a complete model comprising the various hormone effects 
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and explaining the regulation of floral stalk elongation in tulip, cannot be presented. 

To investigate hormonal control of growth processes, in vitro studies appear to be 

a very useful tool, because influences from other organs are eliminated and direct 

effects of growth substances can be observed. The effects of different growth 

regulators on growth of isolated floral stalks, leaves and pistils from tulip was widely 

investigated by Saniewski and Gabryszewska (1983) and Kawa and Saniewski 

(1990a,b,c). Isolated floral stalks from cooled bulbs elongated more than floral stalks 

from noncooled bulbs. In addition, GA treatment stimulated growth in floral stalks 

from cooled bulbs only. Auxin induced growth in floral stalks from both bulb 

treatments, but only when the floral stalks were cultured in the inverted position, 

enabling polar basipetal transport of auxin. Experiments with isolated floral stalk 

pieces, suggested an effect of GA on the auxin-sensitivity of tulip floral stalk tissue 

(Rietveld et al, 1994). In addition, results of Kawa and Saniewski (1990b) indicated 

that GAs were involved in leaf growth. Abscisic acid (ABA) alone and in the presence 

of auxin or GA inhibited growth of isolated floral stalks (Kawa and Saniewski, 

1990c). 

Auxin, ABA, cytokinins and ethylene have been identified in tulip. It was 

reported that low temperature increased the level of cytokinins in tulip bulbs 

(Rakhimbaev et al., 1978) and decreased the level of ABA (Syrtanova et al., 1973; 

Rakhimbaev et al., 1978). However, Franssen and Voskens (1992) reported that no 

significant increase or decrease occurred in the amount of ABA per g FW sprout 

during bulb storage at 5°C, neither during storage at 17°C. For IAA, preliminary 

results of Franssen and Voskens (1992) showed a lower amount of IAA per g FW in 

cooled sprouts then in sprouts from noncooled bulbs. 

Outline of thesis 

Hypothesis 

In spite of numerous studies implicating the involvement of GAs in the cold 

requirement of tulip, their physiological role is still inconclusive. Two hypotheses 

have been put forward to explain the role of GAs in the cold requirement of tulip: 

1) during the cooling period of the bulbs the amount of free GAs increases (Aung and 

De Hertogh, 1967; 1968; Hanks and Rees, 1980b; Suh et al, 1983b). Alternatively, 

due to a block in the conversion to active GAs, inactive GAs or G A precursors may 

accumulate in noncooled bulbs (cf. Metzger, 1990). 
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2) during the cooling period the sensitivity to GAs increases (cf. Trewavas, 1981; 

Hanks, 1982). 

Approach 

The experiments in this study, were directed towards qualitative and quantitative 

analyses of endogenous GAs, and the biological activity and metabolism of applied 

GAs. The tulip cultivar investigated was "Apeldoorn", which has a relatively long 

cold requirement of 12 weeks at 5°C. The endogenous GA content was analysed using 

GC-MS. The biological activity and metabolism of applied GAs was studied using an 

in vitro sprout system. 

Chapters 2 to 4 deal with the endogenous GA content in tulip bulbs. The level of 

endogenous GAs in vegetative material can be very low (1 - 10 ng g"1 FW, Bearder, 

1980). For the analyses of GAs in tulip bulb material, an extended purification was 

required prior to analyses by GC-MS. In chapter 2 this method is described. The 

identification by GC-MS of GAs and GA-related compounds in sprouts of tulip bulbs 

is described in chapter 3. In chapter 4 the changes in endogenous gibberellin levels in 

tulip bulb sprouts and basal plates during storage and subsequent growth are reported. 

The results are discussed with regard to floral stalk elongation after planting cooled 

and noncooled bulbs. 

Chapter 5 and 6 deal with the effect and the metabolism of applied GAs. In 

chapter 5 the effect of applied gibberellins and a GA biosynthesis inhibitor on isolated 

sprouts from cooled and noncooled tulip bulbs is described. The metabolism of pH]-

and [2H3]GA9 in isolated tulip sprouts is reported in chapter 6. 

In chapter 7 the results are discussed and compared with other studies concerning 

tulip. The results are evaluated with regard to the cold requirement and the possibility 

to develop a practical bulb test, to predict the ability of tulip bulbs for adequate floral 

stalk elongation and flower development after planting . 
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2 Extraction, purification and analysis 
of gibberellins in tulip material 

Introduction 

The analysis of gibberellins (GAs) in plant material is associated with a number of 

technical difficulties. Because the concentration of GAs can be extremely low 

especially in vegetative material (Bearder, 1980), a highly sensitive detection method 

is required. Furthermore, the detection method must be able to discriminate between 

the large number of different GAs that may be encountered. Finally, the absence of 

characteristic physical properties restricts the number of available detection methods. 

Combined gas chromatography-mass spectrometry (GC-MS) is the method of 

choice for the analysis of GAs, being highly sensitive as well as suited for the 

identification and quantification of GAs. Still, prior to GC-MS analysis, a high degree 

of sample purity is required, to prevent overloading the system and to minimize 

interference by contaminating compounds. Many purification procedures have been 

reported, their complexity depending on the tissue under investigation. Hedden (1987) 

and Pearce et al. (1994) reviewed methods of GA analyses. For the analysis of GAs in 

tulip material, the method of Croker et al. (1990) was chosen and adapted to suit the 

requirements of this type of material. The general procedure is described in this 

chapter. Further improvements and/or refinements are included in the chapters 3 and 

4. 

The analysed material consists of sprouts and basal plates from tulip bulbs during 

the cold storage period. The bulb parts are isolated and stored at -75 °C until 

extraction. The extraction and purification are performed within the pH range 2.5-8.5 

and below 40°C, to prevent degradation of the GAs (Hedden, 1987). Additionally, 
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Chapter 2 

during the purification procedure prolonged storage in aqueous solutions is avoided 
wherever possible. 

Extraction 

Methanol, having a low boiling point and both polar and apolar properties, is an 
appropiate solvent for the extraction of GAs from plant tissue. The material (50 g) is 
homogenized in liquid N2. Then, 200 ml methanol (4:1 v/w) is added to the frozen 
material, together with ascorbic acid (0.25 g) to prevent oxidation reactions during the 
extraction. The homogenate is stirred overnight at 4°C, after which insoluble material 
is removed by centrifugation (ca. 27,000xg). Residual insoluble matter is removed 
from the supernatant by filtration (glass filter no. 4). 

Purification 

Within the 90 different GAs that may be encountered in an extract, there is 
considerable variation in the number and positions of in particular hydroxyl functions, 
leading to a broad range of polarities. Yet, in order to minimize the final number of 
fractions to be analysed, it is desirable to purify the GAs as one group as far as 
possible. Therefore, as in most other purification procedures, the first part of the 
procedure is directed towards reducing sample weight by several group separation 
steps, in order not to overload the more subtle procedures at later stages of sample 
purification. The general procedure is outlined in Figure 2.1. To monitor recoveries 
during purification, tiny amounts of tritiated GA1; GA4 and GA9 (25,000 dpm each) 
are added to the aqueous methanol extract. At several points in the procedure the 
recoveries are determined, which is indicated in Figure 2.1. 

The methanol and part of the plant water is removed by evaporation under 
reduced pressure and at a temperature not exceeding 40°C. The volume of the aqueous 
residue is adjusted to 20 ml with H20 and adjusted to pH 7.5-8.0 with 1 N KOH. The 
sample is washed with petroleum benzin 40-60 (3 x equal volume) to remove 
compounds such as lipids, fats and pigments. Subsequently, a PVP column is used to 
remove phenolic compounds. Sieved PVP (ca. 1 g, mesh size 40-70) is used in order 
to ensure reasonably fast flow rates. The aqueous G A extract is poured on the column 
and eluted with 2 x 2.5 ml of H20 at pH 8 and the eluates are combined. At this 
stage, already a substantial reduction in sample weight is achieved, allowing more 
efficient partitioning at later stages. 
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Figure 2.1 General purification procedure for the analysis of free and conjugated gibberellins 
(GAs) from tulip bulb material. Indicated are the combined recoveries of pHJGA!, [3H]GA4 and 
[3H]GA9 after solvent partitioning and anion exchange chromatography. The individual recoveries 
of [3H]GA1; [

3H]GA4 and [3H]GA9 after HPLC are given in the corresponding HPLC fractions: 
[3H]GA! and pHJGA^e in fractions 2 and 2b; [3H]GA4 and [3H]GA4Me in fractions 5 and 5a; 
[3H]GA9 and [3H]GA9Me in fractions 6 and 6c respectively. 
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Solvent partitioning 

Since all GAs are weak organic acids (pKa +. 4.0; Hedden, 1987), changing the pH of 

the solvent will change their solubility. This property is used in solvent partitioning, to 

further reduce sample weight and also to separate the conjugated GAs from the free 

acids. The crude separation of the extract by solvent partitioning is included in Figure 

2.1. The majority of the free GAs, including GA1; GA4 and GA9, will be recovered in 

the ethyl acetate-soluble acidic fraction (I). The butanol-soluble fraction (H) will con­

tain most GA conjugates, such as GA-glucosyl ethers and some glucosyl esters. Some 

very polar GAs may also be recovered in this fraction. The third, neutral ethyl acetate 

fraction (TU), may contain some less polar glucosyl esters. In this study only the ethyl 

acetate acidic and the butanol soluble fractions are analysed (fractions I and H). 

For the solvent partitioning procedure, the aqueous sample is adjusted to pH 2.5 

with 6 N HCl to protonate the GAs, and partitioned against ethyl acetate (EtOAc, 3 x 

equal volume). For the acidification, HCl is preferred because this gaseous acid is 

removed during evaporation of the solvent and will not become concentrated. Some 

very polar and most of the conjugated GAs remain in the aqueous phase, from which 

they are extracted with n-butanol and saved for later analysis. 

The combined organic phases are partitioned against 5% (w/v) sodium 

bicarbonate (3 x 1/5 volume). At its slightly alkaline pH of 8.5, the GA molecules 

will be dissociated and hence partition into the aqueous fraction, leaving neutral 

compounds in the ethyl acetate fraction. Then, to enable easy concentration of the 

extract, the combined aqueous phases are adjusted to pH 2.5 with HCl and partitioned 

against ethyl acetate ( 3 x 1 / 3 volume), which is subsequently concentrated to dryness 

by evaporation at 40°C. At this point the [3H]GA recovery is determined and is usually 

ca. 70% of the total initial amounts. 

After the solvent partitioning some major remaining impurities are fatty acids and 

sugars (Hedden, 1987). In tulip sprouts especially sugars may be present in such high 

concentrations (up to 0.2 g g"1 DW, Moe and Wickstrom, 1979), that although neutral 

and water soluble, small amounts may spill over into the ethyl acetate soluble acidic 

fraction. 

Enzymatic hydrolysis ofGA conjugates. 

The aqueous phase left after ethyl acetate partitioning, contains conjugated GAs. This 

phase is repartitioned with n-butanol (3 x equal volume). The combined butanol phases 
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