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Abstract 

Phase change in higher plants is a developmental process during which changes occur at 

morphological, physiological and molecular levels. In Pinus radiata, buds of juvenile 

trees produce photosynthetic ally functional primary needles while buds from mature 

trees do not produce such primary needles. Cytokinin, however, causes production of 

primary needles from mature buds in vitro (Horgan, 1987). Pursuing this observation, 

morphological and anatomical examinations of the buds were carried out using l ight 

microscopy. The results showed that the cytokinin-induced transition from mature to 

juvenile bud morphology may be through resetting the fate of fascicle meristems and/or 

foliar primordia. 

To determine if a correlation existed between the endogenous cytokinin content and the 

maturation status of the buds, buds from the juvenile and mature P. radiata were 

analysed using a range of modem techniques, including column complex purification, 

immunoaffinity purification, normal and reverse HPLC, radioimmunoassay and 

electrospray tandem mass spectrometry. A wide spectrum of endogenous cytokinins 

were detected in the bud tissues, including five novel forms discovered in this work. 

Quantitative analyses revealed a general trend with seedling buds> juvenile (14) buds> 

mature (M4) buds> mature (M8) buds for the combined concentration of free base and 

riboside cytokinins. High concentrations of phosphorylated cytokinins were found in 

the mature buds but not the juvenile buds. Novel cytokinin glucosides were the most 

abundant forms in the buds, with zeatin-9-(glucopyranosyl-1 ,3-ribosyl) and 

dihydrozeatin-9-(glucopyranosyl- l ,3-ribosyl) being higher in the mature buds and 

isopentenyladenine-9-(glucopyranosyl- l ,3-ribosyl) being higher in the juvenile buds. 

Overall ,  particular patterns of cytokinins in the field buds reflected the maturation status 

of the buds. 

Extensive metabolism of 6-benzylaminopurine occurred, including the production of the 

novel forms, 6-benzylaminopurine-9-(glucopyranosyl- l ,3-ribosyl) and phosphorylated 

6-benzylaminopurine-9-(glucopyranosyl- 1 ,3-ribosyl), during the in vitro 'rejuvenation' 

of mature buds to the juvenile phenotype. Among the metabolites, the abundance of 6-

benzylaminopurine, 6-benzylaminopurine riboside and 6-benzylaminopurine-9-



(glucopyranosyl- l ,3-ribosyl) was high while phosphorylated forms were very low over 

the duration of the experiment. The patterns of metabolites reflected the patterns of 

endogenous cytokinins observed in juvenile buds. The results also indicated that 6-

benzylarninopurine clid not regulate phase-specific traits by increasing endogenous 

cytokinins. 

i i i  

Molecular tools were used to clone cytokinin-responsive genes which may also be 

involved in the regulation of phase change. A cDNA sequence (Prcr5) was cloned using 

a modified mRNA differential display technique. Northern analyses showed that 

cytokinin promoted and maintained the expression of Prcr5 at a high level during 

rejuvenation of the mature buds in vitro. The deduced PrCR5 protein  sequence displays 

homology to Ginseng RNases and PR-lOo A possible function of the Prcr5 gene in the 

regulation of phase change is discussed. 

A cDNA sequence (Prcab) coding for a chlorophyll aJb binding protein was also c loned. 

Although expression of the cab gene has been reported to be associated with phase 

change in other species, no such change was observed in P. radiata. 
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Chapter 1 Introduction 

Pinus radiata was introduced into New Zealand from California, USA at least 1 30 years 

ago (Weston, 1957). Today it is the major plantation forestry species in New Zealand 

and makes a significant contribution to the New Zealand economy. Although pine 

forests occupy only 4.5 % of the land area of New Zealand, they accounted for most of 

the domestic demand for forest products and provided 1 3 .5% of New Zealand's total 

export eamings (NZ$2.6 billion) in the year to March 1994 (WaIter and Smith, 1 995). 

Tree improvement practices, along with a favourable climate and innovative 

management, have contributed to the success of P. radiata plantation forestry in New 

Zealand. In fact, P. radiata has been incorporated in breeding projects for more than 40 
years in New Zealand (Walter and Smith, 1 995). However, the consequences of tree 

maturation (i.e. phase change) have been a major obstacle in the deployment of selected 

clones (Chaperon, 1989; Libby and Ahuja, 1993). For instance, clones of P. radiata 

with commercially desirable genotypes can normally only be identified as "superior" 

after they have grown for around eight years and have reached their mature phase. Not 

until this age can clones be reliably ranked according to their economic traits such as 

long-term growth, straightness, and wood properties. Mass propagation is then required 

of the proven superior trees. Unfortunately ,  cuttings taken from these trees exhibit 

mature characteristics. They are more difficult to root, and have a slower diameter 

growth rate than seedlings or cuttings from juvenile trees . As a result of these 

maturation effects, the genetic gain made by selecting the proven trees is lost (Horgan et 

aI . ,  1 997). In 1 969, for example, personel from NZFP planted more than a quarter of a 

million cuttings of selected clones of P. radiata in the nursery in Tokoroa. 

Unfortunately, little was gained from these efforts, because of a lack of understanding 

of, or inability to control , maturation effects (Carter, 1989). 

Consequently, understanding the maturation phenomenon in P. radiata may be the key 

to clonal forestry. If phase change or maturation processes could be controlled, one 

could overcome the maturation problem by either prolonging the juvenile phase of 

superior clones or rejuvenating mature clones once they are proven to be superior. It is 



well accepted that plant growth and development are regulated by a range of plant 

hormones of which the cytokinins are one type (Kaminek, 1992). In P. radiata, it has 

been observed that cytokinin applied to mature buds during micropropagation leads to 

an apparent "rejuvenation" of the plantlets (Horgan, 1987). Instead of the very small 

brown bud scales characteristic of the mature phase, primary needles are formed which 

is a morphology associated with the juvenile phase. In the absence of exogenous 

cytokinin, mature buds in culture maintain the growth form typical of the mature phase. 

Juvenile and mature P. radiata buds, in vivo and in vitro, provide a unique system by 

which to investigate the role of the cytokinins in the regulation of phase change 

phenomena. The key aims of this project were: 
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1 .  To undertake qualitative and quantitative analyses of endogenous cytokinins in buds 

from juvenile and mature P. radiata. 

2. To undertake qualitative and quantitative analyses of cytokinins in rnicropropagated 

juvenile and mature P. radiata in the presence and absence of the cytokinin 6-

benzylarninopurine (BA). 

3 .  To develop a strategy, using molecular biology techniques, to study the roles o f  the 

cytokinins in the regulation of gene expression during phase change. 

4.  To isolate and monitor the expression of cytokinin-responsive genes which may be 

involved in phase change. 

Such information obtained in this thesis is vital to furthering our understanding of the 

mechanisms of phase change and cytokinin-induced rejuvenation in P. radiata. 

1.1 Phase change 

1.1.1 Morphological, physiological, biochemical and molecular features 

Higher plants pass through distinct phases during their growth and development which 

lead to the production of shoots with unique morphological and physiological attributes 

(Kester, 1 976; Hackett, 1 985; Meier-Dinkel and Kleinschmid, 1 990; Greenwood and 

Hutchison, 1993; Poethig, 1990; Lawson and Poethig, 1995). Those characteristics that 

appear early in development are referred to as juvenile and those that appear late in 

development are referred to as mature or adult characteristics (Poethig, 1 990; Hackett 
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and Murray, 1 996). The transition from juvenile to mature characteristics is referred to 

variously as phase change (Brink, 1962), maturation (Wareing, 1959) or ontogenetic 

aging (Fortanier and Jonkers, 1 976). 

Morphological comparisons show that, in many species, the most obvious differences 

which distinguish post-embyonic developmental phases are leaf shape, phyllotaxy, 

branch architecture, epidermal characters and the capacity for reproductive 

development. The best documented differences in shoot traits between juvenile and 

mature phases have been recorded in English ivy (Hedera helix L.) and maize (Zea mays 

L.) (Table 1 .1 ) .  In all species, leaf traits are the most important markers in studying 

phase change. For example, cotyledons are specialised leaves formed during 

embryogenesis for storage purpose, true leaves are formed during the vegetative phase 

for photosynthetic purpose and flower organs are specialised leaves for reproductive 

purpose. 

In the past, attainment and maintenance of the ability to flower have been the main 

criteria for assessing the begining of the mature phase in higher plants (Hackett, 1 985) 

and this is probably the only consistent trait which can be used in evaluating the mature 

phase in all higher plant species. However, although flowering occurs only after 25 - 40 

years in some woody species such as Quercus, Fagus, Abies or Picea, this does not 

mean that the trees are completely juvenile before the onset of the first flower. In fact, 

other vegetative features such as reduction in the ability to form adventitious roots 

change much earlier (Meier-Dinkel and Kleinschmid, 1990). Therefore, it must be 

emphasised that various characteristics may change at different rates during phase 

change in a given species (Greenwood et aI., 1 989; Steele et aI., 1989; Hackett and 

Murray, 1 996) and that it is very important to recognise individual characteristics in 

studying phase change. In fact, most of the more recent work has been focused on 

individual traits associated with leaf morphology and physiology, rather than the onset 

of flowering, as experimental markers in elucidation of phase change mechanisms in 

woody and herbaceous species (Greenwood, 1 992; Moose and Sisco, 1 994; Evans and 

Poethig, 1 995; Telfer et aI., 1 997; Poethig, 1 997; Van Lijsebettens and Clarke 1998). 



Table 1 . 1  Morphological and physiological features that distinguish the juvenile and 
mature phases of a woody species - English ivy (Hedera helix L.) and a herbaceous 
species - maize (Zea mays) (Poethig, 1 990; Hackett Murray, 1 996) 

Features 

Shoot apex width 

Leaf shape 

Leaf thickness 

Phyllotaxis 

Growth habit 

Internode length 

Stem anthocyanin 

Photosynthetic capability 

Stem aerial roots 

Rooting ability 

Ability to flower 

Adventitious roots 

Lateral buds 

Leaf shape 

Internode length 

Anthracnose resistance 

Epidermal traits 

Cuticle thickness 

Epidermal cell shape 

Epicuticular wax 

Epidermal hair 

Bulliform cells 

Juvenile 

Hedera helix 
Ca 1 40 Ilm 

5-lobed, palmate 

230 Ilm 

Distichous ( 1 ,2) 

Plagiotropic 

Long 

Present 

Low 

Present 

Good 

Absent 

Zea mays 
Present 

Tiller-like 

Narrow 

Compressed 

Poor 

<1J.1m 

Circular 

Present 

Absent 

Absent 

Mature 

Ca 200 Ilm 

Entire, ovate 

330 Ilm 

Spiral (2,3) 

Orthotropic 

Short 

Absent 

High 

Absent 

Poor 

Present 

Absent 

Ears or absent 

Broad 

Extended 

Good 

> 3 J.1m 

Rectangular 

Absent 

Present 

Present 

4 
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Studies on the transitions between the phases have indicated that the apical and 

subapical meristem regions of the shoot apex are the sites of origin of phase change 

(Hackett et aI. ,  1987; Marc and Hackett, 1 991 , 1992; Greenwood, 1 995). For example, 

when apices from mature plants of Citrus or Sequoia having only the apical meristem 

and one or two leaf primordia were grafted onto juvenile shoots they grew out i nto 

plants which had mature traits (Navarro et aI. ,  1 975; Monteuuis, 1 991). In Engl ish ivy, 

it has been found that the apical and subapical meristems of juvenile and mature plants 

are very different in size, configuration and cell division activity, and these differences 

in meristem characteristics are related to several phase-dependent, morphological 

characteristics such as differences in phyllotaxis (Stein and Fosket, 1 969; Hackett and 

Murray, 1 996). Differences in the morphology of apical meristems between juvenile 

and mature trees have also been observed in Pinus species (Browne, 1 995; Hackett, 

personal communication). These changes in the characteristics of the apical meristem 

and its flanking primordia during phase change are logically consistent with the fact that 

the plant shoot system is formed through the activity of apical meristems. 

Further evidence for the apical meristem being the origin of maturation-related 

differences in physiological, anatomical and morphological features is that the 

developmental behaviour of axillary buds located in various positions along the primary 

shoot actually depends on the maturation state of the shoot apical meristem at the time 

they were initiated (Hackett, 1 985; Poethig, 1990). This means that the activity of the 

axillary buds from the juvenile portion of a shoot results in an expression of juvenile 

characteristics while those from the mature portion of the shoot produces mature phase 

traits. 

Physiological investigations revealed that the net photosynthetic capability of the mature 

foliage of larch (Larix laricina) was significantly greater than that of j uvenile foliage 

and photosynthesis was positively correlated with chlorophyll  content in foliage 

(Greenwood et aI., 1 989; Hutchison et aI., 1 990). In contrast, Hutchison et al. (1 990) 

showed that the mature foliage of red spruce (Picea rubens) scions grafted onto juvenile 

shoots exhibited significantly less net photosynthesis than juvenile foliage, which was 

associated with decreased stomatal conductance (Rebbeck et aI. ,  1 993). Futhermore, it 
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has been found that photosynthetic pathways can change during phase change. In 

Mesembryanthemum crystallinum, the photosynthetic pathway switches from C3 

metabolism in the juvenile phase to crassulacean acid metabolism (CAM) in the mature 

phase (Adams et al., 1 998) . 

Biochemical examinations have shown that the abilities to accumulate certain 

biochemical products can be very different between the juvenile and mature phases. In 

the model woody plant, Hedera helix L., the collenchyma cells of the hypodermis of 

juvenile stems and leaf petioles accumulate anthocyanins while apparently identical 

collenchyma cells in mature stems and petioles do not (Murray, 1 988). Therefore, 

anthocyanin accumulation can be used as a rel iable marker for phase change in English 

ivy. In addition, changes in protein composition associated with phase change have 

been observed in several species (Bon, 1988; Bon et aI . ,  1 994; Amo-Marco et al . ,  1 993; 

Snowball et aI. ,  199 1 ;  Bestford et aI . ,  1 996; Hand et aI . ,  1 996). For example, B on 

( 1988) detected a 1 6  kDa membrane-associated protein in shoot apices of juvenile 

Sequoiadendron giganteum while this protein was not present in apices of mature trees.  

Molecular studies have demonstrated that differences in gene expression also exist 

between the juvenile and mature phases. It has been found in both larch and English ivy 

that the expression of genes for the chlorophyll a/b binding protein (cab) decreases with 

maturation (Hutchison et aI . ,  1 990; Woo et aI ., 1 994). Further, in English ivy, Woo et 

al . ( 1 994) has observed that a prolin-rich protein (PRP) is expressed more strongly in 

mature petioles than in juvenile petioles. The increased expression of the PRP gene 

may inhibit root meristem activity (Murray et aI. ,  1 994). In addition, Murray et al. 

( 1 994) have demonstrated that the inability of mature lamina tissues in English ivy to 

synthesise anthocyanins is due to the lack of transcription of the gene encoding the 

enzyme dihydroflavonol reductase (DFR). In contrast, in response to the signals that 

induce DFR in juvenile tissues both phases transcribe chalcone synthase (CHS) and 

accumulate CHS mRNA, which is involved in upstream DFR in anthocyanin 

biosynthesis. 
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1.1.2. Molecular genetic studies of phase change 

Although genetic makeup is important in determining the length of the juvenile phase 

and the transition from juvenile to mature (Hackett, 1 985), little progress could be made 

in identifying and isolating the genes involved in regulating phase change until the 

development of molecular genetic techniques. Arabidopsis and maize are the main 

plant species which have been used to study the genetic mechanisms of phase change 

due to their short life cycles, well studied genetics, and ease of manipulation with 

molecular genetic tools. By making use of mutants, researchers have identified a 

number of genes which are involved in the transition from juvenile to mature or from 

vegetative to reproductive phases. 

The isolation of early- and late-flowering mutants in Arabidopsis has led to the 

identification of genes that control the time of the transition from the vegetative to the 

reproductive phase (Zagotta et al. ,  1 992, 1 996; Haughn et al . ,  1 995; Martinez-Zapater et 

al., 1 994; Hicks et al., 1 996). Several genes have been identified that cause early 

flowering (Haughn et al. ,  1 995 ; Amasino, 1 996). The most extreme examples are the 

two EMBYONIC FLOWER genes, EMFl and EMF2 (Sung et al. ,  1 992). Mutants 

impaired in EMF genes produce an inflorescence upon germination . Anatomical studies 

indicate that these mutants form a flower-forming meristem immediately on 

germination, bypassing vegetative development altogether (Bai and Sung, 1 995; Yang et 

aI . ,  1 995). In addition, emfmutants exhibit an enlarged and domed shoot apical 

meristem, elongated intern odes and petioleless cotyledons (Sung et al., 1992). One way 

to explain the function of EMF genes in wild-type Arabidopsis is that a gradual decrease 

in EMF gene activity promotes phase change during shoot development. When EMF 

activity drops below a threshold, the shoot apical meristem transforms from being a 

structure producing vegetative primordia to one producing reproductive primordia 

(Yang et aI ., 1995). This hypothesis is consistent with the concept that phase change 

originates from the changing fate of the developing primordia. Therefore, the activity of 

EMF gene products is to maintain the juvenile state of development. 

Several Arabidopsis mutants exhibiting delayed flowering have also been isolated 

(Haughn et aI. ,  1 994; Amasino, 1996). Because these mutants postpone the transition 
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from the vegetative phase to the reproductive phase, the gene products would have a 

promotive effect on reproductive development (Haughn et al. ,  1 995). For example, 

FWA and FT genes, that have been identified by late-flowering mutations, can function 

redundantly with LFY in positively controlling downstream genes such as AP 1 and other 

flower initiation genes while FVE and FPA genes (also identified by late-flowering 

mutations) promote the transition from the vegetative to the reproductive phase through 

LFY or FT and FWA functions (Ruiz-Garcia et al . ,  1 997). 

Genetic and molecular analyses have also led to the identification and isolation from 

Arabidopsis of other genes which are involved in the change from the vegetative phase 

to the reproductive state (Haughn et al . ,  1 995) .  Two of these genes are LEAFY (LFY) 

and APETALA1 (AP 1), whose mutations severely impair the transition from a vegetative 

to a reproductive meristem (Irish and Sussex, 1 990; Schultz and Haughn, 1 99 1 ;  Huala 

and Sussex, 1992; Mandel et al . ,  1 992; Weigel et al . ,  1 992; Bowman et al. ,  1 993; 

Weigel and Meyerowitz, 1993). LFY and AP 1 are homeotic genes (Schultz and Haughn, 

199 1 ;  Mandel et al . ,  1 992) which encode transcriptional factors. In Arabidopsis, 

overexpression of both genes led to earlier flowering and the formation of terminal 

flowers (Mandel and Yanofsky, 1995; Weigel and Nilsson, 1995), indicating that LFY 

and AP 1 not only are necessary but are sufficient to promote the initiation of flowers at 

the shoot meristems. More excitingly, LFY overexpression reduced flowering time in 

transgenic aspen from many years to a few months (Weigel and Nilsson, 1 995). 

Moreover, increasing the copy number of endogenous LFY genes reduced the number of 

leaves produced before the first flower was formed (Blazquez et al . ,  1 997). These 

results strongly demonstrate that LFY controls the transition time from vegetative to 

reproductive development. This is in agreement with the conclusion obtained from 

expression studies with LFY during floral determination in Arabidopsis. Here it was 

shown that the time point of the transition from the vegetative to the reproductive 

development was at least partially controlled by the levels of LFY activity in 

Arabidopsis (Blazquez et al . ,  1 997; Hempel et al. ,  1 997) . 

Mutants have been used successfully in the search for genes that control the transition 

from the juvenile to the mature phase. Around 1 0  genes, which are involved in 
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regulating vegetative phase change, have been identified from Arabidopsis (Meinke, 

1 992; Meinke et al. ,  1994; West et aI . ,  1 994; Conway and Poethig, 1 997; Telfer et al . ,  

1 997) and maize (Poethig, 1 988a, 1 988b; Dudley and Poethig, 1 993; Evans et aI. ,  1 994; 

Moose and S isco, 1994; Evans and Poethig, 1997). However, the majority of the genes, 

w ith the exception of GLOSSY!5, have not been isolated (Moose and Sisco, 1996). 

All the genes that have been identified in Arabidopsis so far are involved in the 

regulation of early juvenile events. Meinke (1992) has identified a recessive mutant, 

leafy cotyledon (lec), whose cotyledons produce trichomes characteristic of the 

distribution pattern of juvenile leaves and exhibit a vascular pattern intermediate 

between that of leaves and cotyledons. Therefore, lec cotyledons are partially 

transformed into leaves, implying that postgerminative juvenile phase development is 

initiated precociously and that embyonic and postgerminative juvenile programmes 

operate simultaneously in mutant embryos (Meinke et aI. ,  1994; West et al' 1 994). 

Therefore, the wild-type gene LEe may play a fundamental role in timing the initiation 

of the expression of the juvenile leaf traits. 

By contrast to the lec mutant, Conway and Poethig (1 997) have identified mutations of 

three genes in Arabidopsis thaliana - extra cotyledon! (xtcl), extra cotyledon2 (xtc2) 

and altered meristem programming! (ampJ) - that led to juvenile leaves developing as 

cotyledons. In all three of these mutations, the development of the first two juveni le 

leaves as cotyledons is associated with their time of emergence. Leaves that emerged 

earlier compared to wild-type leaves (three days after imbibition of seeds) were 

completely devoid of trichomes and had a simple venation pattern which is a feature of 

cotyledons; leaves that emerged at the same time as wild-type leaves (five days after 

imbibition) were completely normal (Conway and Poethig, 1997).  The phenotypes of 

these mutants are very similar to precociously germinating Brassica napus (oil seed 

rape) embryos that produce extra cotyledons or chimeric organs with sectors of 

cotyledon and leaf tissue (Finkelstein and Crouch, 1984; Bisgrove et aI., 1995; 

Femandez, 1997). The treatment inducing premature germination apparently causes 

leaves to develop as cotyledons because their primordia are forced to develop in the 

context of the embyonic phase of development. All of these results demonstrate that a 



change in the relative timing of shoot and embryo development is responsible for the 

development of leaves as cotyledons. 
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More recently, Evans and Poethig (1 997) have focused on the postgerminative effects of 

a mutation, viviparous8 (vp8) (Robertson, 1955), which increases the number of 

juvenile leaves and decreases the number of mature leaves but does not change the 

flowering time. Thus, the wild-type gene Vp8 is involved in repressing the rate of leaf 

production early in shoot development and promoting vegetative maturation but does 

not impact on the timing of reproductive development. These results support the 

proposal that phase-specific characteristics are not regulated by the size of the plant but 

by the rate of organ initiation and by changing the time at which a phasic programme 

begins or ends (Evans and Poethig, 1997; Telfer et al . ,  1997) 

Consistent with these results, Telfer et al. (1 997) isolated a mutation in Arabidopsis 

called paused (psd). Seedlings homozygous for this gene produce cotyledons at the 

normal time during embryogenesis, but fail to make the first true leaf primordia for 

several days after germination. The leaves that are eventually produced in this position 

by psd seedlings phenotypically resemble leaves that are normally being initiated at the 

same time by wild-type siblings, rather than having the characteristic morphology of the 

first two true leaves (Lawson and Poethig, 1995; Telfer et al . ,  1 997). Telfer et al . (1 997), 

therefore, concluded that the phenotypes that leaves develop is regulated by the age,  

rather than the size of the plant. 

In studying maize mutations, Poethig (1 988a, 1988b) identified four genes, TeopodJ, 2 

and 3 (TpJ ,  Tp2 and Tp3) and Comgrass (Cg) that all significantly prolong the 

expression of juvenile traits such as epicuticular wax production but do not affect the 

onset of vegetative mature characteristics such as macrohair production (Evans et al . ,  

1994). Furthermore, although Teopod mutants have profound effects on the 

morphology of reproductive structures, the reproductive phase is initiated at the same 

time as in wild-type plants, despite the extended juvenile development in these mutants 

(Bassiri et al., 1992). A logical explanation of these results is that Teopod mutations 

prolong the juvenile developmental programme while leaving vegetative mature and 



reproductive developmental programmes relatively unaffected (Lawson and Poethig, 

1 995). 
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In contrast to Tp mutations, Evans et al. ( 1 994) and Moose and Sisco ( 1 994) have 

identified a recessive mutant, glossy15 (g115), which shortens the juvenile phase of 

maize and promotes the expression of mature characteristics, indicating that the function 

of the wild-type GLOSSY 15 (GL15) is both to promote juvenile epidermal traits and to 

repress a mature phase programme of epidermal development in maize (Poethig, 1 997). 

Recently, the GL15 gene cDNA was cloned using transposon-tagging and, of interest, 

sequence analysis revealed that GL15 encoded a transcriptional factor with significant 

sequence similarity to the Arabidopsis regulatory gene APETAIA2 (Moose and Sisco, 

1 996), which acts primarily to regulate reproductive development (Coen and 

Meyerowitz, 1 99 1 ;  Weigel and Meyerowitz, 1994). This finding indicates that there 

may exist a similar regulatory mechanism between the vegetative and reproductive 

developmental programs, which is consistent with the proposal made by Goethe (1 790) 

more than 200 years ago that all leaf-like organs, including the parts of a flower, derive 

from transformations of a single type of organ - a leaf. Double mutant and molecular 

analyses have demonstrated that GL15 is required for the prolonged expression of the 

juvenile epidermal traits displayed in Tp, Cg and vp8 mutants (Evans et al ., 1 994; 

Moose and S isco, 1 994; Moose and Sisco, 1 996; Evans and Poethig, 1 997), meaning 

that there are at least two levels of regulation of phase-specific characteristics in maize 

(Hackett and Murray, 1 996) . 

1.1.3. Phase change and plant hormones 

For many years, investigators have been trying to identify the factors that regulate phase 

change. Studies using grafting (Hackett, 1 985; Huang et al . ,  1 992, 1995, 1 996), rooting 

(Irish and Nelson, 1 988) and genetic mutants (Poethig, 1 988a, 1 988b; Dudley and 

Poethig, 1 993) have all pointed to the involvement of transmissible factor(s) performing 

a key role in phase change. Logically, the transmissible factor(s) has been considered to 

be a plant hormone. For many years the gibberellins have been implicated in phase 

change (Robbins, 1 957; Rogler and Hackett, 1 975; Hackett, 1985; Zimmerman et al . ,  
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1985) but, depending on the species and the conditions, gibberell ins may either promote 

or inhibit phase change. 

In Arabidopsis, application of GA3 promotes the transition from vegetative to 

reproductive development (Langridge, 1 957; Zeevaart, 1983). Furthermore, GA­

deficient and GA-insensitive mutants of Arabidopsis have provided additional evidence 

that GA promotes flowering in this species (Wilson et al. ,  1 992). More recently, Kania 

et al . ( 1 997) has cloned a gene cDNA, termed flowering promoting factor ! (FPF1) ,  

which is expressed in apical meristems immediately after the photoperiodic induction of 

flowering in the long-day plants mustard and Arabidopsis. Constitutive expression of 

the gene in Arabidopsis under the control of the cauliflower mosaic virus 35S promoter 

resulted in a dominant heritable trait of early flowering under both short- and long-day 

conditions. Treatments with gibberellin and paclobutrazol (a GA biosynthesis inhibitor) 

as well as crosses with GA-deficient mutants indicate that FPFl is involved in a GA­

dependent signaling pathway and modulates a GA response in apical meristems during 

the transition to flowering. 

During phase change, one of the first known responses in apical meristems after the 

induction of flowering is the increase in the activity of the expression of LEAFY (LFY) 

(Weigel et al . ,  1 992). Blazquez et al . ( 1 997) has demonstrated that application of GA3, 

which hastens flowering in short days, enhances LEAFY expression in Arabidopsis in 

short days. Furthermore, in Arabidopsis, a heterochronic switch from flower to shoot 

development can be induced in plants heterozygous for leafy. This transformation from 

flower to shoot meristems is suppressed by spindly, a mutation that activates basal 

gibberellin signal transduction in a hormone independent manner, or by the exogenous 

application of GA3 and G�+7. 

In addition to promoting flowering, GAs also promote trichome production in 

Arabidopsis (Chien and Sussex, 1 996; Telfer et al. ,  1 997). Trichomes have been used 

as markers for mature phase development in Arabidopsis (Telfer et al . ,  1 997). 
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The effects of GA on phase change in Arabidopsis are consistent with the effects of G A  

on phase-specific characteristics in other herbaceous species. In maize, earlier studies 

(Olson, 1 954; Stein, 1955) had demonstrated that the GA-deficient dwarf] (d]) mutant 

produced more leaves than the wild-type plant before flowering, indicating that GA 

promotes flowering in this species. Indeed, applications of GA3 accelerate reproductive 

development (i.e. reduce leaf number before tassel development) in this maize mutant 

(poethig, 1 985). More recently, Evans and Poethig (1 995) have also demonstrated that 

GA3 promotes both vegetative phase change and reproductive maturity in maize. By 

analysing GA-deficient and juvenile-prolonging mutants, double mutants and exogenous 

application of GA3 to these mutants, they concluded that GAs act in conjunction with 

several other factors to promote both vegetative and reproductive maturation in maize. 

Very similar results have also been observed in herbaceous perennials (Gianfagna and 

Merritt, 1 998). Aquilegia x hybrida Sim plants treated at the 7-1eaf stage with GA4+7 

bolted and flowered 20 days earlier than untreated plants. Gibberellin treatment did not 

increase the growth rate (leaves/day), but induced flowering after the production of 

fewer leaves. 

GAs are also considered as important regulators of phase change in woody species. The 

most striking examples of GAs on flower promotion can be found in conifers. These 

plants usually require at least about five to 20 years of vegetative development before 

flowering (Hackett, 1985). However, exogenous GAs can induce flowering in less than 

one year old plants (Pharis and Morf, 1 968; Pharis and King, 1 985). For example, 

spraying three-month-old western red ceder seedlings with GA3 can induce the plant to 

produce visible flowers at the top of the plant at four months (Pharis and Owens, 1 966). 

Many studies has demonstrated that polar GAs such as GA3 are effective in members of 

Cuprasaceae and Taxodiaceae families while less polar GAs such as G�+7 and GA9 are 

necessary for induction of precocious flowering in Pinaceae species (Zimmerrnan et al . ,  

1 985; Pharis and Ross, 1986). For instance, GA4+7 effectively induced flowering in 

Pinus radiata (Sweet, 1979), Douglas-fir (McMulIan, 1 980; Owens et aI. ,  1 985) and 

Larix lariccina (Eysteinsson and Greenwood, 1990, 1 995). 
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In contrast with conifers, exogenous GAs act to repress the transition to flowering in 

woody angiosperm plants such as apple, peach, birch and mango (see review: Pharis and 

King, 1985; Zimmerman et aI . ,  1 985) and Metrosideros collina (Clemens et al, 1 995), 

indicating a positive relationship between certain GA forms and maintenance of the 

juvenile phase. In English ivy, for example, exogenous application of GA3 causes 

rejuvenation of mature ivy plants (Rogler and Hackett, 1975; Horrell et al. ,  1 990). 

Consistent with these results is the observation that GA-like substances were higher in 

l -cm-Iong juvenile apices than in mature apices, and were moderately high in roots of 

juvenile plants (Frydman and Wareing, 1 973a, 1973b). If it is true that high levels of 

endogenous GAs indeed contribute to the maintenance of the juvenile phase, one would 

predict that reduction in endogenous GAs in juvenile plants would lead to a transition to 

the mature phase. However, attempts using inhibitors of GA biosynthesis to promote 

maturation in juvenile ivy have been unsuccessful (Frydmand and Wareing, 1 974; 

Horrell et al . ,  1 990). 

In some species such as Pharbitis nil (King et al . ,  1987) and Pisum sativum (Reid et aI. ,  

1 977), GA application can either promote or inhibit flowering, depending on the time 

of treatment, day length and genotype, suggesting that GAs are involved in part but not 

all of a phase change programme. Indeed, even in conifers, the effects of GAs on the 

transition to reproductive development is often strongly enhanced by timing of 

treatments, root pruning, nutrition, heat and water stress (Zimmerman et aI. ,  1 985 ; 

Pharis and Ross, 1986, Owen and Simpson, 1988; Ross, 1 988; Owen et aI., 1 992; 

Eysteinsson and Greenwood, 1 995; Smith and Greenwood, 1 995). However, GA 

applications by themselves often do not induce flowering when other environmental 

conditions are unfavorable. Although one may argue that the promoting effects of these 

treatments on flowering is in part through effects on GA metabolism (Moritz et aI. ,  

1 989; Moritz and Oden, 1 990; Chalupka et aI., 1982; Dunberg et aI . ,  1 983; Pharis et aI., 

1 989), the fact that these treatments frequently interact synergistically with GA 

application indicate that GAs do act in conjunction with other factors. 
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Although most physiological analyses reported to date have focused on gibberellins, 

there have been some investigations showing that cytokinins may also play a part during 

phase change in a variety of species (reviewed by Bemier, 1 988; Kinet et al ., 1 993) 

Exogenous cytokinin applications have been demonstrated to enhance giberellin­

induced flowering in Douglas fIr (Ross and Pharis, 1976) and in Picea sitchensis 

(Tompsett, 1 977). However, these results do not necessarily mean that cytokinins 

themselves promote the transition from vegetative to reproductive development in these 

species.  Through studying endogenous variations and exogenous applications of 

cytokinins in Douglas fIr, Imbault et al . ( 1988) pointed out that the effect of certain 

cytokinins is possibly to increase the level of flowering which was normally possible, 

but not definitively to induce flowering on a normally nonflowering tree. This is 

consistent with the fInding that cytokinin is an absolute requirement for flowering of 

explants from mature Passijlora plants, but juvenile explants do not flower even in  its 

presence (Scorza and Janick, 1 980) . 

As mentioned earlier, cultural conditions such as root pruning, drought and heat stress 

significantly stimulate the transition of members of the Pinaceae from the vegetative to 

the reproductive development. Because root systems are believed to be a key site of 

cytokinin synthesis in plants (Letham, 1994), the stimulatory effects of these treatments 

may be through decreasing the production of cytokinins in roots. Indeed, in various 

species, the inhibitory effect of the roots on flowering can be mimicked by cytokinins, 

although a few studies have shown that the effect of exogenous cytokinins is strongly 

dependent on other factors such as the applied concentration, the environmental 

conditions and the time of application (IGnet et al ., 1 993). 

By analysing endogenous cytokinin concentrations, Zaerr and Bonnet-Masimbert ( 1 987) 

have found that a reduction in endogenous cytokinins in the shoot of Douglas fir plants 

is associated with those treatments that promote the transition from vegetative to 

reproductive development. High concentrations of cytokinins have been observed to be 

associated with the vegetative state and low concentrations with reproductive 

development. In black spruce (Picea mariana), it has been observed that exogenous 



cytokinin applications reduce the stimulatory effects of G�7 and root pruning on 

reproductive bud production (Smith and Greenwood, 1995), which is in contrast to the 

finding of Ross and Pharis ( 1976). 
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In woody angiosperrns, Galoch ( 1 985) compared the content of plant hormones in buds 

and apical sections of shoots from juvenile to fully mature plants of birch (Betula 

verrucoca Ehrh). The results showed that the juvenile vegetative plants had the highest 

level of cytokinins while fully mature 1 5-year-old plants exhibited the lowest level. 

Recently, Day et al. ( 1 995) analysed the cytokinin content in the leaves of juvenile, 

transitional and mature plants of Elaeocarpus hookerianus, a species endemic to New 

Zealand, under forest- and glasshouse-grown conditions. A trend of decreasing 

concentration of active (free base, riboside and nucleotide) cytokinins was found to exist 

between juvenile, transitional and mature forest-grown leaves. This trend was 

confirmed by investigating endogenous cytokinins in the leaves of juvenile and mature 

plants grown in a glasshouse. The high concentration of cytokinins in juvenile tissues 

found in these studies is supported by other investigations in citrus (Hen dry et aI . ,  1 982), 

rubber-tree (Hevea brasiliensis) (Perrin et al . ,  1997) and Sophora sp (Carswell et aI . ,  

1996). 

In Xanthium, a short-day plant, Podolnyi et al. ( 1 988) compared the cytokinins in organs 

possessing either juvenile or mature features. The results showed that the juvenile 

features of cotyledons were linked with high levels of endogenous cytokinins. The 

plants which were treated with low concentrations of exogenous cytokinin also showed 

a significant decrease in the percentage of the plants developing flowers. Comparable 

with these results, other researchers had observed that cytokinin content was higher in 

vegetative Xanthium plants (Henson and Wareing, 1977a, 1977b). There was a marked 

decline of cytokinin activity in leaves, buds, and root exudates of the Xanthium plants if 

the plants were induced by one long night (flowering-inducing condition). Flowering 

and the decrease in cytokinins were both nullified by a night break, suggesting that they 

are closely related (Henson and Wareing, 1 977a, 1977b). 
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In A rabidopsis, studies on genetic mutations have produced more direct evidence that 

cytokinins are involved in the regulation of phase change in higher plants. Chaudhury et 

al. ( 1993) have isolated a mutant that produces elevated levels of cytokinin, altered 

meristem program 1 (amp1). The amp 1 light-grown seedlings had six times more 

zeatin riboside than wild type and similarly elevated zeatin and dihydrozeatin.  

Cytokinin levels were also elevated in dark-grown amp1 seedlings (Chin-Atkins et al . ,  

1 996). Several aspects of the phenotype of the amp1 indicate that cytokinins prolong 

the juvenile phase of the amp1 mutant. For example, amp1 produces multiple 

cotyledons and significantly more rosette leaves before flowering (an average of 20 

leaves for amp1 and seven for wild type). Using trichome distribution as a marker, 

Telfer et al . ( 1 997) concluded that amp1 prolongs the juvenile phase by increasing the 

rate of leaf initiation because the amp1 mutation causes an increase in the number of 

leaves without abaxial (lower surface) trichomes (a mature feature). The product of the 

wild-type gene, AMP 1, may be required for cytokinin degradation or it may be a 

negative regulator of cytokinin biosynthesis (Deikman, 1997). 

Recently, Deikrnan and Ulrich ( 1995) have identified a novel cytokinin-resistant mutant 

(cyr1) of Arabidopsis which displays an abbreviated shoot development. The 

cotyledons and true leaves of the cyr 1 fail to expand. Only a few leaves are produced 

before a single flower is made. The roots of the mutant are resistant to cytokinins .  All 

the features observed in the mutant are consistent with a disruption in cytokinin 

perception or signal transduction (Deikrnan, 1997). The shoot phenotype of cyr 1 is very 

similar to that of emJmutants (see earlier discussion in this chapter). These results 

indicate that a lack of response to cytokinin in cyr1 is responsible for the very short 

juvenile phase of the cyr 1 .  The implications from the emJ mutant and the cry 1 mutant 

are that cytokinin is required for expression of the juvenile phase. This is in agreement 

with the conclusion that cytokinins prolong the juvenile phase in amp1. In addition, the 

findings that cytokinin represses expression of the genes important in flower formation 

would also support this conclusion (Estruch et al . ,  1 993; Venglat and Sawhney, 1 996). 

1.1.4 Rejuvenation 

The term rejuvenation implies a reversal of the maturation process (Hackett and Murray, 
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1 993), i.e. the development of the plant reverts from the production of mature 

characteristics to that of juvenile ones. Higher plants undergo rejuvenation naturally 

through sexual reproduction processes during which gametes are produced from the 

somatic cells of the mature plant body. Rejuvenation by this route is associated with 

meiotic division of somatic cells. Another route through which rejuvenation occurs is 

via the production of adventitious embryos from somatic cells in the ovule, such as the 

adventitious embyos in Citrus (Lakshmanan and Ambeggaokar, 1984; Wakana and 

Uemoto, 1 987, 1 988). The latter route indicates that either somatic cells in the ovule 

have become rejuvenated from mature somatic cells in the ovule or some of the cell s  

never became mature (Zimmerman et aI . ,  1985; Greenwood, 1 995). 

In practice, rejuvenation of higher plants can be manipulated with different approaches 

such as grafting mature scions onto juvenile rootstocks, in vitro propagation, and 

treatment with plant hormones (Hackett, 1985), although it is difficult to achieve 

complete rejuvenation by these procedures in many species. Many experiments have 

demonstrated that some phase-specific traits are more easily rejuvenated than others. 

The ease of rejuvenation of any one trait may also change during the course of 

development or in response to a particular treatment regime (Hackett, 1 985; Hackett and 

Murray, 1 993). In the literature, the term "rejuvenation" has been used quite loosely to 

refer either to the reversal of a collection of mature phase-related traits or to just one 

single mature character under certain experimental or cultural conditions. 

There are numerous reports of regaining seedling or juvenile phase characteristics from 

plants in the mature phase (see reviews by Hackett, 1 985, Zimmerman et aI., 1 985 ; 

Greenwood, 1 987; Hackett and Murray, 1993). For example, Huang et al ( 1 992) used 

rooting competence, stem elongation, lateral branching rates, adventitious shoot 

formation, callus development and protein patterns as criteria of phase reversal, when he 

was demonstrating a gradual rejuvenation of a woody species (Sequoia sempervirens) by 

repeated grafting of shoot tips from a mature tree onto fresh, rooted juvenile stem 

cuttings in vitro. In conifers, based on the assessment of foliar characteristics, growth 

rate, ease of grafting and the ability of cuttings to root, Franc1et ( 198 1 )  also observed a 

gradual rejuvenation of originally mature Douglas-fir scions by repeatedly regrafting the 
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scions onto juvenile rootstock. In English ivy, rejuvenation can be achieved after 

grafting only once (Doorenbos, 1 954). B anks( 1 979) also demonstrated that English ivy 

plantlets regenerated from callus derived from juvenile or mature stems were juvenile in 

both cases. However, plantlet formation was through somatic embryogenesis for mature 

callus but through bud organogenesis for juvenile callus. 

Rejuvenation of mature tissues in vitro usually involves. application of a cytokinin 

(usually 6-benzylaminopurine, BA) at some point to promote outgrowth of lateral buds 

or to promote the formation of adventitious shoots (Greenwood, 1 987). Examples of 

cytokinin-induced rejuvenation in various species can be found in the reviews by 

Hackett ( 1 985), Zimmerman et al . ( 1 985) and Greenwood ( 1 987). In Pinus sylvestris L., 

application of cytokinin can induce the outgrowth of fascicular shoots in vivo which take 

on juvenile-like morphology (Kossuth, 1 978). When placed in tissue culture, the 

fascicles of mature radiata and lobI oIly pine can be induced by exogenous cytokinins to 

produce shoots with juvenile morphology (ABO EL-NIL, 1 982; Horgan, 1 987). 

The mechanism of rejuvenation is not yet known. The first question that needs to be 
answered is whether the rejuvenation originated from never-matured cells in the mature 

apex of the shoot or from the reversion of mature cells in the mature plants. Greenwood 

( 1 995) believes that the gradual rejuvenation phenomena observed is the evidence that 

rejuvenation results from conditions that favor more rapid multiplication of residual 

juvenile cells in the mature phase apex. However, there is no direct experimental 

evidence to support this explanation. One could also argue that the mature phase apex 

as a whole could be reprogrammed to take on juvenile developmental processes under 

conditions that promote rejuvenation. 

1.1.5 Models of phase change 

Based o!l woody species, Kester ( 1 976) proposed a model (Fig. 1 . 1 A) to depict many 

experimental findings (see review by Hackett, 1 985) that juvenile characteristics usually 

occupy the lower part of the stem; at some point during plant development, the plant 

produces intermediate forms of structures and thereafter the plant forms mature traits 

which occupy the upper portion and the periphery of the plant body. This model implies 
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the coexistence of juvenile and mature characteristics during the growth and 

development of the main shoot axis and their branches.  Using maize as an example of 

an herbaceous species, Poethig ( 1 990) proposed an eventually similar model of phase 

change (Fig. 1 . 1  B). Poethig suggested that the production of phase-related 

characteristics is specified by a series of independently regulated, overlapping 

programmes that modify the expression of a common set of processes required for shoot 

growth (Poethig, 1990). Evidence for this conclusion can be found in both herbaceous 

and woody species. For example, leaves and axillary buds produced during the 

transition from juvenile to mature phase development in maize express a combination of 

juvenile and mature traits (Poethig, 1990, Lawson and Poethig, 1 995). In woody species 

such as Eucalyptus and English ivy, shoots also generate intermediate patterns that 

combine juvenile and mature characteristics during the juvenile-to-mature transition 

(Hackett and Murray, 1 993). The key feature of Poethig' s model is the proposal that 

shoot development of higher plants consists of discretely regulated phases, contrasting 

with the traditional view of shoot development: quantitative changes in the physiology 

of the plant as the basis of phase change (Lawson and Poethig, 1 995). 

More recently, Hackett and Murray ( 1 996) have proposed some alternative models of 

phase change (Fig. 1 .2). The main point of these models is that phase change is 

probably not a single 'master-switch' process as shown on the left of Fig. 1 .2 but a 

composite of processes or programmes. The models emphasise the importance of 

studying the regulation of individual phase-specific characteristics to understanding 

the whole picture of phase change. These models can be used to explain the results 

obtained from genetic analyses of phase change in mutants that have either prolonged 

expression of the juvenile phase (Poethig, 1 988a, 1 988b; Bassiri et al . ,  1 992) or 

accelerated appearance of the mature programme (Sung et al. ,  1992; Haughn et al . ,  

1 995 ; Amasino, 1996). These genetic analyses indicate that the pathways involved in 

phase change are likely to be complex with frequent branch points and many interacting 

pathways as proposed by Lawson and Poethig ( 1 995). Physiological studies also show 

that the changes of individual phase-specific traits may not be closely linked temporally 

or mechanistically (Greenwood, 1 992; Hackett et al . ,  1 992) but display differential time 
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Mature form -+ 

Intermediate form 
Transitional traits 

Juven j le form -+ 
j Juvenile vegetative traits 

Figure 1 . 1  Kester' s and Poethig's  models of phase change. A: Schematic 

representation of the localisation of different maturation states on a mature, woody 

seedl ing-grown plant (Kester, 1976). B: Schematic representation of the expressi o n  of 

juvenile vegetative, adult vegetative, and reproductative traits in the shoot of an 

annual plant (Poethig, 1990) 
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courses (Steele et al. ,  1 989; Greenwood et al. ,  1 989; Browne, 1 995). Further supporting 

evidence comes from the differential sensitivity of various phase-specific traits of the 

same plant to rejuvenation treatments. For example, in English ivy, the sensitivity of 

different morphological and physiological features to rejuvenation treatment varies. 

During the reversion from the mature English ivy to the juvenile state in response to 

GA3 treatment, induction of aerial rootlets and anthocyanin pigmentation (juvenile 

traits) was much more sensitive than the induction of changes in phyllotaxy and leaf 

shape (Rogler and Hackett, 1 975). 

Based on studies on conifers, Greenwood ( 1995) claims that models developed to 

explain phase change or maturation must be evaluated with five major criteria: ( l )  the 

onset of the mature state is usually gradual, but can be abrupt; (2) phase change affects a 

wide range of morphological, physiological and biochemical traits, but these traits 

appear to vary independently of one another; (3) maturation traits are often persistent 

and their maintenance is not always a function of tree size or proximity to roots; (4) the 

cells of the apical meristem itself become determined in some woody plants; (5) 

rejuvenation treatments bring about gradual reversion to the juvenile condition. 

According to these principles, Greenwood ( 1 995) contends that 

"the switch (of maturation) could reside within individual cells in the apical 

meristem, and once activated would make that cell mature, so that over time the 

apex would become a mosaic with an ever increasing percentage of mature cells. 

Expression of mature characteristics would, therefore, be a function of the ratio 

of juvenile to mature cells in the apex at a given time". 

Therefore, one of the most striking features unique to this model is that rejuvenation 

would come from those juvenile cells, not mature cells, in the apex by their more rapid 

multiplication under favorable conditions. 

1.2. Cytokinins 

As discussed in Sections 1 . 1 .3 and 1 . 1 .4, cytokinins may play a role in the regulation of 

phase change in higher plants. Therefore, understanding cytokinin biosynthesis, 

metabolism and action is important in elucidating its regulatory function during plant 

growth and development in phenomena such as phase change. 



24 

1.2.1 Cytokinin structures 

In the late 1 940s and 1 950s, investigations into the nutritional requirements of tissue 

cultures of tobacco stem pith, carried out by Folke Skoog and co-workers, led to the 

isolation and identification of a cell division promotor 6-furfurylaminopurine (kinetin) 

(Miller et al. ,  1 955, 1 956). Meanwhile, F.C. Steward and his co-workers isolated and 

identified another compound, 1 ,3-diphenylurea, from coconut milk which displayed 

growth promoting effects (Shantz and Steward, 1955). Unfortunately, kinetin was later 

found to be an artefactual rearrangement product of heated DNA and is not found in 

plant tissue (McGaw and Burch, 1 995) and 1 ,3-diphenylurea was most likely to have 

been a contaminant from a urea-based herbicide (Jacobs, 1 979). The first naturally 

occurring cytokinin was purified from immature kernels of Zea mays and obtained in a 

crystalline form by Letham in 1 963 (Letham, 1963) and identified as 6-(4-hydroxy-3-

methylbut-trans-2-enyl)aminopurine (more commonly known as zeatin) in the following 

year (Letham et al. ,  1 964). A chemical synthesis immediately confirmed the structure of 

this compound (Shaw and Wilson, 1 964; Shaw et al . ,  1966). 

Cytokinins are defined as "substances which, in combination with auxin,  stimulate cell 

division in plants and which interact with auxin in determining the direction which 

differentiation of cells takes" (Wareing and Phillips, 1978; Whitty and Hall, 1 974). The 

term cytokinins is currently used to cover all purine derivatives with a branched five 

carbon � (McGaw and Burch, 1 995) or benzyl group N6 substituent. 

Figure 1 .3 and 1 .4 show the structures, common names and abbreviations of the major 

naturally occurring cytokinins. The basic unit of cytokinin molecules is adenine and the 

diverse forms are due to the modifications occurring either on the purine ring (Fig. 1 .3 )  

and/or on  the side chain (Fig. 1 .4) . 

1.2.2. Cytokinin biosynthesis 

The actual pathway(s) of cytokinin biosynthesis within higher plants is still unknown 

even though considerable effort has been made to elucidate it (reviewed by Letham and 

Palni, 1 983; Horgan, 1992; Binns, 1 994; Letham, 1 994; McGaw and Burch, 1 995; Chen, 

1 997; Kaminek et al., 1997; Prinsen et al . ,  1 997). Two biosynthetic pathways have 
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R I  R2 R3 R4 Common name Abbrevia-
tion 

H isopentenyladenine iP 
ribosyl isopentenyladenosine iPA 
ribotide isopentenyladenosine-5' - iPNT �CH3 

monophosphate 
gJucosyJ isopentenyladenine-9- iP9G : CH2 CH! 

glucoside 
glucosyl isopentenyladenine-7- iP7G 

glucoside 

H zeatin Z 
ribosyl zeatin-riboside ZR 
ribotide zeatin riboside-5'- ZNT 

M
CH20H monophosphate 

glucosyl zeatin-9-glucoside Z9G Ct:l2 CH3 
alanyl zeatin-9-aIanine Z9A 

glucosyl zeatin-7 -glucoside VG 

H 6-benzylaminopurine BA 
ribosyl 6-benzylaminopurine BAR 

riboside 
ribotide 6-benzy laminopurine BANT 

riboside-5' �monophosphate 
gJucosyl 6-benzyJaminopurine 9- BA9G o- CH2 glucoside 
glucopyranosyl- 6-benzylaminopurine 9- BAR-G 
I ,3-ribosyl (glucopyranosyl-I,3-

ribosyl) 
glucosyl 6-benzylaminopurine 7- BA7G 

glucoside 
GlucosyJ 6-benzylaminopurine 3- BA3G 

glucoside 

Figure 1 .3 Cytokinin structures - modifications on the purine ring 
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R'L
N 

lL�Jl? N I R .. 

R3 R4 Common name Abbreviation 

glucosyl 

H 
ribosyl 
ribotide 

glucosyl 
alanyl 

H 
ribosyl' 

H 
ribosyl 

H 
ribosyl 
ribotide 

glucosyl 
glucopyranosyl-
1 .3-ribosyl 

H 
ribosyl 

dihydrozeatin 
dibydrozeatin riboside 
dibydrozeatin riboside-5'­
monophosphate 
dihydrozeatin-9-glucoside 
dihydrozeatin-9-alanine 
dihydrozeatin-7 -glucoside 

dibydrozeatin-O-glucoside 
dihydrozeatin riboside-O­
glucoside 

t-zeatin-O-glucoside 
t-zeatin riboside-O­
glucoside 

meta-topolin 
meta-topolin riboside 
meta-topolin riboside-5'­
monophosphate 
meta-topolin 9-glucoside 
meta-topolin 9-
(glucopyranosyl-I .3-
ribosyl) 

meta-topolin-O-glucoside 
meta-topolin riboside 0-

glucoside 

DZ 
DZR 
DZRNT 

DZ9G 
DZ9A 
DZ7G 

DZOG 
DZROG 

zoo 
ZROG 

mT 
mTR 
mTRS'P 

mT9G 
mT9RG 

mTOG 
mTROG 

Figure 1 .4 Cytokinin structures - modification on the side chain 



been proposed: indirect (from tRNA) and direct (de novo) cytokinin biosynthetic 

pathways. 
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Studies on the indirect biosynthetic route of cytokinins via isopentenylated tRNA 

(Klemen and Klambt, 1 974) were initiated following the discovery of the cytokinin 

isopentenyladenosine (iPA) in two tRNA ser species from yeast in 1 966 (Zachau et al . ,  

1 966; B ieman et al., 1 966). Much data has been obtained over the last three decades 

relating to the location of cytokinin moieties in tRNA molecules, their occurrence in 

different tRNA species of different organisms and the pathways involved in their 

biosynthesis. Cytokinin as a constituent of a tRNA molecule is always located adjacent 

to the 3'-end of the anticodon of the tRNA codon starting with U (Sprinzl et aI . ,  1 99 1 ;  

Murai, 1 994) . Cytokinins have been found in tRNAs from virtually all organisms 

examined (Skoog and Armstrong, 1 970; Greene, 1 980). They are regarded as "bound" 

forms of cytokinins, released only by alkaline hydrolysis (Letham and Palni, 1 983). 

Investigations into the incorporation of potential cytokinin precursors into tRNA 

indicated that the biosynthesis of tRNA cytokinins takes place during post­

transcriptional tRNA processing (Hall, 1 973). The first step is isopentenylation of 

adenine (always at position 37, A37) to form a cytokinin-active nucleoside (tRNAiPA). 

The reaction is catalysed by �2-isopentenyl pyrophosphate(�2- iPP):tRNA isopentenyl 

transferase (EC 2.5. 1 .8) (Holtz and Klambt; 1 975; 1978), using �2_iPP and preformed 

unmodified tRNA as substrates (Murai, 1 994; Taller, 1 994) . �2_iPP is provided by the 

mevalonic acid pathway which is also the starting compound for biosynthesis of several 

other plant hormones including GAs, ABA and brassinosteroids (Prinsen et aI . ,  1 997). 

The isopentenylated tRNA may be further modified to produce other forms of tRNA 

cytokinins (Murai, 1 994; Taller, 1 994; Prinsen et al. 1 997). 

Some investigators have suggested that the "free" cytokinins extracted using aqueous 

alcoholic solvents could be formed by the release of the "bound" tRNA cytokinins (Hall, 

1 970; Skoog and Armstrong, 1970; Ch en et al . ,  1 976; Murai, 1 994; Morris, 1 995). 

However, with the exception of iPA, an obvious objection to this proposal has been that 

cis-ZR is  the predominant cytokinin in the tRNA of plants and plant-associated bacteria 
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(Morris, 1 995) while trans-ZR is the major isomer of "free" ZR in higher plants 

(Letham and Palni, 1983). Also, the rate of tRNA turn-over has been reported to be too 

slow to account for the pool of free cytokinins (Trewavas, 1 970; Hall,  1 973). For 

instance, the rate of incorporation of externally applied [
14C]-adenine into free 

cytokinins is too high to be explained by 'tRNA turnover' (Stuchbury et al., 1 979). 

However, Bassil et al. ( 1 993) have recently partially purified a cis-trans-isomerase for 

zeatin from P. vulgaris endosperm, indicating that tRNA cannot be ruled out as a 

possible source of free cytokinins. 

The direct (de novo) cytokinin biosynthetic pathway has been proposed to be via the 

condensation of �2_iPP and 5'-AMP to form isopentenyladenosine-5'-monophosphate 

(iPNT) (Chen, 1982). Subsequent modifications to the iPNT molecule through 

dephosphorylation, deribosylation and/or side chain hydroxylation lead to the formation 

of iPA, iP, ZNT, ZR and Z (Jameson, 1 994; Morris, 1 995; Chen, 1 997). The key 

ernzyme that catalyses the condensation step is � 2 -iPP:5' AMP_�2 -isopentenyltransferase 

(or isopentenyltransferase, IPT). A number of genes (ipt, tzs, ptz and/as1)  encoding 

isopentenyltransferases have been isolated and cloned from several different plant 

pathogens (see McKenzie, 1 996). Transformation of plants with isopentenyltransferase 

genes such as ipt has confirmed the function of these isolated genes in manufacturing 

cytokinins in plants (Smigocki and Owens, 1988; Medford et al ., 1 989; Smart et al., 

1 99 1 ;  Smigock, 1991 ; McKenzie et al . ,  1 994; 1998; Faiss et al . 1 997). Unfortunately, 

attempts to isolate the homologous isopentenyltransferase genes from higher plants 

have, so far, been unsuccessful. However, IPT enzyme activity has been demonstrated 

in plants (Chen and Melitz, 1 979; Nishinari and Syono, 1 980; Chen, 1 982; Reinecke et 

al . ,  1 99 1 ;  1 992; Blackwell and Horgan, 1 994), although the enzyme itself has not been 

purified to homogeneity due to its instability. Therefore, it is possible that plants have 

the same pathway of cytokinin synthesis as that in several plant pathogens. 

Recently, 6-benzylaminopurine (BA) and its riboside (BAR) have been recognised as 

naturally-occuring cytokinins (Ernst et al ., 1983; Nandi et al . ,  1 989a,b; Vahala et al. 

1 993 ; van Staden and Crouch, 1 996; Strnad, 1997). Unfortunately, nothing is known 

about the de novo biosynthesis of the BA class cytokinins. However, the big difference 
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in the side chain structure of BA from the other groups of cytokinins should indicate that 

it has a different biosynthetic pathway from the isopentenyl five-carboned side chain 

cytokinins, i.e. different enzymatic systems for the formation of the benzyl side chain and 

the condensation of the side chain with adenine. 

1.2.3 Cytokinin metabolism 

Once the cytokinin nucleotide iPNT is synthesised, this compound can be readily 

converted to many other forms of cytokinins through various enzyme-catalysed 

modifications of the purine ring and the side chain of the molecule (reviewed by Letham 

and Palni, 1 983;  Jameson, 1994; McGaw and Burch, 1995; Chen, 1 997). 

1 .2.3. 1 .  Interconversions of cytokinin free bases, ribosides and nucleotides: The 

interconversion of cytokinin bases, nucleosides and nucleotides plays a central part in 

cytokinin metabolism. Endogenous cytokinin analyses have shown that these compounds 

are widely present in plant tissues (Letham and Palni, 1983; Nooden and Letham, 1 993;  

Jameson, 1 994; McGaw and Burch 1995 ; Harnmerton, 1996), including the tissues of 

gymnosperms (Van Staden, 1 978; Doumas and Zaerr, 1 988; Doumas et al. 1 989; 

BoIImark et al . ,  1 995; Moritz and Sundberg, 1 996). Feeding experiments with 

radioactively-labeled cytokinin bases have shown that the conversion from iPNT to ZNT 

is very rapid (Stuchbury et aI . ,  1 979; Palni et aI ., 1 983; Palni and Horgan, 1 983).  This 

conclusion is supported by the facts that, in higher plants, the hydroxylated forms of 

cytokinins (the zeatin group) are the major forms accumulated in most plant tissues and 

that ipt-transformed plant tissues accumulate high levels of hydroxylated cytokinins and 

not the non-hydroxylated (the isopentenyladenine group) forms even though these are 

the direct product of isopentenyltransferase activity (Smigocki and Owens, 1 988 ;  

McKenzie et aI . ,  1 994; 1 998; Redig et aI . ,  1 996). The enzymes, microsomal mixed 

function oxidases, that catalyse the hydroxylation of the side chain of iP forms to the Z 

forms have been isolated from cauliflowers (Chen and Leisner, 1 984) 

The modifications on the purine rings of cytokinin free bases, ribosides and nucleotides 

can be catalysed by the same enzyme systems as those for adenine/adenosine/adenosine 

monophosphate interconversions (Chen and Ekert, 1 977; Chen and Kristopeit, 1 98 1 a, 



198 1b;  Jameson, 1994; Chen, 1 997). Both iPNT and ZNT can be converted to their 

corresponding ribosides through dephosphorylation catalysed by 5' -nucleotidase (Chen 

and Kristopeit 198 1 a, 1 98 1 b; Burch and Stuchbury, 1986, 1 987). 

Once cytokinin ribosides are formed they can, subsequently, be converted to cytokinin 

bases in plant tissues (Letham and Palni, 1983; Jameson, 1 994). Adenosine 

nucleosidase, an enzyme catalysing the irreversible hydrolysis of adenosine to adenine, 

may be responsible for the deribosylation of cytokinin ribosides (i.e. nuc1eosides). 

Nucleosidase activity from partially purified enzyme has been demonstrated in wheat 

germ (Chen and Ki'istopeit, 1 98 1  b) and tomato roots and leaves (Burch and Stuchbery, 

1 986). 
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Exogenously-fed cytokinin free bases can also be converted to ribosides andlor 

nucleotides in plant tissues (reviewed by Jameson, 1 994; McGaw and Burch, 1 995; 

Chen, 1997). The reaction where cytokinin free bases are ribosylated to form ribosides is 

catalysed by adenosine phosphorylase (Chen and Petschow, 1 978) and the 

phosphorylation of ribosides is catalysed by adenosine kinase (Chen and Eckert, 1 977). 

In a number of plants, an alternative pathway has been found where adenine 

phosphoribosyltransferase catalyses the direct phosphorylation of cytokinin bases to 

nucleotides (Doree and Guern, 1973; Ch en et al., 1 982; Burch and Stuchbury, 1 987; 

Moffatt et aI. ,  1 99 1 ). Recently, Schnorr et al .  ( 1996) have cloned a gene cDNA (termed 

the A Tapt2 gene) from Arabidopsis thaliana which encodes an adenine 

phosphoribosyltransferase. This enzyme has a high specificity for cytokinins and may 

play a role in converting cytokinin bases to their corresponding nucleotides. 

1.2.3.2 Reduction a/the double bond on the side chain: Dihydrozeatin-O-glucoside, 

dihydrozeatin riboside-O-glucoside and dihydrozeatin 3-, 7- and 9-glucoside are often 

found in plant tissues and are frequently identified as metabolites of applied zeatin and 

zeatin riboside (Letham and Palni, 1 983; Jameson, 1 994; McGaw and Burch, 1 995). So 

far, experimental evidence indicates that the reduction of the double bond on the side 

chain takes place at the levels of zeatin, zeatin riboside or zeatin nucleotide (Mok et aI . ,  

1 988; Singh et aI ., 1988; Martin et  al ., 1 989). For example, Martin et al. ( 1 989) isolated 



a reductase from Phaseolus eoecineus embryos which was shown to be highly specific 

for trans-zeatin only. 
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1.2.3.3 Conjugation: Conjugation of cytokinins can take place on the purine ring or on 

the hydroxylated side chain. Cytokinins can be glucosylated at the 3, 7 and 9 positions of 

the purine ring (Fox et al. ,  197 1 ;  1 973; Parker and Letham, 1973; Letham et al. ,  1 975;  

Letham and Palni, 1983; McGaw et  al., 1984). Glucosyltransferases which catalyse the 

formation of 7- and 9- glucosides of benzyladenine have been isolated from radish 

(Entsch and Letham, 1 979; Entsch et al., 1 979). Cytokinins with a hydroxylated side 

chain are often conjugated to form the O-glucoside and other O-conjugates (reviewed by 

Jameson, 1 994). An enzyme, zeatin O-glucosyltransferase, has been isolated from 

immature seeds of Phaseolus lunatus, which recognises trans-zeatin, but not 

dihydrozeatin, eis-zeatin or zeatin riboside (Dixon et al . ,  1 989). An enzyme that 

catalyses the formation of O-xylosides has been isolated and the gene cDNA has recently 

been cloned from Phaseolus vulgaris (Turner et al . ,  1 987; Martin et al. ,  1 997). The 

enzyme converts zeatin to O-xylosylzeatin. 

-Other novel forms of cytokinins have been identified by different investigators through 

endogenous cytokinin analysis or exogenous cytokinin feeding experiments. Taylor et al . 

( 1984) isolated a ribosylzeatin glycoside from buds of Pinus radiata in which the hexosyl 

moiety is attached to the ribosyl moiety rather than to the side chain hydroxyl (i.e. ZR-G). 

A similar hexosyl conjugate of ZR was also detected in buds of Douglas fir (Pseudotsuga 

menziesii) (Morris et al . ,  1 990). The analyses using immunoaffinity and mass spectral 

techniques indicated that the compound was also different from ZROG with the hexosyl 

moiety being attached to the ribosyl group of the molecule (Morris et al. ,  1990). Due to 

the ease of hydrolysis by �-glucosidase, the hexosyl group in both cases is believed to be 

glucose. 

During investigations into the metabolism of 14C_BA by shoot cultures of Gerbera 

jamesonii, a novel metabolite similar to the structures of the novel glucosides in P. 

radiata and P. menziesii was identified (Horgan, 1985). �-glucosidase treatment of the 

metabolite released BA riboside. Blakesley et al . ( 1 990) has identified the metabolite as 
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6-benzylamino-9-(glucosylribosyl)purine through analyses of mass spectra of the 

metabolite. More recently, studies of BA metabolism in Petunia leaf explants during 

shoot organogenesis revealed the presence of an abundant novel BA conjugate (Auer et 

al. ,  1 992a and b). Using mass spectrometry, chemical methods of carbohydrate analysis, 

UV absorption spectra and Fourier transformed infrared spectra, Auer and Cohen ( 1 993) 

have identified the novel conjugate as 6-benzylamino-9-[O-glucopyranosyl-( 1 ---73)­

ribofuranosyl]-purine. All these results indicate that there may be a common enzyme that 

catalyses the attachment of a glucosyl to the ribosyl group of cytokinins in a wide range 

of plant species. 

Also of interest, Kobayashi et al. ( 1 997) has isolated a novel cytokinin from coconut milk 

(one of the earliest sources of cytokinin activity) and, by using NMR techniques, mass 

spectrometry and HPLC sugar analysis, the novel form has been identified as a 

polysaccharide conjugate of ZR, 14-0- {3-0-[(3-D-galactopyranosyl-( 1 ---72)-a-D­

galactopyranosy 1-( 1 � 3 )-a-L-arabinofuranosy 1]-4-0-( a-L-arabinofuranosyl )-(3-D­

galactopyranosyl } -trans-zeatin riboside (G3Az-ZR), indicating that a much more complex 

pathway of cytokinin conjugation is present in plants. 

1.2.3.4 Hydrolysis: The hydrolysis of cytokinin ribotides and ribosides to their 

corresponding ribosides and free bases has been discussed in Section 1 .2 .3 . 1 .  Although 

N-glucoside conjugates are extremely stable to hydrolysis treatment (Parker and Letham, 

1973; Gawer et al . ,  1 977; Parker et al . ,  1 978), the O-glucosides are readily hydrolysed by 

enzymes such as (3-glucosidase (McGaw and Burch, 1995). 

1 .2.3.5 Oxidation: The N6-side chains of exogenously applied iP, iPA, Z and ZR can be 

readily cleaved by cytokinin oxidase in plant tissues and this results in irreversible 

destruction of cytokinin activity (Jameson, 1 994). In vitro, 7- and 9-g1ucosyl cytokinins 

have also been found to be susceptible to cytokinin oxidase (Jameson, 1 994). Generally, 

the /12 double bond on the side chain of cytokinins is required for cytokinin oxidases to 

cleave the side chain. Reduction of the double bond, replacement of the side chain with 

benzyl or conjugation of the side chain with an O-glucosyl moiety makes cytokinins 
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Annstrong ( 1 994), Hare and van Staden ( 1 994) and Jones and Schreiber ( 1 997). 

1.2.4 Functions, activity and modes of action of cytokinins 
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Cytokinins were named for their ability to promote cell division and growth of plant 

tissues cultured in vitro. However, cytokinins also have powerful effects on a wide 

variety of biochemical, physiological and developmental processes. These include 

promotion of nutrient mobilisation, promotion of leaf expansion, delay of senescence, 

promotion of chloroplast development, release from seed dormancy, release from bud 

apical dominance, induction of shoot formation (Skoog and Miller, 1957; Letham and 

Pahu, 1 983; Horgan, 1 984; Mok, 1 994), the involvement in plant responses to 

environmental stress and pathogens (Letham, 1994; Hare and van Staden, 1 997) and even 

enhancement of nodulation (Yahalom et aI. ,  1 990; Taller and Sturtevant, 1 99 1 ). 

The activity of individual cytokinins in the modulation of these various processes in 

h igher plants varies according to their different molecular configurations. Accordingly, 

Letham and Palni ( 1983) have proposed that all the different cytokinins could be 

categorised into: 1 .  active forms, i .e. the molecular species that bind to a receptor to 

evoke a growth or physiological response; 2. translocation forms; 3.  storage forms that 

would release free cytokinin when required; 4. detoxification forms which are produced 

when exogenous cytokinin levels are so high as to be toxic; 5 .  deactivation products 

formed to lower endogenous cytokinin levels. 

For the detection of cytokinin activity, various bioassays such as tobacco, soybean, carrot 

and bean callus bioassays (Miller, 1 963; Murashige and Skoog, 1 962; Shaw et al . ,  1 97 1 )  

have been indispensable in determining cytokinin structure-activity relationships. It has 

been shown that the cytokinin free bases (Z, DZ and iP) and ribosides (ZR, DZR and 

iPA) are very active in different bioassays (reviewed by Letham and Palni, 1 983). Many 

studies have shown that cytokinin ribosides are predominant forms in cytokinin 

translocation via xylem from roots to shoots in higher plants (Hautala et aI. ,  1 986; 

Jameson et al ., 1 987; Grayling and Hanke, 1992; S ingh et aI., 1 992; Letham, 1994). 

Feeding experiments with radioactively-Iabeled exogenous cytokinins have shown that 
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the cytokinin nuc1eotides are often the predominant metabolites formed immediately 

following uptake (Knypl et aI . ,  1 985; S ingh et al . ,  1 988; Letham and Zhang, 1 989; 

Moffatt et al., 1 99 1 ). The nucleotides are subsequently rapidly metabolised to the other 

cytokinin forms. Therefore, cytokinin nucleotides are believed to be formed to facilitate 

uptake across the cellular membranes (Singh et aI., 1 988). 

Cytokinin 7- and 9-glucosides are very stable in plant tissues and may serve as 

deactivation or detoxification forms (inactive forms) which reduce active cytokinin levels 

(Parker and Letham, 1 973; Gawer et al., 1 977; Letharn et al ., 1 975; Letham and Palni, 

· 1 983; Letham and Gollnow, 1985; Jameson, 1 994; McGaw and Burch, 1 995). While 

cytokinin activity was significantly reduced by 7- and 9-glucosylation in nearly all 

bioassays, 3-glucosyJation had little effect on activity (Letham et aI. ,  1 983;  Parker et aI., 

1 975; van Staden and Drewes, 1992). This may be due to the fact that the 3-glucoside 

has been shown to be susceptible to hydrolysis by �-glucosidase (Letham et al . ,  1 975; 

Parker et aI . ,  1 975; van Staden and Drewes, 1 992). The O-glucosides are not substrates 

for cytokinin oxidase and are highly active in bioassays (McGaw and Horgan, 1983; 

Letham et aI . ,  1 983; McGaw et al . ,  1 985). A decline in O-glucosides has also been 

observed to be correlated with plant growth and development in some species (Smith and 

van Staden, 1 978;  van Staden and Dimalla, 1 978; Jameson et aI . ,  1 982; Brzobohaty et 

al ., 1 993, 1 994). Therefore, O-gJucosides are believed to be the storage forms of active 

cytokinins. The conversion from O-glucosides to active cytokinins is catalysed by �­

glucosidase (Wang et aI . ,  1977; Falk and Rask, 1995). 

A role for the novel cytokinin conjugates is yet to be determined. However, the facts that 

ZR-G was identified from bud materials (Taylor et al., 1984; BJakesJey et aI ., 1 990; 

Morris et aI ., 1 990) and that ZR-G formation was associated with shoot organogenesis in 

Petunia (Auer and Cohen, 1993) indicate that ZR-G may play a part in morphogenesis in 

plants. 

Despite a large number of reports concerning the diverse physiological roles of 

cytokinins, little is known about the mechanism(s) of cytokinin action. Cloning 

cytokinin-responsive genes, analysing their expression patterns and identifying the 
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functions of the gene products should provide a useful means for investigating the 

mechanism(s) of cytokinin action at the molecular level. There has been some 

experimental evidence showing that cytokinins can either increase or decrease gene 

expression activity in higher plants (see reviews by Schmulling et al. ,  1 997; Hare and 

van Staden, 1 997). Most of the studied genes were identified by either differential 

screening of cDNA libraries or by Northern blot analysis using already-isolated genes as 

probes to test their reactions towards cytokinins. 

Regulation of gene expression by cytokinins may occur at different levels during gene 

expression. Dominov et al. ( 1 992) demonstrated that an increase in transcription rate 

largely accounted for the accumulation of the cytokinin-induced pLS21 6  gene (of 

unknown function) mRNA in tobacco suspension culture. By using nuclear run-off 

transcription assays, Lu et al . ( 1 990; 1 992) showed that the cytokinin enhancement of the 

accumulation of nitrate reductase transcript in etiolated barley leaves was regulated at the 

transc.riptional level. A similar conclusion was also reached by Andersen et al. ( 1996) 

from investigation of the regulation of hydroxypyruvate reductase gene expression by 

cytokinin in etiolated pumpkin cotyledons. Furthermore, Lu et al. ( 1 990) and Andersen 

et al . ( 1 996) found that the cytokinin-dependent mRNA accumulation of nitrate reductase 

and hydroxypyruvate reductase displayed a linear dose-response in the range of 1 0  nM to 

1 00 !JM BA in these etiolated tissues. When Arabidopsis was grown on cytokinin­

containing medium, genes of chalcone synthase (CHS) and dihydroflavonol reductase 

(DFR), coding for enzymes of the anthocyanin biosynthetic pathway, displayed 10-fold 

and 34-fold higher transcriptional rates respectively in nuclear run-off assays (Deikman 

and Hammer, 1995), clearly demonstrating that the regulation of these two genes by 

cytokinin takes place at the transcriptional level. 

Post-transcriptional regulation has also been demonstrated in an investigation on the 

transcription and stability of cytokinin-induced mRNAs encoding the small subunit of 

ribulose- l ,5-biphosphate carboxylase/oxygenase (rbcS) and chlorophyll a/b binding 

protein (cab) in Lemna gibba. Cytokinin treatment slowed the loss of rbcS and cab 

mRNAs specifically (Flores and Tobin, 1 986, 1988). By comparing data obtained from 

Northern blot and nuclear run-off assays, Silver et al. ( 1 996) showed that although the 



mRNA of the early nodulin gene SrEnod2 of Sesbania rostrata accumulated over the 

time of cytokinin treatment no change in transcriptional rate was detected, strongly 

indicating post-transcriptional regulation of this gene expression by cytokinin. 
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Not only do cytokinins enhance gene expression, they can repress the expression of some 

genes as well .  Teramoto et al. ( 1 994, 1 995) have shown that BA, Z and iP caused a 90% 

reduction of the expression of CR9 and CR20 (of unknown function) in the etiolated 

cotyledons of Cucumis sativus L. as quickly as 4 h after treatment. Estruch et al. ( 1 993) 

showed that the expression of floral homeotic genes (DEFA, PLENA and GLO 

homologs) in ipt transgenic tobacco displayed a 95% reduction due to a 600-fold increase 

in endogenous cytokinins. 

The upstream regulation of gene expression by cytokinins remains unknown. Cytokinin 

receptors, fluctuations in the concentration of intracellular Ca2+ and change in protein 

phosphorylation may be involved in cytokinin signalling systems (reviewed by Hare and 

van Staden, 1 997; SchmuIling et al., 1 997) .  

In conclusion, phase change of higher plants, i .e. from a juvenile form to a mature one, 

leads to forms which have distinctive morphological and physiological attributes. It has 

been demonstrated that the plant hormone, cytokinin, may play a role in controlling 

expression of phase-related characteristics in some species. In Pinus radiata, cytokinin 

applied to mature buds in culture induces the production of juvenile characteristics such 

as primary needles. However, a relationship between the endogenous cytokinins, their 

alterations in the buds and phase change of the trees is unknown. Further, little work has 

been performed investigating the regulatory effects of cytokinins on gene expression 

during phase change. Therefore, achievement of the aims listed in the overview should 

provide vital information towards understanding phase change in P. radiata. 



Chapter 2 Extraction, purification, isolation and 

identification of endogenous cytokinins in the buds of Pin us 

radiata 

2.1 Introduction 
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Analysis of cytokinins in plant tissues has historically been laborious and time 

consuming due to the extremely low levels and diverse molecular structures of the 

cytokinins. In general, cytokinin analysis involves the preparation of cytokinin samples 

and the detection of individual cytokinins. Sample preparation accounts for a large 

proportion of the time and effort expended on performing each analysis (Hedden, 1 993) 

prior to bioassay (Meilan et aI . ,  1 993), RIA (MacDonald and Morris, 1 985) and/or GC­

MS detection (Letham et aI . ,  199 1 ;  Soejima, 1 992, 1 995 ; Horgan, 1 995) .  The initial 

anticipation that cytokinins could be quantified by radioimmunoassay of crude plant 

extracts (Weiler, 1979, 1 980; Weiler and Spanier, 1 98 1 )  was, unfortunately,  not 

justified. Detailed analysis requires the sample to be well purified and the individual 

cytokinins to be separated, so that not only is interference in the assay avoided but also 

problems associated with differential cross-reactivity of individual cytokinins with the 

antibodies in the immunoassay (Hedden, 1 993) . 

The procedures for sample preparation which have been employed in the analysis of the 

cytokinins include extraction, purification and separation of cytokinins. Firstly, 

extraction of the cytokinins should be carried out carefully to prevent enzymatic and 

chemical changes and to increase extraction efficiency (Tokota et aI . ,  1 980). 

Homogenising plant tissue in methanol has been a traditional extraction method and is 

still widely used (Parker and Letham, 1973; Scott et aI., 1 980; Morris et aI . ,  1 990; 

Dietrich et aI . ,  1995). However, cytokinin nucleotides may be hydrolysed in methanol 

extracts, because phosphatases can function in such solutions (Bieleski, 1 964; Horgan 

and Scott, 1 987) . To eliminate the problem associated with phosphatases, some authors 

routinely use Bieleski ' s solution (methanol : chloroform : acetic acid : water; 1 2 :5 :  1 :2) 

to extract cytokinins from plant tissues at -20°C (Bieleski, 1 964; Meilan et aI . ,  1 993; 

von Schwartzenberg et aI . ,  1 994). A modified version is also used (Jameson et aI . ,  

1 987; Singh et aI . ,  1 988; Day et  aI . ,  1995 ; Wang et  aI . ,  1 995). 
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Insoluble polyvinylpolypyrrolidone (PVPP) may be used for sample purification and 

solid-phase extraction (Cappiello and King, 1 990). PVPP has also been used in the 

purification of nucleotides and nucleosides in plant samples (Guinn, 1 973). It has been 

shown that cytokinins can readily be eluted from a PVPP column at low pH (3.5) while 

phenolics are strongly retained (Biddington and Thomas, 1 976). Methanol is a very 

efficient solvent with which to elute cytokinins from PVPP columns (Mousdale and 

Knee, 1 979). 

To detect a full spectrum of cytokinins, it is necessary to separate nucleotide cytokinins 

from the other forms. This is relatively easy to perform as the additional phosphate 

moiety on the nucleotide cytokinins aquires negative charges over a range of pH. 

Separation is usually achieved by passage of sample through a cellulose phosphate 

column (Parker and Letham, 1 974; Scott et aI. ,  1 980; Summons et aI . ,  1983;  Scott and 

Horgan, 1 984; Badenoch-lones et al ., 1 984; Meilan et aI . ,  1 993). However, because a 

large bed volume is required, a large volume of eluate is unavoidable for both nucleotide 

fraction (acid wash) and the fraction containing the cytokinin free bases, ribosides and 

glucosides (basic wash). Therefore, a considerable volume of the aqueous eluate has to, 

subsequently, be reduced to a few millilitres by rotary evaporation, which is time­

consuming and difficult to manipulate when the sample volume becomes small .  More 

importantly, due to acid (pH 3.0) and basic (pH 9- 1 0) washes having to be employed as 

eluents, the application of the solid-phase extraction technique, using CI8, is not 

practical because nucleotides and some of the ionised cytokinins would not be well 

retained by CI 8 (Guinn and Brummett, 1 990). Processing of multiple samples at one 

time, therefore, is difficult to perform. 

DE52 anion exchange has been used in sample purification as a precolumn to an 

immunoaffinity column (MacDonald and Morris 1 985;  Doumas, 1989; Morris et aI . ,  

1 990; Morris et aI ., 1 99 1 ;  Dietrich et aI ., 1995) to remove nucleotides and other 

impurities. DEAE cellulose has also been utilised in the purification of the cytokinin 

nucleotide fraction derived from cellulose phosphate column (Summons et aI., 1 983 ;  

Badenoch-lones et al., 1 984). The features of DEAE cellulose allow, at neutral pH, the 

free bases, ribosides and glucosides to pass through and at the same time nucleotides are 
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retained. In addition, at neutral pH a column of C18  connected directly to the DE52 

column will trap the cytokinins passing through DE52. Since their first use in cytokinin 

extraction (Morris et al . ,  1 976), open columns of C18 have been widely used and the 

linkage of DE52 and C18 columns has been reported previously (Jameson and Morris 

1 989). 

Bulk separation of cytokinin glucosides from bases and ribosides needs to be achieved if 

O-glucosides are of interest as well. Partitioning against I -butanol was believed to be 

an excellent step with the basic cytokinins being extracted into I -butanol and 

nucleotides remaining in the aqueous phase. However, O-glucosides do not partition 

well into I -butanol (Horgan and Scott 1 987). Thin layer chromatography (TLC) has 

been shown by D. S. Letham's group to be very useful in the separation of the 

glucosides from the bases and ribosides (e.g. Hocart et al. ,  1990) but, probably because 

of manipulation difficulties, this technique has not been widely adopted. Recently, a 

powerful protocol has been successfully developed to separate the glucosides from the 

free bases and ribosides (Lewis et al. ,  1 996) using amine column HPLC (normal phase 

HPLC) 

Although a number of overseas groups still assay complex mixtures of cytokinins 

(Schmtilling et al . ,  1989; Prinsen, et al. ,  1 994; Thomas, et al . ,  1 995), separation into the 

individual forms by reverse phase HPLC is believed by several groups to be an essential 

step in achieving accurate results (e.g. MacDonald and Morris ,  1 98 1 ;  Badenoch-Jones et 

al . ,  1 984, 1 987; MacDonald and Morris, 1 985; Horgan and Scott, 1 987; Jameson et al . ,  

1 987; Morris et al., 1 99 1 ;  Horgan, 1 995). Reverse phase HPLC can efficiently separate 

not only individual cytokinins from one another but also from impurities which may 

impact upon the detection of cytokinins by the RIA (Banowetz, 1 994; Eason et al . ,  

1 996). 

While reverse phase HPLC can lead to the separation of the individual forms of the 

different cytokinins, the identification and quantification of cytokinins can not be 

accurately determined merely by the ordinary UV detector of the HPLC, as even 

extensively purified cytokinin samples will still contain co-eluting UV absorbing 
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substances. Some researchers have used diode-array UV spectral detector linked to the 

HPLC to quantify cytokinins after immunoaffinity purification (Schreiber, 1 990; 

Nicander et al . ,  1 993; Dieleman et al . ,  1997). However, great care must be taken when 

this this technique is used as any trace co-eluted UV absorbing substances will change 

the shape of the spectrum of the cytokinins. Bioassay, immunoassay or mass 

spectrometry is usually required to detect cytokinins. 

Bioassay was the first technique used in the quantitative analysis of cytokinins in plants. 

Despite the limitations of slowness, variability of responses, interference by other 

factors and low sensitivity (Reeve and Crozier, 1 980; Horgan and Scott, 1 987), various 

bioassay methods such as tobacco callus (Murashige and Skoog, 1 962), soybean callus 

(Miller, 1 963), and carrot callus (Shaw et al . ,  1 97 1 )  have played an important part in 

detecting novel cytokinins and quantifying them. Although quantification of cytokinins 

is now commonly carried out by immunoassay (Banowetz, 1994), bioassays are still an 

indispensable means for determining structure-activity relationships of novel cytokinins. 

Immunoassays offer specificity, high sensitivity and convenience, and therefore are a 

popular method for cytokinin analysis. Although immunoassays have been developed in 

different forms such as radioimmunoassays (RIAs) (Weiler, 1 980; Badenoch-lones et 

al . ,  1 984; MacDonald and Morris, 1985), enzyme-linked immunosorbent assays 

(ELISAs) (Cahill et al . ,  1 986; Trione and Sayavedro-Soto, 1 988; Pelese et al., 1 989; 

lameson and Morris, 1 989) and scintillation proximity immunoassay (Wang et al., 

1 995), radioimmunoassays are the most commonly used technique. Since RIA was 

introduced into cytokinin analysis (Weiler 1980), the technique has been advanced 

greatly in speed, sensitivity and sample handling capability (MacDonald and Morris 

1 985;  B adenoch-lones et al. ,  1987; lameson and Morris 1 989; Morris et al. ,  1 99 1 ). 

However, sequential additions of the buffer, labelled analogue of cytokinins and 

antibody necessary for the assays still take up a large portion of the time and effort of 

the core RIA operation. 

While the most significant development has been the steady increase in the use of 

immunoassays, gas chromatography-coupled mass spectrometry (GC-MS) and liquid 

chromatography-coupled mass spectrometry (LC-MS) have become more and more 
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important tools for both qualitative and quantitative analyses of cytokinins (Morris, 

1977; Scott and Horgan, 1 984; Yang et al . ,  1 993; Hedden, 1993; Moritz, 1 996). 

Although GC-MS has been shown to be a reliable and sensitive method for the analysis 

of plant hormones (Hedden, 1 993; Moritz, 1 996), the necessary derivatisation of the 

cytokinins is problematic since, depending on the conditions, mUltiple derivatives can 

occur (Palni et al., 1 983). 

The application of LC-MS does not require those compounds with a low volatility to be 

derivatised. Unfortunately, LC-MS using thermospray or fast-atom bombardment 

interfaces does not give a detection limit low enough for routine cytokinin analysis 

(Hedden, 1993; Imbault et al. ,  1 993). Yang et al. ( 1 993) demonstrated for the first time 

that the application of LC-MS using atmospheric pressure chemical ionisation (LC­

APCIIMS) allowed the analysis of cytokinins at a biologically relevant concentrations 

starting from less than 1 g plant material . More recently, Prinsen et al. ( 1 995) carried 

out quantitative analysis of cytokinins using electrospray tandem mass spectrometry and 

achieved a detection limit of 1 pmol zeatin riboside. Furthermore, tandem mass 

spectrometry (MSIMS) is a valuable technique for structural characterisation. 

In this phase of the work, my aim was to obtain an efficient multiple sample processing 

capability and to shorten the whole analysis time in order to deal with a large number of 

samples. All the procedures for analysis of cytokinins in the buds of Pinus radiata 

consisted of the following steps: extraction, removal of gel-forming substances using a 

PVPP column, purification and separation of cytokinin nuc1eotides from the free bases, 

ribosides and glucosides by employing PVPP-DE52-C\s columns linked in series; bulk 

separation of cytokinin glucosides from the bases and ribosides by using a normal phase 

(amine column) and HPLC; separation of individual cytokinins using reverse phase C1 S 

HPLC; identification and quantification of the cytokinins by RIAs; and, finally, 

characterisation of cytokinin structures by ES MSIMS. 

2.2 Materials and Methods 

All the procedures used for the analysis of cytokinins are outlined as a flow chart in Fig. 

2. 1 .  
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Figure 2. 1 .  Procedures used for extraction, purification, separation and 
quantification of different individual cytokinins in Pinus radiata buds. 
Cl indicates column used; �.:::.: indicates columns are linked. 
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2.2.1 Plant materials 

Six to 1 0 9 of field-grown mature buds, juvenile buds or tissue cultured bud fragments 

of Pinus radiata were used in the development of cytokinin analysis protocols and the 

identification of endogenous cytokinins present in the buds of P. radiata. Mature buds 

were collected on September 27, 1 994 (5-year-old), May 9, 1 995 (8-year-old) and April 

1 ,  1 997 (mixture of 9-year-old and 5-year-old) from the first- and second-order branches 

in the upper crown of the trees. At each collection of the mature buds, one terminal bud 

and its surrounding whorl buds were excised from one branch, the scales pealed off and 

the buds dropped immediately into modified Bieleski's  solution (methanol : H20 : HAc; 

70 : 30 : 3 v/v/v, 10 mL gol FW )  which had been pre-chilled to -20°C. For juvenile 

material, the leader buds .of one-year-old seedlings were collected on May 9, 1 995. 

After the primary needles were peeled off, the seedling buds were pooled in pre-chilled 

Bieleski' s  solution. Both the mature trees and the seedlings were grown in the nursery 

of The New Zealand Forest Research Institute (NZFRI), Rotorua, New Zealand. Tissue 

cultured buds of P. radiata were prepared at the micropropagation unit of NZFRI 

according to methods described previously (Horgan 1987) and harvested into pre-chilled 

Bieleski ' s  solution (-20°C). To destroy activity of enzymes such as phosphatases and 

glucosidases, all the harvested buds were stored in Bieleski 's  solution at -20°C for at 

least three days. Duplicate samples were used in all analyses. 

2.2.2 Extraction of cytokinins 

2.2.2. 1 Equipment and chemicals: All experimental procedures were carried out in 

disposable polypropylene plasticware such as 50 mL conical tubes, column barrels, 

Eppendorf tubes and pipette tips to minimise losses of cytokinins. Any glassware used, 

such as Pasteur pipettes, was silanised to help reduce adsorption of cytokinins to the 

glass surface. When necessary, extract volumes were reduced using a Savant SVC200 

Speedvac condenser with care being taken not to warm samples or reduce to complete 

dryness (unless stated otherwise). A Heraeus Sepatech biofuge A centrifuge and an mc 
Micromax centrifuge were used for centrifuging large and small volume samples 

respectively. 
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2.2.2.2 Extraction of endogenous cytokinins: Mter remaining in the Bieleski ' s  solution 

under -20°C for at least three days, the buds were homogenised in the original Bieleski' s  

solution i n  which the bud materials were kept. To reduce the losses of cytokinins, both 

the mortar and pestle were rinsed twice with 80% methanol and the rinses were 

combined with the homogenate. 3H-ZR-trialcohol eH-ZRTA), 3H-iPA-tria1cohol eH­

iPATA) and 14C_AMP internal standards (30,000 to 50,000 cpm each) had been added 

to sample bottles prior to sample homogenisation to enable losses of cytokinins during 

extraction and purification procedures to be estimated. Subsequently, the homogenates 

were centrifuged at 7000 g for 30 min at 4°C and the resulting supernatant was decanted 

into a 50 mL Falcon tube and stored at 4°C. The pellet was resuspended in 80% 

methanol (5 mL g. 1 FW) and extracted overnight at 4°C before the sample was 

centrifuged again. The second supernatant was removed and combined with the first 

supernatant. The combined supernatants were then reduced in vacuo (Savant Speed vac ) 

to around 2 mL and stored at -20°C until required. 

2.2.3 Purification and separation of cytokinins 

2.2.3. 1 Polyvinylpolypyrrolidone column chromatography: Dry 

polyvinylpolypyrrolidone (PVPP) powder was slurried with acidified methanol 

(methanol : 0.5N HAc; 80:20 v/v). The slurry was then allowed to settle for 1 min 

before fine particles were carefully decanted. The resulting slurry was packed under 

gravity into a 30 mL syringe barrel (Terumo®) which had two discs of No.4 filter paper 

placed in the bottom to hold the PVPP in place. The final bed volume of the column 

was adjusted to 1 5  - 20 mL and the packed column was then conditioned with 2 bed 

volumes of acidified methanol prior to the application of a solution of standards 

consisting of 3H-ZR-trialcohol, 3H-iPA-tria1cohol and 14C_AMP (30,000 to 50,000 cpm 

each) or a true sample containing the three radio-labelled internal standards (Section 

2.2.2.2). The standards or the true samples were then eluted by adding three bed 

volumes of the acidified methanol . To monitor the elution profile of cytokinins through 

the column, 1 mL fractions were collected and the radioactivity in a small proportion 

(usually 50 �) of each fraction measured after mixing with 1 mL scintillation cocktail. 

Otherwise, the eluate was evaporated in vacuo to near dryness (but complete dryness 

was avoided) and re-dissolved with 5 mL water. The solution was subsequently 
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adj usted to pH 6.5 with 0. 1 N NaOH and finally evaporated in vacuo to obtain a volume 

of 2 mL in preparation for application to the PVPP-DE52-C1 S column complex. 

2.2.3.2 P VPP-DE52-C18 column complex chromatography: The sample purified 

through the PVPP column (Section 2.2.3. 1 )  was subsequently allowed to pass through 

connected PVPP, DE52 and Cl S  columns. This column complex was used for both 

further purification and the separation of phosphorylated cytokinins from all the other 

cytokinin forms. The columns were individually packed and then connected in series as 

shown in Fig. 2. 1 .  

2.2.3.2a Small PVPP column packing and preconditioning: The PVPP column used 

here was made by slurrying PVPP powder in 1 0  mM ammonium acetate buffer (pH 6 .5) 

and packing the slurry into a 30 mL syringe barrel to a final bed volume of 5 to 10 rnL. 

2.2.3.2b DE52 column packing and preconditioning: Anion exchange cellulose DE52 

(Whatman) was prepared according to the manufacturer' s instructions and finally 

equilibrated in 10 mM ammonium acetate buffer (pH 6.5). The DE52 was packed under 

gravity into a 30 mL syringe barrel to a final bed volume of 20 mL. The column was 

conditioned with an additional three bed volumes of 10  mM ammonium acetate buffer 

(pH 6.5) before direct use or being linked to the PVPP and C1s  columns. 

When the properties of DE52 were being examined, the DE52 columns were used 

independently and radio-labelled cytokinin standards were applied directly to the 

columns. To test the feasibility of using DE52 for actual samples, a pre-column of 

PVPP (Section 2.2.3.2a) was linked to DE52 and actual sample mixed with radio­

labelled internal standards was applied to the linked PVPP column. The columns were 

subsequently eluted with 10  mM ammonium acetate buffer and the eluate fractions were 

monitored for both 3H and 14C using liquid scintillation counting (W allac). After being 

eluted with 1 0  mM ammonium sulphate, the DE52 column was eluted again with acetic 

acid (pH 2.5) to recover the cytokinin nuc1eotides retained by the column. The fractions 

( 1  mL) of the acid wash were collected and 3H and 14C activities in every fraction were 

measured using liquid scintillation counting (Wallac). 
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2.2.3.2c ClB column packing and pre-conditioning: The third column in the series was a 

small octadecylsilica (C1 8, Bondesil Analytichem International) column which was used 

to collect cytokinins being eluted from the DE52 column in the column complex. CI8  

powder was packed into a 10  mL syringe barrel (up to 4 mL mark) which had a pre­

fitted filter in the bottom (Alltech). The column was preconditioned with 20 BVs of 

methanol, followed by 20 BVs of 10  mM ammonium acetate (pH 6.5). 

2.2.3.2d Linkage of PVPP, DE52 and ClB columns: After each column was packed and 

conditioned, the PVPP, DE52 and CI8 columns were connected in series with needles 

and bungs as shown in Fig. 2. 1 .  Subsequently, 20 mL of 10 mM buffer (pH 6.5) was 

applied to condition the entire column complex. 

2.2.3.2e Sample application, elution and cytokinin recovery: Samples (2 mL) were 

applied to the top column of the series through an attached 50 mL syringe barrel which 

afterwards served as a solvent reservoir. Subsequently, the complex was eluted with 60 

mL (3 BV DE52 column) of 1 0  mM ammonium acetate buffer (pH 6.5) and then the 

columns disconnected. The PVPP column was discarded, the DE52 column was 

subsequently eluted with acetic acid (45 mL, pH 2.5) to recover phosphorylated 

cytokinins, and the CI8  column was flushed with 1 5  mL 80% methanol to elute free 

bases, ribosides and glucosides. The free base, riboside plus glucoside fraction was then 

dried and taken up in 50 III of 50% acetonitrile prior to amine column HPLC (Section 

2.2.3.3a). The fraction of phosphorylated cytokinins (acid wash) was evaporated to 

complete dryness in vacuo (Savant, Speedvac), re-dissolved in phosphatase reaction 

solution and subjected to phosphatase treatment (Section 2.2.4. 1 ) . 

2.2.3.3 High performance liquid chromatography: For both normal and reverse phase 

high performance liquid chromatography (HPLC), a Waters 600E Multisolvent delivery 

system, including a 600-MS system controller, a Waters U6K injector port and 490E 

programmable multi wavelength UV detector set at 269 nm, was used to separate 

individual cytokinins .  HPLC grade solvents were used, diluted with Milli Q water and 

filtered through 0.45 Ilm Nylon membrane filter (Millipore). To prevent problems with 
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air bubbles, all the solvents were sparged for at least 10  min at 1 00 rnL min-
I 

helium 

prior to use and followed with a 30 rnL min-I helium sparging during the entire HPLC 

run. Data generated by the detector were collected and processed on an mM compatible 

computer using Delta software (V.4.06 Digital Solutions Ltd. Australia). 

2.2.3.3a Normal phase HPLC: An amine column (Alphasil 5NH2, 250 mm x 4.6 mm, 

HPLC Technology) was used to achieve bulk separation of cytokinin glucosides 

(excluding iP9G) from all cytokinin free bases and ribosides (but including iP9G) 

according to a gradient protocol developed by Lewis et al. ( 1996). The cytokinin free 

base and riboside bulk fraction was collected over the period of 1 - 1 3  min and the 

cytokinin glucoside bulk fraction from 1 3  - 28 min. Both fractions were then 

evaporated to near dryness and taken up in 50 J.lI of 25% methanol respectively in 

preparation for Cl8 HPLC. The separation of glucosides from the other cytokinins was 

verified by running cytokinin standards on HPLC at the beginning and end of every 4 -

8 sample HPLC runs. The cytokinin standard solution used for normal phase HPLC 

included Z, DZ, cisZ, ZR, DZR, cisZR, iP, iPA, iP9G, ZOG, DZOG, ZROG, DZROG, 

Z9G and DZ9G (around 1 0  -50 ng of the individual cytokinins/50J.lL injection). The 

solution contained the same concentration of acetonitrile (50% v/v) as used in 

dissolving samples. After the cytokinin standard run at the beginning, the injection port 

was washed at least three times with 1 50 J.lL 1 00% HPLC methanol and two blank 

solvent runs followed to clean the column prior to sample application. 

2.2.3.3b Reverse phase HPLC: The HPLC mobile phase gradient used in this 

experiment was an adaptation of those described in MacDonald et al . ( 1985), Jameson 

and Morris ( 1 989) and Lewis et al . ( 1 996). The separation of individual cytokinins in 

each bulk fraction (cytokinin free bases/ribosides, cytokinin glucosides and 

dephosphorelated cytokinin nucleotides) was achieved on an octadecyl silica C I 8 

column (Beckman Ultrasphere 5 J.lm, 250 mm x 4.6 mm) with a triethylamine/acetic 

acid buffer (pH 3 .5, referred to as HPLC buffer)/methanol/acetonitrile gradient. Briefly, 

the Cl8  HPLC column was equilibrated in HPLC buffer (40 mM triethylammonium 

acetate (TEA, pH 3.5) containing 20% methanol. The samples were eluted with mobile 

phase gradients: 20% methanol over 1 min, 20-22.4% over 4 min, 22.4-3 1 .2% methanol 
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over 4 min, 3 1 .2-32% over 5 min, 32-32.8% over 5 min, 32.8% methanol to 20% 

acetonitrile over 1 min, 20-23.2�cetonitrile over 5 min, 23.2-24% acetonitrile over 5 

min, 24.0% acetonitrile to 80% methanol over 10 min. The flow rate was 1 mL min-I . 

Fractions (30 seconds) were collected in 1 .5 mL Eppendorf tubes. A cytokinin standard, 

which contained about 20 ng each of Z9G, DZ9G, Z, DZ, cisZ, ZR, DZR, kinetin, iP9G, 

iP and iPA, was run prior to the fIrst sample application and after every fourth sample 

run to enable retention times of compounds exhibiting cross-reactivity in the RIA to be 

compared with retention times of authentic standards. After the standard run, the 

injection port was cleaned at least three times with 1 50 J.1L HPLC methanol. Two 

injections of buffer always followed the cytokinin standard run and the fractions 

collected following the second buffer injection were subjected to RIA for contamination 

check. 

2.2.3.4 Purification and separation of cytokinin glucosides by immunoaffinity spin­

columns: The procedures for purifIcation and separation of novel cytokinin glucosides 

and traditional O-glucosides are outlined in Fig. 2.2. 

2.2.3.4a Preparation of anti-cytokinin antibodies: One gram of each of the lyophilised 

hybridoma culture fluids of antibody tZR3 which has a broad cross-reactivity for Z, ZR, 

DZ, DZR, Z9G and DZ9G, and iPA3 which has strong specifIcity for iP and iPA were 

reconstituted in 5 mL haIf-strength PBS buffer (pH 7.2). The tZR3 and iPA3 antibodies 

were gifts to Professor P. E. Jameson from Dr G. M.  Banowetz. Subsequently,  the 

antibody solutions were adjusted to contain 50% saturated concentration of ammonium 

sulphate and remained on ice for 1 h with frequent gentle shaking. The solutions were 

then subjected to centrifugation at 3000 g for 1 5  min at 4°C. The resulting pellets 

containing anti-tZR3 or anti-iPA3 antibody were re-suspended in 2 mL haIf-strength 

PBS buffer and dialysed against 2 L half-strength PBS buffer with constant gentle 

stirring at 4°C for 48 h; three buffer changes were made during the dialysis. The 

dialysed solutions were then passed through a 5 mL DE23 column (which had been 

conditioned in half-strength PBS for 1 5  h), with half-strength PBS as eluting solution, 

1 .5 mL fractions were collected. To determine the fractions which had antibody 

activity, 50 ilL aliquots were taken from every fraction and mixed with 300 IlL RIA 
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buffer (Section 2.2.5. 1 )  containing 2500 cpm 3H-tZRTA for tZR3 or 2500 cpm 3H_ 

iPATA for iPA3. Based on the RIA results, all the antibody-containing fractions of 

tZR3 or iPA3 were combined and concentrated using 1 5  mL ManosepTM concentrators 

with a protein cut-off point of 1 0K. Finally, 1 mL each of purified and concentrated 

tZR3 and iP A3 were obtained and ready for use. 

Cytokinin bases, ribosides & glucosides (as in Fig. 2. 1 )  

l 
Amine column HPLC 

1 
I 1 

Glucosides Cytokinin bases, ribosides & 

1 9-glucosides 

IImmunoaffinity spin-column 1 ---. Methanol eluate 

l l 
Wash solution C1s HPLCI 
1 C1S column 1 

l 
Methanol eluate 

�-glucosidase 
.. 

�-glucosidase 

l 

RIAs ES MS/MS RIAs ES MS/MS 

Figure 2.2. The procedures for purification and separation of novel 
cytokinin glucosides from traditional O-glucosides. c:::J indicates column 
was used. 

2.2.3.4b Purification and separation of cytokinin glucosides: To purify novel cytokinin 

glucosides and separate them from traditional O-gIucosides, the gIucosides were 

collected between 1 2  and 28 min from the amine column HPLC (Fig. 2 . 1 ), dried and re­

dissolved in 1 mL 50 mM PBS containing 0.5 mL purified tZR3, 0.5 mL iPA3 
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antibodies and 0. 14 M NaCl. Subsequently, a portion of the solution was transferred 

into 0.5 mL micro-concentrator which had a protein cut-off point of lOK (NanosepTM , 

PALL FILTRON) and spun at 1 2,000 rpm in a micro-centrifuge until near dryness. This 

process was repeated until all the solution had passed through the concentrator. In this 

way, two cytokinin pools were produced: traditional O-glucosides, which were not 

retained by the antibodies, passed through the membrane of the concentrator. However, 

all the other glucosides cross-reactive with the antibodies, including novel glucoside 

cytokinins, were retained by the antibodies and remained in the concentrator because the 

antibodies were not able to pass through the membrane of the micro-concentrator (Fig. 

2.2) . 

To identify O-glucosides and avoid contamination by antibody cross-reactive cytokinin 

glucosides, the solution which had passed through the antibody-containing concentrator 

was combined and the volume of it was reduced in vacuo using the Savant Speedvac. 

Subsequently, the same process of purification of the solution using the immunoaffinity 

micro-concentrator was repeated two more times. The resulting solution which had 

gone through the antibody-containing micro-concentrator three times was passed 

through a C 1 8  column (3 mL BV). The methanol eluates of the C18 were concentrated in 

vacuo. This bulk fraction was then checked by RIA (Section 2.2.5. 1 )  to confirm the 

absence of cross-reactive cytokinins and stored at 4°C until required for identification of 

the traditional O-glucosides. 

The antibodies remaining in the micro-concentrator were washed twice with 0.5 mL 50 

mM PBS containing 0. 14  M NaCl. Subsequently, the cytokinin glucosides retained by 

tZR3 and iP A3 antibodies were recovered by spinning 0.7 mL methanol (0.5 mL the 

first time and 0.2 mL the second time) through the micro-concentrators at 1 2000 rpm. 

The methanol eluates were evaporated in a Savant Speedvac to reduce the volume and 

stored at 4°C until required for novel cytokinin glucoside analysis. The antibodies were 

recycled by being immediately re-suspended in water and washed with 0.5 mL water 

three times after methanol elution of the cytokinins and finally dissolved in 1 mL 50 

mM PBS containing 0. 1 4  M NaCl. 
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2.2.4 Enzyme treatments 

2.2.4. 1 Alkaline phosphatase treatment: To measure individual cytokinin nucleotides, 

the phosphate groups on these molecules were cleaved by alkaline phosphatase before 

the separation of the corresponding dephosphorylated forms through C 1 8  HPLC. 

Cytokinin nucleotide fractions eluted from the DEAE columns (Fig. 2. 1 )  were 

evaporated to complete dryness in vacuo (Savant Speedvac) and then dissolved in 5 rnL 
phosphatase reaction solution containing 0. 1 M ethanolamine (pH 9.5), 0. 1 mL 40 mM 

MgCh and 20 � alkaline phosphatase (Sigma EC 3 . 1 .3 . 1 ). Subsequently, the reaction 

solution was subjected to incubation at 3rc overnight (ca. 1 2  h) (Hocart et al . ,  1 990). 

After incubation, the reaction solution was loaded onto a preconditioned C18  column 

with 3 mL BV and washed with 9 mL Milli Q water. The dephosphorylated cytokinins 

were eluted from the column with 1 5  mL of 80% methanol. The eluate was evaporated 

to near dryness and re-dissolved in 50 � 25% methanol prior to C 1 8  HPLC. 

2.2.4.2 {3-glucosidase treatment: To remove the glucosyl group from cytokinin 

glucosides with a �-glucoside bond linkage, fractions containing cytokinin glucosides 

were evaporated to dryness and re-dissolved in 0.5 mL to 5 mL (according to sample 

size) f3-glucosidase reaction solution containing 0.3 mg/L �-glucosidase (from sweet 

almonds, Boehringer Mannheim) in 50 mM sodium acetate buffer (pH 5 .4) (Jameson et 

aI . ,  1 982). After 22 h incubation at 25°C, the reaction solution was either dried down, 

taken up in 50 J.1L 25% methanol (when sample volume was small) and directly applied 

to C18  HPLC or passed through a C18  open column to extract de-glucosylated cytokinins 

(when sample volume was large) prior to application to C18  HPLC. 

2.2.5 Detection and identification of cytokinins 

2.2.5. 1 Radioimmunoassay (R1A): Two monoclonal antibodies were used for the RIA: 
clone 1 6  which cross-reacted with hydroxylated cytokinins such as Z, DZ, ZR, DZR, 

and Z9G, and clone 1 2  which is cross-reactive with non-hydroxylated cytokinins such as 

iP, iPA and iP9G (Trione et aI. ,  1 985; Lewis, 1994) (Appendix A). 

A streamlined protocol was developed based on more traditional RIA procedures 

(MacDonald and Morris 1985, Jameson and Morris 1 989). The dried fractions from C18 
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HPLC in 1 .5 mL Eppendorf tubes were dissolved in 450 III antibody-antigen reaction 

solution which included RIA buffer [(50 mM sodium phosphate buffer with 0. 14  M 

NaCl, pH 7.2, 0. 1 % w/v gelatine (Difco), 0.01 % ovalbumin (Sigma Grade V)], 3H-ZR­

trialcohol or 
3
H-iPA-trialcohol with radioactive strength being adjusted to 5000 cpm per 

450 JlI reaction solution; and clone 1 2  or clone 16 providing approximately 2500 cpms 

binding (BO) per 450 JlL reaction solution. Samples were incubated in the reaction 

solution for 30 min at room temperature, followed by addition of 600 III 90% saturated 

ammonium sulphate (pH 7.0) and mixed well. After 1 5  minutes, the tubes were 

centrifuged at 10,000 rpm for 2 min and the supematants aspirated. Antigen was 

released by addition of 50 III methanol . Finally, the released radioactivity was 

quantified using liquid scintillation counting (Wallac) after addition of 1 mL 

scintillation cocktail (Optiphase Hi-Safe 2, Wallac). Fractions collected during C 1 8  

HPLC from 0 to 25.5 min were assayed with clone 16  using 3H-ZRTA as competitor 

and fractions eluting from 26 to 40 min were assayed with clone 1 2  using 3H-iPATA as 

competitor. 

Standard curves were always included in each batch of RIAs to enable an accurate 

calculation of the amount of cytokinin in the samples of the same batch. A series of 

dilutions in triplicate of ZR (when clone 16  was used) or iPA (when clone 1 2  was used) 

between 0 and 100 pmol were prepared by diluting a 1 0-3 M stock solution with 50% 

HPLC methanol into 1 .5 mL Eppendorf tubes (triplicate) . Subsequently, the tubes were 

dried using the Speedvac, and the RIA reaction solution added as described above for 

samples. 

2.2.5.2 Electrospray mass spectrometry: The confirmation of cytokinin identities was 

carried out on a PE SCIEX API 300 LCIMSIMS mass spectrometer (Perkin-Elmer Sciex 

Instruments) which is a triple quadrupole instrument equipped with an atmospheric 

pressure ionisation (API) source. Sample solutions were introduced into a fused silica 

capillary tube (id 1 -2 /lm) using a syringe pump (Harvard model 2400-00 1 )  at a rate of 

5 J.1L per minute. Electrospray was performed by applying a potential between 4.5 and 5 

KV to a stainless syringe needle into which the capillary was fed. The capillary tube 

was kept flush with the tip of the syringe needle. A coaxial air spray was applied along 
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the sprayer to assist liquid nebulisation, and this was usually adjusted to 0.7 Vmin. The 

conditions for ionisation were optimised to an ion spray voltage at 5KV, and orifice 

voltage at 30 volts and a focussing RNG voltage at 1 00  volts. While these condition 

were used for straight mass analysis of all cytokinins, occassionally the conditions were 

optimised for individual molecules. All samples were dissolved in 50% (v/v) 

methanol/water. The instrumental scale of Q 1 and Q3 for the mass to charge ratio (m/z) 
was calibrated with a polypropylene glycol standard (PPG standard). The mass scans 

were usually carried out in Q l  between the region of 50 and 700 m/z with a step length 

of 0. 1 amu and a dwell time of 1 ms. To obtain structural information, the mass 

spectrum of components of a particular cytokinin were also measured by the third 

quadrupole after fragmentation of the molecular ion using collision induced dispersion 

(CID). Molecular and component masses were determined from the measured m/z 

values for the protonated molecules and components. 

To obtain standard mass spectra of different forms of cytokinins, standard cytokinins 

(eHs]-Z, eH3]-DZ, eHs]-ZR, eH3]-DZR (Apex Chemicals, England), ZOG, ZROG, 

DZROG, iP, iPA and iP9G (Sigma» dissolved in 50% methanollmilli Q (v/v) at lO-
s 

-

10-6 M concentration were introduced into the instrument through the electrospray 

interface by direct injection with a microsyringe at 5 JlUmin. The mass spectra of both 

parent ions (quasi-molecular ions) and product ions produced from the parent ions by 

CID were determined. 

The cytokinin samples used for mass spectrometry were derived either from the mature 

buds of field-grown trees [collected on May 9, 1 995 (8-year-old trees) and April 1 ,  1 997 

(mixture of 9-year-old and 5-year-old trees)] or from tissue cultured material. Cytokinin 

extraction, purification and isolation were carried out as described in Section 2.2.3 

(outlined in Fig. 2. 1 and 2.2). For the novel cytokinin glucosides designated by x, the 

fractions containing ZRx, DZRx and iPAx collected from C1 8 HPLC were completely 

dried and re-dissolved in 50% methanollMilli Q water (v/v). Individual fractions were 

analysed by mass spectrometry as described above. The identification of the quasi­

molecular ions [M+H+] of the cytokinins was carried out using the first quadrupole mass 

detector. Peaks were then selected for further analysis by MS/MS. To do this, 
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conditions were optimised for the selected rnJz (optimising ion spray, orifice and ring 

voltages). These ions are then directed into the collision cell where they collide with 

neutral gas molecules (the flow of gas molecules into the collision cell was also 

optimised for the analyte). The collision energy was varied in order to bring about 

fragments of the parent molecules and the third quadrupole recorded all the fragment 

ions. To identify traditional cytokinin O-glucosides, the bulk fractions purified using 

tZR3 and iPA3 antibodies as described in Section 2.2.3 .4b and Fig. 2.2 were dissolved 

in 50% methanoVwater (v/v) and then introduced into the mass spectrometer the same 

way as described for the standards and other samples. 

2.3 Results 
2.3.1 PVPP column analysis 

To test the performance of PVPP columns in purifying cytokinin extracts, a mixture of 

standard 3H-ZRTA, '3H-iPATA and 14C_AMP (serving as internaJ markers of non­

phosphorylated cytokinins and cytokinin nucleotides respectively) or cytokinin extract 

samples spiked with 3H-ZRTA, 3H-iPATA and 14C_AMP were applied to the columns 

(as described in Section 2.2.3. 1 ) . In both cases, it was found that the 3H-Iabelled 

cytokinins and the 14C-Iabelled nucleotide were very easily eluted off the columns when 

acidic methanol was used as the eluent (Fig. 2.3A and B). For a 20 mL bed volume 

PVPP column, cytokinins were detected in the eluate fractions after only 10 mL (half 

BV) eluent had passed through the columns. All the non-phosphorylated cytokinins and 

nucleotide were completeJy eluted off the columns with 20 mL eluting solvent ( 1  BV). 

Moreover, the nucleotide co-eluted with other forms of cytokinins (Fig. 2.3A and B). 

While cytokinins and nucleotide quickly passed through the PVPP columns, it was 

observed that a layer of pink-brownish precipitate was arrested on the top of the 

columns and substances associated with a yellow colouration were retained by the upper 

parts of the columns. 

2.3.2 Separation of nucleotides from the other forms of cytokinin using DE52 

As described in Sections 2.2.3.2b - d, DE52 columns were tested to separate nucleotides 

from all the other non-phosphorylated forms of cytokinins. Distinctive separation of 

14C_AMP from 3H-ZRTA and 3H-iPATA in the standard mixture was achieved by DE52 
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Figure 2.3. Elution profiles of cytokinins through PVPP columns. 

A: Elution profile of a mixture of 3H-ZRTA, 3H-iPATA and 14C_AMP 
on PVPP column; B: actual sample (field tree buds) with internal 

standards 3H-ZRTA, 3H-iPATA and 14C_AMP on PVPP column. 
Column: PVPP, 20 ml bed volume packed in a 30 ml polypropylene 
syringe barrel. Mobile phase: 80% methanol in 0.5 N acetic  acid. 
Flow rate: unrestricted. 1 mL fractions were collected. Detection: 50 
� eluate of every fraction was mixed with 1 ml scintillation cocktail 
and radioactivity determined using a Wallac Liquid Scintillation 

Counter. Combined 3H and 14C activity was used in B .  Different 
amounts of radioactivity were added in A and B and no correction was 
made to the values shown in the figures. 
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columns (Fig. 2.4A). When 10 mM ammonium acetate buffer (pH 6.5) was used to 

elute the columns, 3H-ZRTA and 3H-iPATA cytokinins began to appear in the eluate 

fractions after only half a BV of the buffer had gone through the columns and 2 BV of 

the buffer was sufficient to elute all the 3H-ZRTA and 3H-iPATA cytokinins from the 

columns. Meanwhile, it was observed that 14C_AMP was strongly retained by the DE52 

during elution, with no significant 14C_AMP being found in the buffer fractions. To 

elute 14C_AMP from the DE52 columns, 1 .5 BV of acetic acid (pH 2.5) was required 

before any 1 4C_AMP appeared in eluate fractions and a further 1 .5 BV of the acid (pH 

2.5) was essential for the complete recovery of 14C_AMP (Fig. 2.4A). 

To examine the elution profile of plant samples on DE52 columns, the extracts were 

spiked with 3H-ZRTA, 3H-iPATA and 14C_AMP and were subsequently run through a 

DE52 column. The DE52 column had a pre-column of PVPP to remove gel-like 

substances. The same separation profiles were obtained with the spiked samples (Fig 

2.4B) as observed in the standards despite an increase by about 12  mL in the 

requirement of 10 mM ammonium acetate buffer (pH 6.5) due to the addition of the 

small PVPP column. 

2.3.3 Recoveries of cytokinins after passage through the PVPP-DE52-C18 column 

series 

The performance of the entire model PVPP-DE52-C1 s column complex was also 

assessed by examining recoveries of internal markers eH-ZRTA, 3H-iPATA and 14C_ 

AMP) from the individual columns of the PVPP-DE52-C1 s linked series. The results 

are displayed in Table 2. 1 .  DE52, which trapped the nucleotide, gave more than a 90% 

recovery for nucleotide, determined as 14C radioactivity and this was shown to be 

repeatable. The average recovery for the non-phosphorylated cytokinins from the C 1 S 

columns was more than 75% and also gave repeatable results. The PVPP pre-columns 

were eluted with 80% methanol after being disconnected from the series, but no 

radioactivity was detected in the methanol eluate. 

2.3.4 HPLC separation of cytokinins 

2.3.4. 1 Bulk separation of cytokinins: An efficient normal phase HPLC protocol 
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Figure 2.4 Separation profiles of cytokinins through DE52 columns. A: a 

standard mixture Of 3H-ZRTA, 3H-iPATA and 1 4C_AMP; B :  an actual 

sample (field tree buds) containing internal standards 3H-ZRTA, 3H-iPATA 

and 14C_AMP through a DE52 column which had a PVPP pre-column ( 1 0  
mL BV). DE52 column was 20 mL bed volume; 1 0  mM ammonium 

acetate buffer (pH 6.5) was used to elute 3H-ZRTA and 3H-iPATA; 1 N 

acetic acid (pH 2.5) was used to elute 14C_AMP. The flow rate was 
unrestricted and 4 mL fractions were collected. 50 � eluate from every 
fraction was mixed with 1 mL scintillation cocktail and radioactivity was 
determined using Wallac Liquid Scintillation Counter. Values in the 
figures were not corrected. 
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Table 2. 1 .  The performance of the entire model PVPP-DES2-C1 S column complex. 
Tissue cultured micro-shoots were collected and extracted as described in Section 
2.2.2.2 but radio-labelled internal standards were added after the homogenisation of 
samples. Other conditions were as described in Section 2.2.3. Phosphorylated 
cytokinins were traced as 14C_AMP and non-phosphorylated cytokinins were traced as 
3H-ZRTA and 3H-iPATA. 

Complex Volume Recovery Error(%) 
number resulted (%) 

DE52 (releasing Rep. 1 45 mL 93.8 0.4 

Phosphory lated cytokinins) Rep. 2 45 mL 90.8 

C 1 s (releasing Non- Rep. 1 1 5 mL 76.7 3.3 

phosphory lated cytokinins) Rep. 2 1 5  inL 77.0 

developed by Lewis et al.( 1996) was used to separate cytokinin free bases and ribosides 

from cytokinin glucosides. According to the separation profile of cytokinin standards 

obtained using this protocol (Fig. 2.5), a clear separation of the free bases and ribosides 

(minute 0 - 9.0) from the glucosides (minutes 1 3.0 - 28.0) could be achieved with the 

exception of iP9G (Rt = 1 0.65). Because iP9G was cross-reactive with clone 12  

antibodies, and eluted earlier than iP  or iPA on a reverse phase C1 s column, i t  was 

pooled with the free bases and ribosides. 

2.3.4. 2  Separation of individual cytokinins: Reverse phase HPLC was employed to 

separate individual cytokinins (Section 2.2.3.3b). A distinctive separation of individual 

standard cytokinins which were cross-reactive with clone 16  or clone 1 2  was achieved 

(Fig. 2.6) . As marked in Fig. 2.6, the retention times of the internal standards 3H_ 

ZRT A, 3H-iPAT A and 14C-adenosine (product of 14C_AMP following treatment with 

phosphatase) were clearly different from other cytokinins. The only exception was that 

DZ9G and 3H-ZRTA were not clearly separated. 

2.3.5 Radioimmunoassay 

A streamlined radioimmunoassay protocol (Section 2.2.5. 1 )  was used to detect and 

quantify the individual cytokinins extracted from the P. radiata materials (as described 

in Section 2.2 . 1 )  following separation of individual cytokinins by reverse phase HPLC. 

Because three steps in the traditional RIA protocol were reduced in the streamlined 
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Figure 2.5 Normal phase HPLC separation of cytokinin standards. A clear cut was 
made to separate glucosides (excluding iP9G) from free bases and ribosides at 1 3  
min. Column: Alphasil 5NH2, 5 J.1Ill, 250 x 4.6 mm. Detection: absorbance at 269 
nm. Other conditions were according to the protocol described previously ( Lewis 
et al. ,  1 996). 
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Figure 2.6 Reverse phase HPLC separation of cytokinin standards. Column: 250 x 
4.6 mm octadecyl silica el8 Altex. Mobile phase: 40 mM HPLC buffer (pH 
3.5)1methanoVacetonitrile (Section 2.2.3 .3b). Flow rate: 1 ml min-I . Detection: 
absorbance at 269 nm. 
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protocol to a one step operation (RIA buffer, radioactive labelled competitor and 

antibodies were pre-mixed), the time and labour required for the streamlined RIA 

protocol was reduced significantly compared to the traditional procedures. 

Consequently, 700 to 1000 RIA tubes were able to be handled per assay compared with 

250 to 300 tubes for the traditional procedure. Moreover, due to the RIA reaction 

solution being aliquotted once as a larger volume (i.e. one 450 JlL aliquots compared to 

three individual, smaller aliquots in the traditional protocol), more accurate aliquots and 

fewer aliquotting errors were achieved. As a result, the baseline of the RIAs had much 

less background noise compared with the baseline obtained from the traditional RIA 

protocol. 

To quantify the cytokinins using RIA, a particular standard curve for clone 1 6  against 

ZR or for clone 12 against iPA always accompanied each batch of RIAs. Fig. 2.7 A and 

B demonstrate representative standard curves for clone 16  and clone 1 2  respectively. 

Cytokinin concentrations were calculated according to the linear regions of the standard 

curves. Therefore, calculation equations as shown in Fig 2.7C and D were obtained 

from the transformation of the linear regions of these standard curves and used in 

quantifying cytokinins. The basic form of the calculation equations was y = ax + b, 

where y represents BIBO ratio; x is Log(pmol of ZR or iPA); a is the slope of the straight 

line the equation represents and b is the interception of the line on the Y axis (Fig 2.7C 

and D). 

2.3.6 Mass spectra of standard cytokinins 

Mass spectrometry of standard cytokinins was carried out as described in Section 

2.2.5.2. Table 2.2 shows the diagnostic positive ions of cytokinins generated by tandem 

(MS/MS) mass spectrometry. All standard cytokinins produced quasi-molecular ions 

[M + Ht as parent peaks. More structural information for individual cytokinins was 

obtained following analysis of the daughter ions produced by fragmentation of the 

parent peaks. 

The iP had a quasi-molecular ion [M+Ht at m1z 204 mass units and iPA at m1z 336 

mass units. After fragmentation, two product ions at m1z 148 and 136 were formed 

from the iP parent ion and three product ions at m1z 204, 148 and 136 from the iP A 
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Figure 2.7 Examples of radioimmunoassay standard curves for antibodies 
employed in RIAs in this thesis. A: a standard curve for clone 16  against ZR; 
B :  a standard curve for clone 1 2  against iPA; C:  a calculation equation 
derived from the linear part of the clone 16  standard curve in A; D: a 
calculation equation for clone 1 2  transfonned from the linear region in the 

sandard curve in B .  B = binding of 3H-ZRT A or 3H-iPATA in the presence of 

ZR or iPA; BO = binding of 3H-ZRTA or 3H-iPATA in the absence of any 
labeled ZR or iP A.  X axis in A and B also has a log scale. 



Table 2.2 Diagnostic positive ions in MSIMS spectra of standard cytokinins. 

Cytokinin forms 

Isopenteny ladenine 

Isopenteny ladenosine 

Isopentenyladenine-9-glucoside 

Zeatin-O-glucoside 

Zeatin riboside-O-glucoside 

2H3-dihydrozeatin 

2H3-dihydrozeatin riboside 

Dihydrozeatin riboside-O-glucoside 

Parent 

[M + Ht ion 

204 

336 

366 

382 

5 14 

225 

357 

5 1 6 

Daughter ions rnlz 

148, 1 36 

204, 148, 1 36 

204, 148, 1 36 

220, 202, 148, 1 36 

382, 352, 220, 202, 1 48 , 1 36 

225 

384, 354, 222 
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parent ion .  The product ions at rnlz 148 and 1 36 indicate partial (rnlz 148) or complete 

(m1z 1 36) loss of the side chain from iP and iPA and the product ion at rnlz 204 from 

iPA was due to the cleavage of the ribosyl group off the molecule. A typical MSIMS 

spectrum of iPA is displayed in Fig. 2.8. 

The Z-like cytokinins also lost their side chain either partially (m1z) 148, or completely 

(m1z 1 36) in a way that was similar to iP-like cytokinins. The composition of the 

zeatin-containing cytokinins was determined using tandem mass spectrometry to identify 

characteristic daughter ions. For example, zeatin riboside-O-glucoside produced a 

quasi-molecular ion at m1z 5 14 and daughter ions at m1z 382, 352, 220, 202, 148 and 

1 36. Among the product ions, the ion at m1z 382 indicates the formation of [ZOG + Ht 

due to the loss of the ribosyl group from ZROG. The ion at m1z 352 represents the 

formation of [ZR + Ht due to the loss of the glucosyl group from the ZROG. The ion 

at rnlz 220 indicates [Z + Ht. The ion at mJz 202 indicates that a cyclisation of the side 

chain has occurred with the loss of H20 from the zeatin. The ions at m1z 1 48 and 136 

indicate the partial and complete losses of the five-carboned side chain from the zeatin 

(Fig. 2.9). Although it was clear on the MSIMS spectrum that a ribose unit was cleaved 

from molecules of the ribosides, an ion peak representing the ribose moiety was not 

observed. In contrast to the zeatin- and iP-containing cytokinins, the MSIMS spectrum 

of dihydrozeatin-O- glucoside (Fig. 2. 10) shows strong ion peaks 
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at mlz 384 [DZOG + Ht and 222 [DZ + Ht. However, no ions with mlz values of 148 

and 1 36 were observed using the same conditions as those used in Fig. 2.9 for ZROG 

fragmentation, indicating the stabil ity of the five-carbon side chain in contrast to the 

relatively easy fragmentation of the glucosyl and ribosyl groups from DZROG. The 

MSIMS spectra of both ZROG and DZROG showed that the ion peaks representing the 

ZOG (rnJz 382, Fig. 2.9) and DZOG (rnJz 384 which was not observed, Fig. 2. 1 0) are 

much stronger than the peaks representing ZR (rnIz 352, Fig. 2.9) and DZR (mlz 354, 

Fig. 2. 10) respectively. This indicates that the O-glucoside bonds on the. side chains' are 

more stable than the N-ribosyl bonds on the purine rings. 

2.3.7 Endogenous cytokinins in the buds of P. radiata 
2.3. 7. 1 Cytokinins detected by RIAs: Bulk fractions of cytokinin free bases and 

Jihosides, dephosphorylated c),10kinins, and glucosides, isolated from the bud material 

(as described in Section 2.2. 1 )  using the procedures outlined in Fig. 2. 1 ,  were each 

fractionated on CI8 HPLC and collected in 0.5 min fractions (Section 2.2.3 .3b) . · Fig. 
2. 1 1 shows representative R1A histograms of individual 0.5 min fractions of the HPLC 

eluate with clune 16  or done 1 2  (Section 2.2.5. 1 ). By comparison of the retention times 

between sampie R1A peaks and standard cytokinin peaks, it was determined that ZR, 

DZR, iP and iPA were the free base and riboside cytokinins present in the buds of P. 

radiata (Fig. 2. 1 IA). The detection limit in the RIA was ca 1 pmol. 

Cytokinin nucleotides were dephosphorylated (Section 2.2.4. 1 )  prior to reverse phase 

HPLC step so that their identities could be determined by comparison with the retention 

times of standard cytokinins. As marked in Fig 2. 1 IB, three of the RIA peaks were 

identical to the retention times of ZR, DZR and iPA and accordingly I concluded that 

ZR nucleotide, DZR nucleotide and iP A nucleotide are present in the bud tissues. 

Interestingly, the retention times of the other three peaks in Fig.  2. 1 1B did not 

correspond to any known form of cytokinin nucleotide but matched those of the 

cytokinin glucoside peaks shown in Fig. 2. 1 1  C. Therefore, these peaks were regarded as 

novel cytokinin nucleotide peaks, and designated as ZRx nucleotide, DZRx nucleotide 

and iPAx nucleotide as it was subsequently found that these cytokinins contained ZR, 

DZR and iPA components respectively (Section 2.3.7.2 and 2.3 .7.3). 
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Figure 2. 1 1 Cytokinins detected in 8-year-old mature buds of Pinus 

radiata using RIAs. HPLC fractions 0-25.5 rnin were assayed with 
clone 1 6  and 26-40 rnin assayed with clone 12 .  A: free bases and 

ribosides; B :  cytokinins released from phosphorylated cytokinins 

after treating with alkaline phosphatase; C: cytokinin glucosides. 

Data shown in the figure were not corrected for losses or cross 

reactivity. 
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Figure 2. 1 1C shows the profiles of glucosides detected with RIAs after C I 8  HPLC. 

These glucosides were neither traditional O-glucosides nor N-glucosides, because 

traditional O-glucosides were not able to cross-react with the anti-cytokinin antibodies 

used and the retention times of any cross-reactive N-glucosides were very different from 

those of the cytokinin glucoside peaks shown in Fig 2. 1 1  C under the HPLC conditions 

used in this thesis (Section 2.2.3.3b and Fig. 2.6). As mentioned earlier, these peaks had 

identical retention times to those of the dephosphorylated novel cytokinin nucleotide 

peaks shown in Fig. 2. 1 1  B. Therefore they are designated as ZRx, DZRx and iP Ax 
(Fig. 2. 1 1  C). 

2.3. 7.2 Evidence of novel cytokinin glucosides by HPLC analyses and enzyme 

treatments: Since the RIA results displayed in Fig. 2. 1 1  revealed the presence of three 

major novel cytokinin glucosides (which had been pooled in the glucoside fraction from 

the amine column HPLC, Section 2.2.3.3a) and their respective phosphorylated fonns, 

the novel glucosides were further purified and isolated using an immunoaffinity method 

(Section 2.2.3 .4b and Fig. 2.2). This step was necessary to eliminate any possible 

contamination by traditional O-glucosides. The solid line in Fig. 2. 1 2  shows the 

separation profile of the immunoaffinity-purified novel cytokinin glucosides on CI 8 

HPLC. Two major UV -absorbing peaks with retention times at 16 . 1 and 1 7.0 min 

cross-reacted with clone 1 6  (Fig. 2. 1 3A, dark bars) and two peaks with retention times 

at 3 1  and 33 min cross-reacted with clone 1 2  (Fig. 2. 1 3B ,  l ight bars). 

After the sample fractions containing ZRx, DZRx and iP Ax were treated with p­

glucosidase (Section 2.2.4.2), both HPLC spectra (Fig. 2. 1 2, broken line) and RIA 

analyses (Fig. 2. 1 3A and B ,  l ight bars) demonstrated that ZR, DZR and iPA were 

released from ZRx, DZRx and iPAx respectively. These data indicate that the three 

novel cytokinin glucosides are conjugated with a hexosyl group (most likely a glucosyl) 

somewhere on the ribosyl group of their molecules. 

2.3. 7.3 Confirmation of novel cytokinin glucosides by mass spectrometry: For 

unequivocal identification of the novel cytokinin glucosides, representative samples of 

the individual fractions containing ZRx ( 1 6  min), DZRx ( 1 7  min) or iP Ax (33 min) 
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were subject to ES MSIMS analysis (Section 2.2.5 .2) respectively following C 1 8 reverse 

phase HPLC separation. The compound corresponding to retention time at 3 1  min was 

not further pursued because RIA activity was very weak after p-glucosidase treatment 

Fig.  2. 1 3B). 

ZRx produced a quasi-molecular ion peak at rn/z 5 1 4  (Fig. 2. 14) which was identical to 

that of standard ZROG(Fig. 2.9), indicating that ZRx and ZROG had the same 

molecular mass and they both have a molecular weight of 5 1 3. After fragmentation, 

ZRx produced product ions at mJz 352, 220, 202, 1 48,  1 36 (Fig. 2. 14), indicating that 

ZRx and ZROG share the common structural fragments of zeatin riboside (mJz 352), 

zeatin (rn/z 220) and purine (mJz 1 36). The absence of a product ion at rnIz 382 from 

ZRx (Fig. 2. 14) provided definitive evidence that the structural arrangements of the 

hexose moiety between ZRx and ZROG were very different. Although it was clear on 

the MSIMS spectrum that a hexose unit was present on the molecule, hexose was not 

positively charged under the conditions used. The lack of the ion at mJz 3 82 clearly 

shows the glucosyl in the ZRx must be linked to the ribosyl group rather than to the side 

chain. 

Fig. 2. 1 5  shows the MSIMS spectrum of DZRx. Similar to the standard DZROG 

displayed in Fig. 2. 1 0, DZRx compound was more stable than ZRx, producing fewer ion 

fragments under the same ionisation conditions as those used in analysing ZRx. Only 

two product ion peaks at mJz 354 and 222 were observed after the fragmentation of the 

quasi-molecular ion (mJz 5 1 6) of DZRx (Fig 2. 1 5) .  The ion at mJz 354 indicates the 

presence of ribosyldihydrozeatin in the DZRx molecule while the ion at mJz 222 

confirmed that dihydrozeatin was part of the DZRx molecule. By comparison with the 

spectrum of standard DZROG (Fig. 2. 10), it is very clear that the glucosyl group is 

linked to the ribosyl of DZRx molecule rather than to the side chain because no peak at 

mJz 384 was observed in the mass spectrum of DZRx. The ion at mJz 384 is 

characteristic of DZOG (Table 2.2). 

The mass spectrum of the HPLC fraction containing iPAx gave a quasi-molecular ion at 

mJz 498 (Fig. 2. 1 6). After fragmentation of this parent ion, a MSIMS spectrum of 
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product ions identical to that of iPA fragments (Fig. 2. 1 6  and Fig. 2.8) was produced, 

including the ions at m1z 336, 204, 148 and 1 36. Comparison between the mass spectra 

in Fig. 2. 16  and Fig. 2 .8 revealed that iPA (mlz 336), iP (m1z 204) and adenine (mlz 

1 36) were the components of the iP Ax molecule. Because the mass difference between 

iPAx and the biggest fragment iPA was 162 units, which is equivalent to the mass of 

one hexosyl unit, there must be a hexosyl group attached to the ribosyl of the iPAx 

molecule. 

Figure 2. 17  shows proposed structures of the novel cytokinins of ZR-G, DZR-G, iPA-G 

and their phosphorylated forms. 

2.3. 7.4 No evidence of traditional O-glucosides: After the removal of cross-reactive 

glucoside cytokinins by the novel immunoaffinity method (Section 2.2.3 .4b), the 

fractions which would contain the traditional O-glucosides were treated with 13-
glucosidase (Section 2.2.4.2) and checked with RIAs (Section 2.2.5. 1 ). There was no 

sign from RIA results indicating the existence of traditional O-glucosides. To confirm 

these results, mass spectrometry was used. Fig. 2 . 1 8  shows the mass spectra of the 

fraction which would contain O-glucosides if any were present. There were no 

significant peaks which would correspond to ZOG (m1z 382), DZOG (m1z 384), ZROG 

(m1z 5 14) or DZROG (m1z 5 1 6) (Fig. 2. 1 8A and B). Therefore, no evidence has been 

found that traditional O-glucosides were present in the buds of P. radiata. The 

detection limit of the MS was approximately 1 pmol. 

2.4 Discussion 

2.4.1 Methodology of cytokinin analysis 

A wide spectrum of cytokinins has been found in the mature buds from P. radiata trees. 

It is striking that so many novel cytokinins and their corresponding phosphorylated 

forms have been discovered. The results obtained in this thesis indicate that the strategy 

and the techniques employed in this work were effective. 

The initial extraction methodology is a key step in cytokinin analysis as chemical and/or 

enzymatic modification to cytokinin molecules may occur during the extraction process 
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(Tokota et al., 1 980). It had been found that non-specific phosphatase activity persisted 

even in aqueous alcohol solvents, causing conversion of cytokinin nucleotides to 

cytokinin nucleosides (Laloue and Pethe, 1982, Letham, 1 978, Horgan and Scott 1 987). 

Bieleski ( 1964) discovered that acidic organic solvents could efficiently inactivate 

phosphatases if plant tissues were kept at low temperature. The original Bieleski' s 

solution (methanol : chloroform : acetic acid : water; 12:5 : 1 :2) and a modified 

Bieleski' s  solution (Section 2.2. 1 )  were both successfully adapted later for cytokinin 
" 

extraction (Jameson et al., 1987, Singh et al.� 1988, Meilan et al.,  1 993, von 

Schwartzenberg et al. ,  1994, Day et aI . ,  1 995, Wang et aI . ,  1995). Although B ieleski ' s  

solvent i s  able to inactivate phosphatase, 80  % methanol i s  regarded as a more efficient 

solvent for cytokinin extraction (Horgan and Scott 1987) .  Therefore, the double-solvent 

extracting strategy used in this work (Section 2.2.2.2 and Fig. 2 . 1 )  should have the 

advantages of both inactivating phosphatases and, subsequently, effectively extracting 

cytokinins. 

In preliminary experiments, a highly coloured gel was formed when the sample extract 

was reduced to about 0.5 ml volume. This problem still remained even after the sample 

had been passed through the PVPP-DE52-Cls complex. By testing solubility, it was 

found that gel was more readily dissolved in water than in methanol .  Therefore, PVPP 

columns with acidified methanol as the eluting solvent were employed to test the 

possibility that acidified methanol could be used to flush cytokinins off the column 

quickly enough to leave the gel-forming impurities behind on the column. Indeed, all 

forms of cytokinins were readily eluted from PVPP columns (Fig. 2.3A and B) using 

this method. The fact that the gelling problem disappeared after this step was in 

agreement with the fact that visible solid substances and pigments were retained by the 

PVPP columns under the eluting conditions used. Biddington and Thomas ( 1 976) 

showed that low pH can accelerate cytokinin elution from PVP columns and 

coincidentally enhance binding of phenolics to PVP. 

The use of the PVPP-DES2-CJ s  column complex allowed further purification of sample 

extracts and separation of phosphorylated cytokinins from the other forms of cytokinins 

to take place in one passage. The PVPP column in the complex retained significant 
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amounts of green and yellow pigments when sample dissolved in buffer or water was 

percolated through at pH 6.5. These pigments may be different in binding 

characteristics from those which bound to the PVPP under acidic methanol eluting 

conditions. It is important to use a small PVPP column volume (no more than 10  mL in 

this thesis) in the column complex because, compared with acidic methanol as an 

eluting solvent, a much larger volume of eluting solution is required before any 

cytokinin can be eluted off PVPP column when aqueous buffer with a neutral pH is u sed 

as the eluting solution (Baddington and Thomas, 1976). In addition, a large PVPP 

column reduces the elution rate quite significantly. 

It has been shown in this thesis, as an alternative to a cellulose phosphate column, that 

anion exchangers such as DE52 can be successfully used in separating cytokinin 

nucleotides from the other forms of cytokinins (Fig. 2.4). The results (Section 2.3.2) 

indicate that cytokinin nucleotides can be retained very strongly by DE52 at pH 6.5. 

Using the complex developed in this experiment, simultaneous processing of multiple 

samples (8 - 10  samples) was achieved. In addition, compared to the several hundred 

millilitres of eluate normally collected from cellulose phosphate columns, the small 

volumes of the phosphorylated fraction (45 mL) derived from the DE52 column and the 

non-phosphorylated cytokinin fraction ( 1 5  mL of 80% methanol) collected from the 

small C 1 8  columns, meant that the samples could be dried quickly using a Savant 

Speedvac ( 1 2  samples at one time). Therefore, the use of a rotary evaporator could be 

eliminated. As shown in Table 2. 1 ,  good recoveries and reproducibility were obtained 

in model systems using the column complex. Compared with 60 -80 % recoveries 

reported using immunoaffinity columns ( MacDonald and Morris 1 985;  Doumas et aI., 

1989), our average recovery was reasonably good (77% - 100% for non-phosphorylated 

cytokinins after the C18 column of the complex; > 90% for phosphorylated forms). Very 

clean samples were obtained at this stage. 

Cellulose phosphate chromatography has been widely adapted for separating cytokinin 

nucleotides from the free bases, ribosides and glucosides. When cellulose phosphate 

chromatography is employed, acidic solutions with pH 3.0-3 . 1  are used to elute 

cytokinin nucleotides from cellulose phosphate columns, while the non-phosphorylated 
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cytokinins are bound to the column under these conditions (Parker and Letharn, 1973). 

As a result, the cytokinin nucleotides are separated from the rest of the cytokinin fonns. 

However, a certain proportion of positively charged nucleotides may be present under 

these acidic conditions (pH 3.0 - 3 . 1 ), because the phosphate group on cytokinin 

nuc1eotides may have no negative charges at pH 3.0 - 3 . 1  while the amino groups at 

position 6 of cytokinins (pKa 4.2, Horgan and Scott 1987) will be positively charged. 

Therefore the cytokinin nucleotide molecule can carry an overall positive charge. For 

instance, the phosphate group of the AMP molecule, which is widely used as a internal 

marker of nucleotides, has two pKa values for the phosphate groups on the molecule. 

The dissociation of W from the first phosphate group of AMP (pKa 3.8 ,  Dawson et al.,  
1 986) does not readily occur at pH 3 .0 - 3 . 1  while the amino group at position 6 of AMP 

can easily accept a H+ becoming positive, so that the whole molecule is positively 

charged. Therefore, great care needs to be taken when cellulose phosphate is used for 

the purpose of nucleotide separation, especially with the use of 
14

C_AMP as an internal 

standard. 

In contrast to cellulose phosphate, when anion exchangers such as DE52 are used, the 

sample is required to be at neutral pH. Under neutral pH, phosphorylated cytokinins 

carry a double negative charge while the other cytokinin forms do not carry any charge. 

Thus phosphorylated cytokinins will bind to the columns, while the other forms of 

cytokinin readily pass through the columns. It is, therefore, much easier to get clear 

separation between phosphorylated cytokinins and the other forms using an appropriate 

anion exchanger column than a cation exchanger column such as cellulose phosphate 

column. 

Furthermore, a low (for the nucleotides) or high pH (for the free bases, ribosides and 

glucosides) is needed to elute cytokinins from cellulose phosphate columns. This makes 

it impossible to link a C1s column underneath a cellulose phosphate column to collect 

cytokinins due to the ionisation caused by these conditions. However, the linkage of a 

C 1 s  column to a DE52 column has been successfully used (Jameson and Morris, 1989). 

A DE52 column linked in the PVPP-DE52-C1 S  complex has provided a very useful 

approach for small-sized sample processing. As with ion exchange chromatography, 
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overloading can be a problem (it was not observed in this thesis) when the ratio between 

sample size and column bed volume of DE52 becomes too high. To avoid an 

overloading problem, when a large sample size is required in cytokinin analysis, an 

alternative to using DE52 could be DE53 (twice the exchange capacity of DE52) or 

other large capacity anion exchanger such as DEAE-Sephadex A52 (three and half times 

the exchange capacity of DE52). 

Sjnce the radioimmunoassay technique was first appl ied to the analysis of cytokinins 

(Weiler, 1980) it has been a valuable technique for both qualitative and quantitative 

detection of cytokinins, especially in combination with HPLC techniques (McDonald 

and Morris, 1 985). However, the multiple steps of the addition of separately prepared 

RlA reaction ingredients (such as the buffer, the antibody and the tritiated competitor 

cytokinin) made the analysis very labour-intensive and time-consuming. More 

importantly, due to the errors caused by aliquotting antibody and tritiated competitor in 

small volume (50 �) and the highly sensitivity nature of the RlA technique, the 

baseline of RIA histograms is often found to be very noisy. The advantages of using the 

streamlined RIA protocol over traditional procedures include more accurate and 

repeatable aliquotting in larger volume, shorter analysis time and reduc.ed labour 

requirement. 

Immunoaffinity chromatography has been widely used in purifying cytokinins (DaviS et 

al., 1 986; MacDonald and Morris, 1 985; Doumas et al. ,  1 989; Nicander et al. ,  1993; 

Hammerton et al 1996) . Traditionally, to make an immunoaffinity column, anti­

cytokinin antibodies must be immobilised to a support such as cyanogen bromide­

activated cellulose or Sepharose (McDonald and Morris, 1985, Nicander et al . ,  1993). 

In this thesis, a much simpler, faster and more convenient immunoaffinity purification 

method was developed (Section 2.2.3 .4b). This technique takes advantages of the fact 

that the membrane of a NanosepTM spin column doemot allow antibodies to pass 

through. The antibodies are simply retained in the spin column in a favourable buffer 

solution rather than being chemically linked to support material . Therefore, the 

antibody activity can remain at maximum level and the antibodies can be easily 



recycled. The cytokinins retained by the correspoding antibodies can be easily 

dissociated using methanol. 
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Electrospray is a very useful ionisation technique that allows molecules of low volatile 

such as cytokinins to be introduced into a mass spectrometer without methylation or 

acetylation (Moritz, 1 996). Prinsen et al. ( 1995) demonstrated a successful application 

of ES MSIMS to cytokinin analysis. In this work, the technique has also been 

successfully used to identify the novel cytokinins in the buds of P. radiata. The 

detection limit as determined using standard cytokinins was similar to that reported by 

Prinsen et a1. ( 1 995) of about 1 pmol. 

2.4.2 Endogenous cytokinins in the buds of P. radiata 
It has been observed that trans-zeatin riboside (ZR) is present in the buds of mature 

Pinus radiata used in this thesis (Section 2.2. 1 ). This is consistent with the previous 

report that ZR was identified in the field buds of this species as determined by HPLC 

and GC-MS techniques (Taylor et aI . ,  1984). ZR has also been reported to be present in 

other coniferous species. In Pseudotsuga menziesii, ZR was detected in vegetative a.nd 

reproductive buds (Morris et aI. ,  1990) and in roots (Doumas et al . ,  1989). ZR was 

shown to be the most abundant cytokinin in buds of Picea abies (Bollmark et aI . ,  1 995; 

Chen et aI . ,  1996) and in buds of Picea sitchensis (Lorenzi et aI. ,  1 975). 

Dihydrozeatin riboside (DZR) was detected in the buds of P. radiata in this work. DZR 

has not been reported previously in P. radiata, nor in most other conifers investigated 

(Lorenzi et aI. ,  1 975; Morris et aI . ,  1 990; Bollmark et aI . ,  1 995; Chen et aI . ,  1 996) 

except in the roots of Pseudotsuga menziesii (Doumas et aI . ,  1989). DZR is resistant to 

cytokinin oxidase due to the lack of a 112 double bond in its N6 side chain (Jameson, 

1994). Therefore, DZR may be important in maintaining a certain level of cytokinin 

activity or be involved in controlling cytokinin turnover in buds of P. radiata. 

Attempts to identify isopentenyladenosine (iPA) in P. radiata have not been made by 

previous researchers (Taylor et aI . ,  1984). In this thesis, iPA has been detected in buds, 

which is in line with the results obtained from other conifers such as Pseudotsuga 



menziesii (Doumas et aI., 1 989; Morris, et al. ,  1 990) and Picea abies (Bollmark et al . ,  

1 995 and Chen et al . ,  1 996) . 
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Isopentenyladenine (iP) was the only free base cytokinin detected in the buds used in 

this work. The identification of iP in P. radiata was not pursued by previous 

researchers (Taylor et al . ,  1 984). In Pseudotsuga menziesii, although iP was not found 

in the roots (Doumas et  aI. ,  1 989), i t  was observed to be present in vegetative and 

reproductive buds (Morris et al. ,  1 990). 

Three novel cytokinin hexose conjugates (ZRx, DZRx and iPAx) have been isolated 

from the buds of P. radiata in this work (Fig. 2. 1 1  C). Because ZR, DZR and iP A were 

released when the three novel cytokinins were treated with �-glucosidase (Fig. 2. 1 2  and 

2 . 1 3 ), the hexosyl moieties are most likely to be glucose. The strong cross reactivities 

of ZRx and DZRx with clone 16, and iPAx with clone 1 2  (Fig. 2. 1 1 C and 2. 1 3) ,  indicate 

that the glucosyl moieties are not linked with the side chains. This was particularly 

obvious in iPAx, because it does not have a hydroxyl on the side chain for a glucosyl 

moiety to attach with. 

The evidence derived from the MSIMS spectra also clearly demonstrates that the 

glucosyl moieties were linked to the ribosyl groups on the novel cytokinin forms. 

Although the novel ZRx and DZRx had molecular weights identical to the traditional 

ZROG and DZROG respectively, their MSIMS spectra were significantly different. For 

instance, ZROG and DZROG produced strong ion peaks corresponding to ZOG (at rnIz 

382; Fig. 2.9) and DZOG (at rnJz 384; Fig. 2. 10) but very weak peaks corresponding to 

ZR (rnIz 352; Fig. 2.9) and DZR (rnJz 354; Fig. 2 . 1 0) respectively, indicating ZOG and 

DZOG structures are much more stable than ZR and DZR under the MSIMS conditions 

used. In contrast, the novel ZRx and DZRx did not produce any peaks corresponding to 

ZOG or DZOG but only peaks corresponding to ZR (rnJz 352; Fig. 2. 14) or DZR (rnIz 

354; Fig. 2. 1 5) .  These facts directly confirmed that the glucosyl moiety on these novel 

cytokinins is linked to the ribosyl group of the molecule. Likewise, the MSIMS 

spectrum of iPAx also confirmed that the glucosyl is attached to the ribosyl group of the 

molecule (Fig. 2. 1 6). Although it was clear that a hexose was cleaved from ZROG, 



DZROG, ZRx, DZRx and iPAx (Figs. 2.9, 2. 10, 2. 14, 2. 1 5  and 2. 1 6) ,  the hexose was 

not charged under the conditions used. In fact, no sugar ion was observed under the 

conditions used in this work. 
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According to the results derived from the immunoaffinity isolation (Fig. 2.2), RIA (Fig. 

2. 1 1 ), enzyme treatments, HPLC techniques (Fig. 2. 1 2  and 2. 1 3), and ES MSIMS (Fig. 

2. 14  - 2. 1 6),  I propose the structures of the three novel cytokinin glucosides as 'ZR-G, 

DZR-G and iP A-G as shown in Fig. 2. 17 .  Although the exact linkage position between 

the glucosyl and the ribosyl group in the three novel glucosides is yet to be determined, 

it is likely to be a glucosyl-( l �3)-ribosyl linkage as Auer and Cohen ( 1 993) reported 

such a linkage in the novel glucoside of benzylaminopurine riboside in other plants. ZR­

G is most likely to be the same compound as that found by previous researchers in P. 
radiata (Taylor et al . ,  ] 984) and in Pseudotsuga menziesii (Doumas et al . ,  1 986; Morris 

et al., 1990). However, DZR-G and iPA-G have not been reported before in any 

species. 

It is most interesting that, although abundant novel cytokinin glucosides have been 

detected in the buds of P. radiata, no traditional O-glucosides were detected, indicating 

P. radiata may have a different enzymatic system for the conjugation of cytokinins to 

glucose. More data are needed to determine whether this metabolism phenomenon is 

widely present in other plant species. Previously, the novel glucoside of 

benzylarninopurine riboside was reported in Gerbera jamesonii (Horgan, 1 985; 

Blakesley et al. ,  1990) and petunia (Auer and Cohen, 1993) and the similar novel 

glucoside of ZR was reported in radiata pine (Pinus radiata) (Taylor et al. ,  1 984) and 

Douglas fir (Pseudotsuga menziesii) (Morris et al . ,  1990), indicating that this particular 

enzymatic system may be widespread. 

Cytokinin nucleotides are believed to be very important in cytokinin metabolism 

(Letham and Palni, 1983; Jameson, 1 994) . Unfortunately, those working on cytokinins 

in conifers (Taylor et al . ,  1984; Doumas et al . ,  1986; 1989; Morris et al . ,  1 990; 

Bollmark et al. ,  1995; Chen et al . ,  1 996; Moritz and Sundberg, 1 996) have also ignored 

the nucleotide cytokinins. In this work, zeatin nucleotide, dihydrozeatin nucleotide and 
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isopentenyladenine nucleotide have been detected (Fig. 2. l 1B).  Interestingly, treatment 

of phosphorylated cytokinins released the three novel cytokinin glucosides (Fig. 2. 1 1 B) ,  

indicating that the phosphorylated forms of these novel cytokinins may also play 

important roles in the growth and development of P. radiata. The proposed linkage of 

the phosphate groups on these molecules is shown in Fig. 2. 17 ;  the exact position of the 

phosphate on the sugar groups is yet to be determined. This work clearly indicates that 

not only cytokinin nucleotides but other forms of phosphorylated cytokinins are also 

important and must be included in any cytokinin analysis. 



Chapter 3 Cytokinins and phase change in Pinus radiata 

3.1 Introduction 
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Data presented in  Chapter 2 revealed that there is a wide range of endogenous 

cytokinins in buds of Pinus radiata. The fact that application of the cytokinin, 6-

benzylaminopurine (BA), converts mature buds of P. radiata cultured in vitro from 

production of mature phase traits to those of juvenile phase traits (Horgan, 1 987) 

strongly indicates that cytokinins may be a key factor in the regulation of phase change 

in this species. Therefore, a quantitative analysis of endogenous cytokinins in buds 

from trees of different maturation status as well as a study of the metabolism of 

exogenous cytokinin during the "rejuvenation" period of mature buds in vitro was 

carried out to provide information on the involvment of cytokinins in phase change in P. 

radiata. 

Four years old P. radiata trees can produce both buds with juvenile characteristics (i.e. 

bearing primary needles) and buds which do not produce primary needles but produce 

the bud scales characteristic of mature trees. For convenience in this thesis, the 

apparently juvenile buds from four-year-old trees are referred to as "juvenile" buds (J4) 

and the apparently mature buds as "mature" buds (M4). The term "rejuvenation" is used 

to describe the morphological fact that exogenous cytokinin induces mature buds to 

produce juvenile characteristics (i.e. primary needles) under experimental conditions in 

vitro. 

3.2 Materials and methods 

3.2.1 Cytokinin analyses of field-grown buds 

All buds collected from trees in the field were collected on the same date (May 9, 1995) 

from seedling, four-year-old and eight-year-old Pinus radiata trees growing at the New 

Zealand Forest Research Institute (NZFRI) nursery, Rotorua, New Zealand. Two 

replicate bud samples were always taken to represent each age group of trees. In the 

case of juvenile buds from seedlings, the terminal buds were collected from about 100 

seedlings. To provide samples of mature buds from eight-year-old trees, 24 individual 
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trees in one block were selected and the terminal buds were harvested from the 

secondary branches in the upper crowns of the trees. Due to the fact that four-year-old 

trees produce both juvenile and mature buds, 25 four-year-old trees were selected, and 

both "juvenile" and "mature" buds were collected from secondary branches in the upper 

crowns of these trees. 

In all cases, buds for cytokinin analyses were excised from the trees and put into pre­

chilled (-200e) modified Bieleski' s  solvent (Jameson et al . ,  1 987) contained in 250 mL 
polypropylene bottles immediately after primary needles (in the case of juvenile buds) or 

bud scales (in the case of mature buds) were peeled off. The harvested buds in the 

Bieleski' s  solvent (approximately 5 mL Bieleski's solvent g-l FW) were stored at -20°C 

until required, but a minimum of three days. The exact weight for each sample was 

calculated according to the difference in the weight of the tubes before and after the 

sample was put in. Around 6 g of buds were collected for every sample except for the 

"juvenile" buds from four-year-old trees.  Because this material was limited, each of the 

replicate samples in this case was 1 .7g. The buds excised from the trees were randomly 

allocated across the two replicates. 

3.2.2 Tissue culture material for cytokinin analyses 

The tissue culture system for P. radiata developed at the NZFRI (Horgan, 1987) was 

used to investigate cytokinin-induced "rejuvenation" in this work. Buds collected from 

the same 24 individual eight-year-old mature trees as described in Section 3 .2. 1 were 

surface-sterilised in 500 mL 50% bleach (v/v) for 1 5  min with constant stirring on a 

magnetic stirrer. The buds were subsequently rinsed three times in a large volume of 

sterile water (at least 300 mL each time). The bud scales were then peeled off and the 

buds cross-sectioned into 5 mm fragments. The bud fragments were subsequently 

placed onto modified Le Poivre (LP) media (Horgan, 1987, Appendix B) with either 5.0 

mgIL 6-benzylaminopurine (BA) (medium LP5) or without addition of exogenous 

cytokinin (medium LPCH). The plant material was cultured for the first 30 d in petri 

dishes in a growth room at the NZFRI with a 24°CI20°C day/night temperature regime, 

a 1 6  h photoperiod and light teRsi� of ca. 60 J.1Em-
2 S-l .  

intensity 
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After 30 d in  culture, around 1 0 9 of  two replicate samples representing BA-treated 

(LP5) and non-cytokinin treated (LP CH) materials were harvested into pre-chilled (-

20°C) Bieleski ' s  solvent and kept at -20°C for at least 3 d prior to cytokinin extraction. 

The remaining bud fragments which had been maintained on LP5 and LPCH media for 

the 30 d were further subcultured onto fresh LP5 and LPCH media respectively. After a 

further 20 d in culture in a Sanyo growth chamber at Massey University, approximately 

3 .0 g samples with two replicates were harvested into pre-chilled (-20°C) B ieleski 's  

solvent and kept at -20°C for at least 3 d.  

3.2.3. Bud material for morphological studies 

Buds from seedlings, four-year-old and eight-year-old trees (as described in Section 

3 .2. 1 )  were collected for morphological comparisons. To analyse the morphology of the 

buds produced by the needle fascicle meristems of mature eight-year-old trees, the 

terminal buds on some of the secondary branches in the upper crown of the trees were 

removed and the emerging buds from the bases (fascicle meristems) of the secondary 

needle clusters were collected approximately six months later. 

To determine the time course of morphological changes at the cellular level during 

tissue culture, mature buds derived from the eight-year-old trees were cultured as 

described in Section 3.2.2. The bud fragments cultured on BA-containing and 

cytokinin-free media were sampled at days 0 (field buds), 3, 9 ,  1 5  and 25 and fixed in 

formalin-alcohol-glacial acetic acid (FAA, 5:90:5 v/v/v). The bud fragments which had 

been cultured on BA-containing or cytokinin-free media for 30 days were further 

subcultured for a further 20 days on either BA-containing or cytokinin-free media 

respectively. These subcultured buds were then harvested and fixed in FAA. 

3.2.4. Light microscopy 

After fixation, all the buds were washed with 70% ethanol for 5 min .  and then placed in 

fresh 70% ethanol for 30 min. Dehydration was carried out using Johansen' s  ethanol! 

tertiary butyl alcohol (TBA) method (Johansen, 1940) by transferring the buds through 

an 85% (TBN95% ethanol/water: 7: 1 0:3 v/v/v) , 95% (TBN95% ethanol : 1 1 :9 v/v) and 

1 00% (TBN1 00% ethanol: 1 5 :5  v/v) ethanollTBA series for 2 h in each. The buds 
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were then transferred to vials containing 100% TBA and placed in an oven (56°C) for 

36 h, with changes of TBA approximately every 12  h. The buds were subsequently 

transferred from TAB to TAB/paraffin oil (50:50 v/v) for 1 h, the buds then transferred 

together with some TBA/paraffin liquid onto solid wax in prepared vials. After 2 h ,  the 

buds were transferred to fresh melted wax and allowed to remain in pure wax over a 

period of 24 h at 60°C with three fresh wax changes. Finally, the buds were embedded 

in wax in the desired orientation and sectioned at 8 � using a Leica rotary microtome. 

The wax ribbons were mounted on glass microscope slides using 1 0% P.V.A. White 

Resin Glue (National Starch & Chemical NZ Ltd). Wax was removed from sample 

sections on glass slides by immersing the slides in xylol for 1 0  min. The glass slides 

were double stained with safranin and fast green. The double stained sections were 

examined under a Zeiss bright field microscope and photographs were taken using 

Tungsten Fujichrome film. 

3.2.5. Cytokinin analyses 

For quantification of cytokinins in the field and tissue cultured materials, the extraction, 

purification, separation and detection of individual endogenous cytokinins were carried 

out according to the procedures described in Chapter 2. 

Because of the use of BA during tissue culture, the concentrations of BA and its 

derivatives in the cultured materials were also analysed. Consequently, the retention 

times on CI8  HPLC column of BA and its known derivatives (BA, BA riboside, BA3G, 

BA7G, BA9G and BA riboside nucleotide) were determined using the C I 8  HPLC 

protocol described in Section 2.3.3.2. Cross-reactivities of BA and its derivatives with 

clone 1 2  and clone 16 were also determined with the standard RIA protocols described 

for cytokinin standard curves in Section 2.5 . 1 .  

For cytokinin quantification, the differential cross-reactivities of Clone 1 2  or Clone 1 6  

with individual cytokinins, including BA and its derivatives, were integrated into the 

calculations for concentrations of the individual forms. However, no correction for 

cross reactivity could be made for the novel forms of the cytokinins described in 

Chapter 2 due to a lack of standards. 
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3.3 Results 

3.3.1 Changes in bud morphology during phase change in field-grown trees 

During growth and development of P. radiata, bud and leaf morphology changes 

dramatically from the juvenile phase to the mature phase. As displayed in Fig. 3 . 1 A, 

seedling buds produce primary needles which are photosynthetically functional single 

leaves. Needle fascicle primordia are found in the axil of some of the primary needles. 

When trees develop to full maturity (eight-year-old trees), the buds of the mature trees 

become tightly contained in scales without any photosynthetic ally functional primary 

needles being produced; the buds generate only needle fascicles which are made up of a 

bundle of three secondary needles surrounding a normally quiescent meristem (Fig 

3. 1 B). P. radiata trees at the age of four years can apparently give rise to both 

"juvenile" (Fig. 3 . l C, the buds appearing morphologically similar to the seedling buds) 

and "mature" (Fig. 3. 1D, the buds appearing morphologically similar to the mature buds 

of the eight-year-old trees) buds. While the apparently "juvenile" buds initiated large 

numbers of primary needles, these needles were usually much shorter « 1 .5 cm) than the 

primary needles generated by seedlings (around 3.0 cm). 

The features of mature buds were very stable in the fully matured trees (eight years old). 

When the terminal buds of the secondary branches of the fully matured 8-year-old trees 

were removed, the fascicle meristems in the bases of secondary needle clusters on the 

portions of the branches below the terminal buds were released from apical dominance 

and grew out. These elongating axillary buds (Fig. 3. 1E) were morphologically the 

same as the mature terminal buds of the eight-year-old trees from which they came (Fig. 

3 . 1 B  and E). 

More detailed examination using light microscopy revealed that mature buds from the 

field could actually initiate primordia equivalent to primary needle primordia. However, 

instead of developing into primary needles, these primordia developed into scales. The 

epidermal cells of these scale-bound primordia were stained by safranine (Fig. 3 .3M). 

Mter about five scales had differentiated, the axillary meristems of the mature buds 

started to differentiate secondary needle primordia (Fig.3.3A and B). 



E 
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Figure 3. 1 Morphology of buds from juvenile and mature phases in P. radiata. 
A: juvenile buds from one-year-old seedlings (S); B :  mature buds from eight­
year-old trees (M8); C: "juvenile" buds from four-year-old trees (J4); D: 
"mature" buds from four-year-old trees (M4); E: mature bud emerging from the 
base of a needle fascicle fol lowing removal of the terminal buds from a branch 
of an eight-year-old mature tree. The bars represent 1 cm. 

92 



3.3.2. Changes in bud morphology during cytokinin-induced "rejuvenation" in 
vitro 

93 

Although the features of mature buds were very stable in the field, it had been observed 

that in vitro, in the presence of BA, mature buds "rejuvenated" and produced juvenile 

bud morphology (Horgan, 1987). A detailed time course study was begun to examine 

the morphological and anatomical changes occurring in mature buds in tissue culture on 

cytokinin-containing medium. Mature buds on cytokinin-free medium were used for the 

purposes of comparison. 

During the first 30 days of culture, treatment with BA caused the mature bud fragments 

to initiate primary needles from the axillary meristems in the bases of needle fascicles. 

However, the initiated primary 'needles were not able to elongate if BA was 

continuously present in the culture medium (Fig. 3 .2A). Exogenous BA not only caused 

primary needle initiation from the mature buds but it also inhibited secondary needle 

development in vitro. BA completely prevented secondary needle primordia developing 

into secondary needles and caused elongating secondary needles to abort. When the 

mature bud fragments which had been cultured on cytokinin-containing medium for 30 

days were transferred onto cytokinin-free medium, the initiated primary needles started 

to elongate to become fully developed primary needles (Fig.3.2B). 

However, without BA, the mature buds in vitro continued to display mature features 

such as the secondary needle primordia developing into secondary needles without 

primary needle production (Fig. 3.2C). In addition, it was observed that, after the 

secondary needles were fully developed, the fascicle meristems sitting in the bases of 

the secondary needle clusters started to generate axillary buds. These buds were also 

contained in scales without developing into primary needles. This observation was in 

agreement with what had been observed in mature trees (Fig. 3 . 1 E) .  However, if the 

mature buds were transferred from cytokinin-free medium onto cytokinin-containing 

medium after the secondary needles were fully developed, primary needles were then 

initiated by the meristems in the bases of those fully developed secondary needle 

clusters (Fig. 3.2E). 



Figure 3 .2 Changes in morphology of eight-year-old mature buds under 

different cytokinin treatment regimes.  A: bud cultured on medium containing 

5 .0 mg/L BA for 30 days followed by subculture onto identical fresh medium 

for a further 20 days; B :  bud cultured on medium containing 5 .0 mg/L BA for 

30  days followed by subculture onto cytokinin-free medium for a further 20 
day s ;  C: bud cultured on cytokinin-free medium for 30 days fol lowed by 

subculture onto fresh cytokinin-free medium for a further 20 days; D: bud 

c ultured on cytokinin-free medium for 30 days followed by subculture onto 

medium containing 5 .0  mg/L B A  for a further 20 day s .  
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Even more detailed information is revealed using anatomical examination. In tissue 

culture on cytokinin-free medium, secondary needle primordia continue to complete 

their preset developmental program. The elongation of secondary needle primordia is  

shown i n  Fig. 3 .3B, D,  F and H .  Although the secondary needle primordia developed 

rapidly to form fully elongated secondary needles, the fascicle meristems in the bases of 

the secondary needle primordia were observed to remain quiescent over the initial 25 

days in culture in the absence of BA (Fig. 3 .3B - H). However, when the m ature bud 

fragments were subcultured onto the same medium (i.e. without BA) for a further 20 

days (i.e. total 50 days on cytokinin-free medium), some of the previously quiescent 

fascicle meristems began to develop. As shown in Fig. 3 .31, the meristems in itiated 

primary needle primordia, but these needle primordia did not elongate. Instead, they 

formed curve-shaped leaves, covering the meristems. The most striking feature 

observed in these primary needle primordia was that their epidermal cells were heavily 

stained by safranine which is similar to that which had been observed in the scale 

primordia in the mature field buds (Fig. 3 .3M). 

The developmental events for the mature buds cultured in the presence of BA were 

found to be very different from those described above for mature buds cultured in the 

absence of BA. From Day 3, the anatomical features of the mature bud fragments 

cultured on BA began to show differences compared to those without B A  (Fig .  3 . 3  A 

and B) .  In the presence of BA, it was observed that secondary needle primordia stopped 

elongation at Day 3 (Fig. 3 .3A). When the buds cultured on BA reached Day 9, the 

secondary needle primordia could no longer be observed in the mature bud sections. 

Instead, numerous primary needles were being initiated from enlarged meristems (Fig. 

3 .3C).  The bud fragments were continuing to initiate primary needles at days 1 5  and 25 

(Fig. 3 . 3E and G), but the elongation of the primary needles was largely retarded. 

Although numerous primary needles were produced, a typical apical meristem structure 

was rarely observed in the microtomed sections of the buds cultured with BA after 25 

days (Fig. 3 . 3L). However,when the mature buds which had been cultured on cytokinin­

containing medium for 30 days were subcultured onto cytokinin-free medium for 

another 20 days, the retarded primary needles vigorously underwent elongation and an 

apical meristem dome was produced similar to the apical meristem structure of a 

seedling (Fig. 3 .31; Riding, 1 972). When the mature buds which had been cultured on 
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+BA -BA 

Figure 3 . 3  See next page for caption. 



Figure 3 . 3  Anatomical changes in fascicle meristems and needle primordia 
of mature buds during culture with 5 .0  mg/L BA or without exogenous 
cytokinin. A: bud cultured with BA for 3 d, x 1 9 1 ;  B :  bud cultured without 

cytokinin for 3 d, x 1 9 1 ;  C: bud cultured with BA 9 d, x 1 9 1 ;  D: bud 
cultured without cytokinin for 9 d, x76.4; E: bud cultured with BA for 1 5  
d, x 1 9 1 ; F: bud cultured without cytokinin for 1 5  d, x76.4; G :  bud cultured 

with BA for 25 d, x76.4; H: bud cultured without cytokinin for 25 d, 

x477. 5 ;  1: bud cultured with BA for 30 d followed by subculture without 
cytokinin for a further 20 d, x 1 22.4; J: bud cultured without cytokinin for 

30 d followed by subculture onto fresh cytokinin-free medium for a further 
20 d, x305 . 6 ;  K: bud cultured without cytokinin for 30 d followed by 
subculture onto medium containing BA for a further 20 d, x305.6;  L: bud 
cultured with BA for 30 d followed by subculture onto fresh medium 
containing BA for a further 20 d, x76.4; M: fascicle meristem and needle 

primordia in a field-grown bud from an eight-year-old mature tree, x477.5 .  
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cytokinin-free medium for 30 days were transferred onto BA-containing medium for 

another 20 days, the fascicle meristems in the bases of secondary needle clusters became 

significantly enlarged and started to initiate primary needles (Fig. 3 .2D and Fig. 3 .3K). 

No accumulation of the safranine-stainable substances was observed in the epidermal 

cells of the primary needle primordia initiated or elongated from the buds which had 

been exposed to exogenous cytokinin (Fig. 3 .31, K and L). 

3.3.3 Quantitative analyses of cytokinins in field-grown mature and juvenile buds 

The identification of the endogenous cytokinins from the buds of Pinus radiata is 

reported in Chapter 2. In this chapter, the changes in concentration of the different 

forms of endogenous cytokinins are reported. 

3.3.3. 1. Cytokininfree bases and ribosides: The highest total concentration of cytokinin 

free base and ribosides was measured in the seedling buds and the lowest was found in 

the eight-year-old mature buds (Fig. 3.4A). The levels of the total cytokinin free base 

and ribosides in the four-year-old ')uvenile" and "mature" buds were between the two 

extremes (Fig 3 .4A), with the four-year-old ')uvenile" buds having a higher total 

concentration of cytokinin free base and ribosides than the four-year-old "mature" buds 

(Fig. 3 .4A). The concentration of individual cytokinin free base and ribosides in the 

juvenile and mature buds is shown in Fig. 3 .4B and C. ZR and DZR were at a greater 

concentration in the seedling buds than in the eight-year-old mature buds. The ZR 

concentration in both the "juvenile" and "mature" buds from the four-year-old trees was 

also higher than in the mature buds from eight-year-old trees (Fig. 3 .4B and C). 

However, the level of ZR in the "juvenile" buds from four-year-old trees was lower than 

in the "mature" buds of the same age (Fig. 3 .4C). The sampling from the four-year-old 

trees corresponded to the time when the "juvenile" buds were initiating large numbers of 

primary needles. 

The only free base cytokinin detected in the field buds was iP. Fig. 3.4D sumarises iP 

concentration in juvenile and mature buds, showing both seedling and the "juvenile" 

buds had higher concentrations of iP than did the mature buds from either four-year-old 

or eight-year-old trees. The concentration of iPA was also found to be greater in the 
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Figure 3 .4 Concentration of endogenous cytokinin free base and ribosides in the 

buds from P. radiata trees. A: the total concentration of cytokinin free base and 

ribosides in the buds of different maturation phases; B:  the concentrations of 

individual cytokinin free base and ribosides in the buds from seedlings and eight­

year-old trees; C: the concentrations of free base and ribosides in "juvenile" and 

"mature" buds from the same plot of four-year-old trees; D: the concentration of 

cytokinin free base in the buds of different maturation phases. S,  one-year-old 

seedling buds; 14, "juvenile" buds from four-year-old trees; M4, "mature" buds 

from four-year-old trees;- M8, mature buds from eight-year-old trees. 
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"juvenile" buds (14) than in the "mature" buds (M4) from four-year-old trees. But, there 

was no significant difference between the seedling buds and the mature buds from four­

year-old and eight-year-old trees. 

3.3.3.2. Cytokinin nucleotides: The procedure for analysing the nucleotides is 

described in Chapter 2, but no corrections for antibody cross reactivities could be made 

for the novel nucleotides ZR-G-P, DZR-G-P and iPA-G-P due to a lack of standards for 

these forms. 

The total concentration of cytokinin nucleotides was much higher in the mature buds 

from the eight-year-old trees or the "mature" buds from the four-year-old trees than in 

the juvenile buds from seedlings or 'juvenile" buds from four-year-old trees (Fig. 3.5A). 

Zeatin nucleotide and the novel phosphorylated form of zeatin riboside glucoside were 

the most abundant forms of phosphorylated cytokinins in the mature buds from both 

eight-year-old and four-year-old trees and their levels were very high in these mature 

buds (Fig. 3 .5B and C). However, it was found that the concentrations of these 

phosphorylated forms were either very low or below detection limits in both seedling 

buds and "juvenile" buds from four-year-old trees (Fig. 3 .5B and C). 

Even the less abundant phosphorylated forms of cytokinins such as DZR-P, DZR-G-P 
, 

and iPA-P also exhibited a higher concentration in the mature or "mature" (M4) buds 

than in the seedling or the 'juvenile" (14) buds (Fig. 3.5B and C). In fact, the 

phosphorylated form of iPA glucoside (iPA-G-P) was the only phosphorylated cytokinin 

detected that had a slightly higher concentration in the "juvenile" buds than in the 

"mature" buds (Fig. 3 .5C). 

3.3.3.3 Glucosylated cytokinins: As described in Chapter 2, all cytokinins which had a 

glucosyl attachment on the molecule differed from the traditional O-glucosides. The 

quantitative measurements of the novel cytokinin glucosides were carried out directly by 

RIAs without them being converted to their corresponding ribosides after separation on 

C18  HPLC. Due to a lack of standards for these novel cytokinin glucosides, no 

corrections for cross reactivities of these novel cytokinins with clone 1 2  and clone 1 6  
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Figure 3 .5 The concentration of endogenous phosphorylated cytokinins in the buds from 

P. radiata trees. The values represent the corresponding forms released after alkaline 

phosphatase treatment of the phosphorylated cytokinins. A: total concentration of 

phosphorylated cytokinins in the buds of different maturation phases; B: the concentration 

of individual phosphorylated cytokinins in the buds of seedling and mature trees; C: the 

concentration of individual phosphorylated cytokinins in the "mature" and "juvenile" buds 

from the same plot of four-year-old trees. S,  seedling buds; 14, "juvenile" buds from four­

year-old trees; M4, "mature" buds from the four-year-old trees; M8, mature buds from the 

eight-year-old trees. 
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could be made. Therefore, the results listed in the Table 3 . 1  are not absolute values. 

However, this does not impact on any conclusions drawn based on the comparisons of 

these glucosylated cytokinins. 

The results in Table 3. 1 · show that the total levels of novel glucosylated cytokinins were 

higher in the eight-year-old mature and four-year-old "mature" buds than in the seedling 

and the four-year-old "juvenile" buds. For individual glucosylated cytokinins, ZR-G 

and DZR-G displayed the same patterns as those of the total glucosylated cytokinins. In 

contrast, the concentration of iPA-G was higher in the juvenile buds than in the mature 

buds, particularly in the case of the "juvenile" buds from four-year-old trees (Table 3 . 1 ). 

Table 3 . 1  The concentrations of glucosylated cytokinins in the different types of buds. 
Where DE error are shown, the values represent the means of two samples. 

Bud type ZR-G DZR-G iPA-G Total 

Seedlings (S) 353.9 ± 1 3.8 1 6.2 ± 5 . 1  45.3 ± 8.0 41 5.4 

Juvenile (J4) 29 1 .2 ± 5.5 1 4.7 54.6 ± 1 0.9 360.5 

Mature (M4) 438.0 ± 23.9 45.2 ± 2.9 30.6 51 3.8 

Mature (M8) 468.3 ± 2.0 37.4 ± 4.3 41 .5± 5.2 547.2 

3.3.4 Metabolism of BA during cytokinin-induced "rejuvenation" in vitro 
As described in Section 3.3 .2, exogenously applied BA induces the rejuvenation of 

mature P. radiata buds in culture. To help understand how BA is involved in inducing 

this phase reversion, the metabolism of BA in the buds in culture was analysed. 

3.3.4. 1 .  Identification of BA metabolites: Buds cultured in the presence of BA were 

obtained as described in Section 3.2.2. The extraction, purification and HPLC 

separation of BA and its metabolites followed the same procedures for endogenous 

cytokinin analysis as detailed in Chapter 2. During preliminary separation trials on CJ8 

HPLC using standard BA and BA derivatives, it was found that the retention times of 

BA and BA riboside overlapped with iP and iPA respectively. Further, the retention 

times of BA3G and BA 7G almost overlapped with those of zeatin and zeatin riboside 

respectively. BA9G was well separated from the other BA derivatives and other known 
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endogenous cytokinins. Retention times for standards of BA and its derivatives on Cl 8  

HPLC are l isted i n  the Table 3 .2. Because the chromatographic properties of B A, B A  

riboside and BA9G were very similar to iP, iPA and iP-9-G, the internal standard, 3H_ 

iPAT A, was used to monitor losses of BA, BA riboside and BA9G during the analysis 

process. 

Due to the overlaps of the retention times of BA and BA derivatives with some of the 

endogenous cytokinins, cross reactivities of clone 1 2  and clone 1 6  with BA and B A  

derivatives were determined using RIAs as described i n  Section 2.5.2. The results of 

cross reactivities of clone 1 2  and clone 1 6  with BA and BA derivatives are contained in 

Table 3.2. No cross reactivity was detected between clone 16 and BA and its 

derivatives such as BA3G or BA 7G (Fig. 3.6 and Table 3.2). Therefore, BA and its 

derivatives did not influence the measurements of zeatin-l ike cytokinins with clone 1 6  

antibody. However, strong cross reactivities of clone 1 2  with BA, B A  riboside and 

BA9G were detected (Fig. 3.6 and Table 3.2) . Therefore, clone 12 was employed to 

detect BA, BA riboside and BA9G as well as iP-like cytokinins. Finally, ES MSIMS as 

described in Section 2.5.2 was used to confirm the identities of BA and its metabolites 

extracted from tissue cultured materials. 

The bulk fraction which would contain BA, BA riboside plus BA9G collected fol lowing 

HPLC using the amine column (Section 2.3.4. 1 )  was further fractionated through C l 8  

HPLC. S ix major peaks were revealed by RIAs with clone 1 2  from the bud fragments 

exposed to BA for 30 d (Fig. 3 .7 A). Three of these peaks were tentatively identified as 

BA9G, BA and BAR by comparison with the retention times of authentic standards. 

The remaining three peaks were unidentified metabolites, designated as C2, C3 and C4, 

with retention times of 32.5, 36.5 and 40.0 min. When the bud fragments which had 

been exposed to BA for 30 d were then subcuItured onto the same medium for another 

20 d, the patterns of BA metabolites were basically the same except that the peak 

representing BA9G dropped to an extremely Iow level and another peak, designed as Cl , 

at a retention time of 28.5 - 29.0 min. was produced (Fig. 3 .7B). When the mature bud 

fragments were cultured on cytokinin-free medium for 20 d fol lowing their 30 d 

exposure to BA, the pattern of BA metabolites remained similar to that produced by the 

bud fragments cultured on BA-containing medium for 30 d, 
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Table 3.2 HPLC retention times and cross reactivity of the two monoclonal antibodies, 
clone 1 6  and clone 1 2, with 6-benzylaminopurine and its derivatives. 

Cytokinin Retention Time (min) Cross Reactivity (%)  
on  C 1 8  HPLC Clone 1 6  Clone 1 2  

Z 1 3.29 34 1 .7 

BA3G 14.4 1 0 

BA7G 1 8.48 0 

ZR 1 8.56 100 

BANT 19.42 0 

BA9G 26. 14 0.6 1 22.0 

BA 33.47 0.4 45.6 

BAR 35.24 0.5 78. 1 

iPA 35. 1 8  1 00 

iP 32.88 0 93 

iP9G 29.79 1 3 1  

except that the unidentified compound C4 dropped to a very low level. 

The fractions believed to be BA, BAR and BA9G were confirmed using ES MSIMS.  In 

Fig 3 .8  A, the molecular ion of 226 rnJz corresponds to the molecular mass (225) of BA 

+ W. Although iP co-eluted with BA on C1 8 HPLC, no peak at 204 rnJz [iP+H+] was 

observed in these fractions, indicating the iP level was extremely low if present, at least 

in comparison with that of BA in these cultured buds. In Fig. 3.8B,  the ion peak at 358 

rnJz corresponds to the molecular mass of BAR + H+ and the peak at 226 corresponds to 

the mass of BA plus H+ which is most likely a daughter ion of the BAR under the MS 

ionisation conditions used in this work (Fig. 3 .8B). Although BAR had the same 

retention time as iPA, no ion peak corresponding to the iPA molecular mass [336, 

iPA+H+] was observed. Fig 3 .8 C presents the MS/MS spectrum of the fraction 

containing BA9G. The ion peak of 388 rnJz corresponds to the mass of BA9G + H+ and 

the daughter ion at 226 rnJz confirms that BA again is a component of the compound 

with a mass of 388 rnJz. 



-o m 
iD -
Cl 
o 

..J 

-o 
� 

1 0 .-------------------------------� 

1 

0 . 1  
0 . 1  

A • iPA • BA . A BAR x BA9G 

-
- .  

1 

-

1 0  1 00 
1 0 �--------------------------------� 

B . ZR 
x BANT 
+ BA3G 

• . BAR A BA 
x BA9G • BA7G 

e 1 
en 
o 

..J 

0 . 1  �----------------------------------. 
0 . 1  1 1 0  1 00 

Cytokinins Log(pmol) 

Figure 3.6 Logit transformation curves of the cross reactivity of BA and its 

derivatives to clone 1 2  and clone 1 6. A: cross reactivity against clone 1 2  
antibody; B :  cross reactivity against clone 1 6. 

1 05 



1 06 

1 00 C4 A: +BA 30d 
80 BAR 

BA 
60 

40 

20 

- 0 
>-
ca 25 30 35 40 Cl) 
Cl) 
� 1 00 
0 B: +BA 30d + 20d BAR C4 E 80 C1 n. BA - C3 Cl) 

- 60 c 
Cl) 

"i 40 .� 
:::I 20 tT 
Cl) 
et 0 Q. 

25 30 35 40 
120 
100 C: +BA 30d, -BA 20d BAR 
80 BA 

BA9G 
60 
40 
20 
0 

25 30 35 40 
Retention time (m in) 

Figure 3.7 The qualitative profiles of B A  metabolites (free base, ribosides and 9-
glucosides) extracted from the bud fragments cultured under different BA regimes. A: 
buds from eight-year-old mature trees cultured on BA-containing medium for 30 days; 
B :  buds from eight-year-old mature trees cultured on BA-containing medium for 30 
days and subcultured onto fresh BA-containing medium for a further 20 days; C: buds 
from eight-year-old mature trees cultured on BA-containing medium for 30 days and 
subcultured onto fresh cytokinin-free medium for a further 20 days. 



1 07 

:a25.11 A 

1 15 0  :aoo :soo :a50 

226.0 

.... 15·· c 

3 ••. 2 

. ... . 2 

J 
1 00 2 0 0  3 0 0  4 0 0  5 0 0  

m/z, amu 

Figure 3 .8  Electrospray MS spectrum of 6-benzylaminopurine (A), 6-benzylarninopurine 

riboside (B) and electrospray MS/MS spectrum of 6-benzylarninopurine glucoside (C). 



1 08 

The bulk fraction of BA glucosides collected using the amine column (Section 2.3.4. 1 )  

was further subjected to reverse phase C I 8  HPLC to fraction ate individual BA 

glucosides. Fig. 3.9A displays the CI8  HPLC-RIA profile of BA glucosides derived 

from the "rejuvenated" mature buds cultured on BA-containing medium for 30 days 

while Fig. 3 .9B shows the glucoside profi les in the "rejuvenated" mature buds which 

had been cultured on the medium containing BA for 30 days and subcultured onto fresh 

cytokinin-free medium for a further 20 days. The buds which had been constantly 

cultured on BA-containing medium for 30 + 20 days produced a BA glucoside profile 

similar to that displayed in Fig. 3 .9A (data not shown). In all cases, the BA glucoside 

profi les detected by RIAs using clone 1 2  antibody showed that four major compounds 

(C l ,  Cs, B AR-G and C6) were present in the "rejuvenated" buds. The peak marked as 

C l may be the same compound as that designated Cl in Fig.  3 .7B as they had the same 

retention times on CI8  HPLC. The unidentified metabolites Cs and C6 were observed at 

a retention time of 3 1 .5 and 35.0 min respectively. One of the most abundant 

metabolites present in the bulk fraction of glucosides was a novel BA conjugate 

tentatively designated as BAR-G. The MS/MS spectrum of the fraction containing this 

novel glucosylated BA riboside is presented in Fig. 3 . 1 0. The ion peak at 520 rnIz 

[M+H+] indicates that the molecular mass of the glucosylated BA riboside is 5 1 9. The 

daughter ions at 226 rnIz and 358 rnIz correspond to BA and the BA riboside 

respectively. 

This novel glucosylated BA riboside is the same compound as isolated from Gerbera 

jamesonii callus by Blakesley et al. ( 1 990) and Petunia tissue cultured explants by Auer 

and Cohen ( 1 993). Although the novel glucosylated iPA had the same retention time on 

C I 8 HPLC, the MS spectrum of the fraction displayed only an extremely low peak at 498 

rnIz which would correspond to the novel iPA glucoside. 

Figure 3 . 1 1  summarises the structures of identified BA metabolites extracted from buds 

cultured on BA-containing medium. 

Bulk fractions of the phosphorylated BA metabolites were obtained fol lowing the 

procedure described in Section 2.6.2. Subsequently, the bulk fractions containing 
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phosphorylated BA metabolites were treated with alkaline phosphatase (Section 2 .4. 1 )  

prior to Cl8  HPLC separation of the released dephosphorylated products. The RIA 
profiles of the Cl8 HPLC fractions revealed that phosphatase treatment of the bulk 

nucleotide fraction led to the production of two major compounds in cultured buds 

exposed to all BA treatment regimes which corresponded to the retention times of B A  

riboside and the BAR-G on the C l 8  HPLC column (Fig. 3 . l 2A, B and C). 

3.3.4.2 Alterations in the concentrations of BA metabolites during "rejuvenation " :  

When B A  and its riboside, glucosides, phosphorylated forms and six unidentified 

metabolites are plotted as percentages of the total metabolite pool in the cultured buds 

under different BA treatment regimes, patterns of metabolism are revealed (Fig. 3 . 1 3A). 

Although BA was metabolised into many different forms, a relatively high ( 1 3 .2 %) 

proportion of BA remained unmetabolised by the bud fragments after 30  d culture on 

the medium containing 5.0 mg/L BA, even increasing slightly (to 1 4.2 %) after 

prolonged culture (30+20 d )  on BA. Interestingly, the relative abundance of BA did not 

decrease but increased to 17 .5 % of the whole metabolite pool in the buds cultured for a 

further 20 days following transfer to cytokinin-free medium after 30 d on BA. The BAR 

was also abundant in the metabolite pool ( 1 2.4%) when the bud fragments were cultured 

for 30 d on the medium containing 5.0 mg/L BA. However, the abundance of B AR 

decreased slightly ( 10. 1  %) when the bud fragments were subcultured on the medium 

containing 5.0 mg/L BA for a further 20 d following 30 d culture on the same medium. 

The abundance of BAR also decreased (down to 7.3 %) in the bud fragments after 

subculturing onto cytokinin-free medium for 20 d (following 30 d culture on the 

medium containing 5.0 mg/L BA).  The abundance of BA9G in the metabolite pool was 

found to be similar in the bud fragments cultured on the medium containing 5.0 mg/L 

B A  for 30 d (5.4 %) or when subcultured onto cytokinin-free medium for 20 d 

(following the 30 d culture on the medium containing BA) (7.3 %). Surprisingly, 

prolonged exposure of the bud fragments to BA (30+20 d) resulted in a marked decrease 

in the abundance of BA9G in the metabolite pool (Fig. 3. 1 3A). The novel conjugate 

B AR-G also decreased from 22.9 % of the metabolite pool at Day 30 on BA to 1 5.3  % 

at Day 30+20 on BA. However, the abundance of BAR-G increased (3 1 .8 %) following 
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the withdrawal of BA from the culture medium Fig. 3 . 1 3A). 

The abundance of BA nucleotides was very low in comparison with the other 

metabolites of BA, and was below 5.0 % of the total metabolite pool (Fig. 3 . 1 3A). 

Among the unidentified compounds, Cl increased during prolonged culture on BA­

containing medium from 5.5 % at Day 30 on the medium containing 5 .0 mg/L BA to 

1 8 .2 % at Day 30+20 on the same BA-containing medium. The abundance of C4 was 

strongly associated with the presence of an exogenous supply of BA; withdrawal of BA 

resulted in  a marked drop in the abundance of C4 relative to the total metabolite pool 

(Fig. 3 .  1 3A). 

The comparison of the concentrations of BA metabolites under different BA treatment 

regimes is displayed in Fig. 3 . 1 3B .  It is important to note that over time a number of 

bud fragments were dying, but that these fragments were not readily recognised at day 

30. These fragments had the effect of diluting the concentration of BA metabolites 

leading to an apparently lower concentration of BA metabolites in the buds sampled at 

day 30 than in the buds which were subcultured onto BA-containing medium for 20 d 

following a 30 d culture on the same medium. With the exception of BA9G, removal of 

exogenous BA from the culture medium caused the concentrations of BA metabolites 

within the buds to drop. However, the responses of individual BA metabolites were not 

all the same. The concentrations of BA and BAR decreased more (47.9.0% and 69.4% 

respectively) compared to BAR-G which showed only a slight decrease ( 12.6%) in 20 

days after the withdrawal of BA from the medium. Among the unidentified compounds, 

Cl  and C4 showed the most marked decrease (89.6% for Cl and 90.0% for C4) in  

concentration in  the buds 20 d after removal of BA from the culture media (Fig. 3 . 1 3B). 

3.3.5 Effect of BA treatment on endogenous cytokinin content 

Because of the co-elution of iP, iPA and [9R-G]iPA with BA, BAR and BAR-G 

respectively, it was not possible to distinguish iP, iPA and [9R-G]iPA from BA, BAR 

and BAR-G using the clone 1 2  antibody because it was able to cross-react strongly with 

both iP-like and BA-like cytokinins (Table 3 .2). However, while the MS spectra of the 

fractions corresponding to the retention times of BNiP, BARliPA and BAR-G/[9R-
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G]iPA showed very high peaks corresponding to BA (Fig. 3 .8A), BAR (Fig. 3 .8B) and 

BAR-G (Fig 3.8C), these spectra did not reveal any significant peaks corresponding to 

iP (204 m1z) (Fig. 3 .8A), iPA (336 m1z) (Fig. 3 .8B) or [9R-G]iPA (498 m1z) (data not 

shown),  indicating that the content of iP-like cytokinins was insignificant compared to 

BA-like cytokinins in the bud fragments cultured on BA-containing mediGm. 

There was a significant decrease in the concentration of ZR and DZR in the bud 

fragments exposed to exogenous BA (Fig. 3 . 14A). After 30 days of culture on BA­

containing medium, the content of ZR and DZR in the bud materials dropped 6.2- and 

4.9-fold respectively. When the bud fragments were continually subcultured on B A­

containing or transferred onto cytokinin-free medium for another 20 days, both ZR and 

DZR remained at a low level. 

Figure 3 . 1 4  B and C displays the changes in the concentrations of the novel glucosides 

ZR-G and DZR-G. ZR-G decreased 5 .5-fold in the first 30 days of culture on B A­

containing medium. When the bud fragments were exposed to BA for 30 + 20 days or 

transferred to cytokinin-free medium for another 20 days following a 30 d culture on 

BA, ZR-G concentration remained low. The novel glucoside DZR-G showed a similar 

(but less significant) tJ'end to ZR -G (Fig. 3 . 1 4  B and C). 

Although significant concentrations of endogenous phosphorylated cytokinins were 

detected in the mature buds of eight-year-old trees (Fig. 3.5B) and, in particular, the 

concentration of the zeatin nucleotides and phosphorylated ZR-G were very high, no 

ZR-like phosphorylated cytokinins were detected in the "rejuvenated" buds after 30 days 

of culture on BA-containing medium (the lower limit of detection in this experimental 

system was approximately 0.5 pmol). Zeatin nucleotide remained below the detection 

limit in the subcultured buds with or without exogenous B A  application (data not 

shown). 

3.3.6 Changes in endogenous cytokinins in the buds on cytokinin-free medium 

When the mature buds from eight-year-old trees were cultured on medium without 

exogenous cytokinin, the mature buds continued their mature phase, producing only 

secondary needles. The changes in endogenous cytokinin free base and ribosides during 
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this culture period are shown in Fig. 3 . 1 5 . Unlike the situation in the buds cultured on 

BA-containing medium, there was no decrease in the concentration of ZR and DZR in 

the mature buds in the first 30 days of culture on cytokinin-free medium. In fact, the 

concentration of both ZR and DZR increased slightly (Fig. 3 . 1 5A). Morphologically, 

this first 30 days in culture corresponded to the time period when the mature buds were 

vigorously developing secondary needles. However, the content of ZR and DZR in the 

bud fragments decreased significantly 20 days after the buds were further subcultured 

onto cytokinin-free medium (Fig. 3. 1 5A), a time when the secondary needle 

development was largely completed. In contrast to ZR and DZR, the concentration of 

iP A in the buds gradually increased over the 30 + 20 days of culture on cytokinin-free 

medium while the concentration of the free base cytokinin, iP, remained constantly low 

(Fig. 3 . 1 5B). 

The concentration of both ZR-G and DZR-G in the cultured mature buds at Days 30 and 

30 + 20 in the absence of exogenous BA decreased dramatically to a very low level (Fig. 

3 . 1 6A and B), a similar trend as in the buds cultured on BA-containing medium (Fig. 

3 . 14B and C). However, the concentration of the novel iPA-G over the same time 

period increased steadily (Fig. 3 . l 6C). 

3.4. Discussion 

3.4.1. Heteroblasty and phase change in P. radiata 
In higher plants phase-specific traits may be qualitative or quantitative in nature and 

may change at different rates (Hackett, 1 985; Poethig, 1 990; Greenwood and Hutchison, 

1 993; Greenwood, 1 995; Lawson and Poethig, 1995; Telfer et al . ,  1 997). In P. radiata, 

the transition from the juvenile to the mature phase may cause changes in diameter 

growth rate, tree form, foliage morphology and onset of reproductive organs and alter 

the efficiency of rooting of cuttings (Horgan et aI . ,  1 997). In P. radiata, changes in bud 

morphology are one of the most striking features observed during maturation (Fig. 3 . 1 ), 

with buds producing primary needles during their juvenile phase and being sealed in 

scales in their mature phase. 
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P. radiata displays a series of changes in leaf morphology during its development. It 

forms about eight cotyledons (varying from 5 to 1 2) during embryogenesis (Scott, 

1 960). Primary needle formation starts on the apical meristems as early as during seed 

germination (Riding 1 972) and continues during the juvenile phase (Fig. 3 . 1 A  and C). 

Primary needles are main photosynthetic organs during early seedling development. 

When trees have reached maturity (for example, 8 years old), apical meristems initiate 

primordia which develop into scales (cataphylls) rather than primary leaves (Bollmann 

and Sweet, 1 976, 1979; Fig. 3 . 1 B ,  D and E). It is important to note that the conversion 

from production of primary needles to scales may be due to a gradual modification to 

the growth and development of the primary needle primordia. For instance, although 

the primordia on apical meristems from both one-year-old seedlings and four-year-old 

trees have the determination to form primary needles, the vigorously produced primary 

needles from seedlings (Fig. 3. 1 A) are at least twice as long as those produced by the 

four-year-old trees (Fig. 3 . 1 A  and C). Physiologically, the difference appears even 

earlier: the content of chlorophyll in the primary needles from two-year-old trees w as 

less than 50 % of that in the seedlings (see Table 4.3). The conversion of primary 

needles to scales during the transition from juvenile to mature seems to be a common 

feature in pine species. For example, in Jack pine (Pinus banksiana lP-mb), the 

conversion from initiation of primary needles to initiation of scales occurs within three 

years (Browne, 1 995). 

The origin of secondary needles is different from that of primary needles. Secondary 

needles derive from the fascicle meristems (axillary meristems) produced in the axils of 

primary needles or cataphylls (scale leaves) while the primary needles or scale leaves are 

generated by apical meristems. The secondary needles are the sole photosynthetic 

organs in P. radiata when trees reach full maturity. The fact that the shoots induced 

from the fascicle meristems develop features identical to those produced by the apical 

meristems (Fig. 3. 1 B and E) indicates that the fate of the foliar primordia initiated from 

the fascicle meristems in P. radiata, just like those from apical meristems, is also 

determined by the maturation state of the tree. 
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Poethig ( 1990) proposed that juvenile and mature phases are specified by independently 

regulated, overlapping programs that modify the expression of a common set of 

processes required for shoot growth. Supporting evidence for this hypothesis comes 

from studies in maize (Poethig, 1990), Arabidopsis (Telfer et al., 1997; Van Lijsebettens 

and Clarke, 1998), and English ivy (Hackett and Murray, 1 993). In P. radiata, primary 

needles, such as those of four-year-old trees, with morphology between fully 

photosynthetically functional primary needles and scales can be viewed as transitional 

leaves with mixed identities, implying the presence of overlapping programs between 

juvenile and mature phases. Presumably, there must be regulatory signal(s) involved in 

controlling the phase change process. 

Plant hormones are widely involved in plant growth and development and are known to 

influence some of the characteristics associated with phase change (Zimmerman et aI. ,  

1 985; Day et al ., 1995; Carswell et aI ., 1996) . It is  possible that they may act as signals 

in controlling phase change in higher plants. 

3.4.2. Endogenous cytokinin metabolism and pbase cbange 

Qualitative aspects of endogenous cytokinins in P. radiata have been discussed in 

Chapter 2.  Following the procedures detailed in Chapter 2, a full spectrum of 

endogenous cytokinins including the novel cytokinins has been quantitatively analysed. 

The patterns of cytokinin metabolism are very complex but significant differences are 

seen between the buds from juvenile and mature trees. 

Seedling buds contained the highest combined concentration of cytokinin free base and 

ribosides while buds from eight-year-old trees displayed the lowest level (Fig. 3 .4A). A 

similar trend has been found in other species (Hen dry et aI . ,  1 982; Galoch 1 985 ;  Day et 

aI . ,  1995; Perrin et al ., 1 997) . For instance, Galoch ( 1 985) found marked variations in 

the content of plant hormones in buds and apical sections of birch shoots. The juvenile 

vegetative trees showed the highest level of cytokinins, and fully mature 1 5-year-old 

plants exhibited the lowest level. 
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The fact that trees of P. radiata at four years old are able to produce both juvenile and 

mature buds (Fig. 3 . l C  and D) means that these trees are at a transitional stage between 

the juvenile and a fully mature phase. In agreement with this fact, the combined 

concentration of cytokinin free base and ribosides in the buds of four-year-old trees is 

also lower than in seedling buds but higher than in the buds from eight-year-old mature 

trees (Fig. 3 .4A). Therefore, the general trend for free base and ribosides in the buds 

from P. radiata (seedling buds>juvenile (14) buds>mature (M4) buds>mature (M8) 

buds (Fig. 3 .4A)) is indicative of an involvement of cytokinin metabolism in the phase 

change. A remarkably similar trend for the combined cytokinin free base and ribosides 

has also been detected between juvenile, transitional and mature tissues in an evergreen 

woody angiosperm species native to New Zealand (Day et al., 1995). 

Cytokinin free bases and ribosides are believed to contribute to the pool of 'active' 

cytokinins (Letham and Palni, 1983). However, their exact 'roles' have not been fully 

elucidated. Although high concentrations of ZR were found in buds from one-year-old 

seedlings and four-year-old transitional trees (Fig. 3 .4B and C), a high concentration of 

ZR alone is not likely in itself to be sufficient to control the formation of primary 

needles. For example, the mature buds from four-year-old trees also contained higher 

ZR than did the juvenile (14) buds (Fig. 3 .4C). However, as shown in Fig. 3 .4D, the 

high level of iP (the only free base cytokinin detected in the field buds) in the seedling 

and juvenile (14) buds appeared more closely associated with the production of juvenile 

characteristic-primary needles, and this is in agreement with the fact that both mature 

(M8) and apparently mature (M4) buds have a relatively lower iP concentration (Fig. 

3 .4D) .  The data from tissue-cultured mature buds also support this contention, because 

the iP concentration in the tissue-cultured mature buds was consistantly low (Fig.  

3 . 1 5B) :  a low level of iP is highly correlated with mature bud morphology . 

A wide range of phosphorylated cytokinins was detected because of the use of the 

modified Bieleski 's solvent which can effectively inactivate phosphatases (Bieleski, 

1 964; Jameson et aI . ,  1987). The differences in phosphorylated cytokinins between the 

buds of mature and juvenile trees are striking (Fig. 3.5). The total level of nuc1eotides 

in the seedling or "juvenile" (14) buds are significantly lower than in either of the 
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mature buds analysed (i.e. M8 and M4) (Fig. 3 .5), especially for the two major species, 

zeatin riboside nucleotide and the novel phosphorylated zeatin riboside glucoside (Fig. 

3 .5B and C). The results strongly demonstrate the importance of measuring the 

phosphorylated cytokinins in cytokinin analysis. Previous studies have shown that 

cytokinin nucleotide breakdown can occur during extraction due to the use of 

inadequate extraction solutions such as aqueous methanol or ethanol (Bieleski, 1 964; 

Horgan and Scott, 1987). Also, cytokinin nucleotide degradation was observed in  

preliminary work for this thesis. If the adjustment of  sample pH was carried out by 

using concentrated ammonia in a small volume of sample solution, degradation of the 

phosphate group from cytokinin nucleotides resulted in higher levels of the 

corresponding cytokinin nucleosides being detected. 

Although it has been suggested that nucleotide cytokinins may be mainly associated 

with cytokinin uptake and transport across membranes (Singh et al . ,  1 988; Letham and 

Palni, 1983; Jameson, 1 994; McGaw and Burch, 1 995), the low levels of 

phosphorylated cytokinins in the seedling and "juvenile" (J4) buds may also mean more 

phosphorylated cytokinins are utilised in juvenile than in mature buds. This is the first 

set of data showing such diverse forms of phosphorylated cytokinins, several of which 

have not been reported before. Although the relationship of these six phosphorylated 

cytokinins to overall cytokinin biosynthesis or metabolism remains to be determined, it 

is widely accepted that iPA nucleotide is the first step of cytokinin synthesis (Jameson, 

1994; McGaw and Burch, 1 995). 

Despite the different concentrations in different bud types, similar patterns of the 

individual phosphorylated cytokinins measured in the buds from seedlings, four-year­

old mature buds (M4) and eight-year-old mature buds (M8) (Fig. 3 .5B and C) may 

indicate that the metabolic pathways for the phosphorylated cytokinins may be similar 

but the general metabolism rates very different between the mature and juvenile buds 

from the field. A fast turnover rate of phosphorylated cytokinins in seedling or 

"juvenile" (J4) buds may be associated with active production of primary needles 

displayed by these juvenile buds. Moreover, phosphorylated cytokinins were not 

detected in the mature buds in culture without additional cytokinin in the medium, 
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indicating that cultured mature buds also have a rapid turnover of phosphorylated 

cytokinins to meet their fast growth in culture. Therefore, the phosphorylated cytokinins 

on their own seem more likely to be associated with growth rather than phase. 

Another distinct feature of the results reported in this thesis is that an extremely high 

level of novel cytokinin glucosides (ZR-G, DZR-G and iPA-G) was detected in the buds 

of P. radiata (Table 3. 1 ). The functions of these novel cytokinin glucosides remain to 

be determined. Although O-glucosides are widely present in higher plants and algi (de 

Nys et al., 1 990) and are believed to be very important as storage forms and in 

regulating the levels of active cytokinins (Jameson, 1 994; Brzobohaty et aI. ,  1 994; Auer, 

1997), no O-glucosides were detected in P. radiata, reflecting the fact that cytokinin 

metabolism is different in this coniferous species. 

The higher concentrations of ZR-G and DZR-G in mature (MS) or "mature" (M4) buds 

and the lower concentrations in seedling and the "juvenile" (J4) buds from the field 

showed a trend similar to the nucleotides (Table 3 . 1  and Fig. 3.5). However, the novel 

glucoside iPA-G displayed the opposite pattern (Table 3. 1) .  Although the reduced level 

of ZR-G and DZR-G and increased level of iPA-G appear to be associated with juvenile 

buds in the field, the mature buds cultured on medium without additional cytokinin (the 

condition allowing the mature buds to continue the development of mature phase) also 

exhibited a decreasing concentration of ZR-G and DZR-G and an increasing 

concentration of iPA-G. Therefore, these data indicate that the reduction in ZR-G and 

DZR-G and the increase in iPA-G may be more associated with growth processes of the 

buds, irrespective of the phase of development. 

Furthermore, although the mature buds on cytokinin-free medium have low 

concentrations of phosphorylated cytokinins, ZR-G and DZR-G and high concentration 

of iPA-G, the concentration of free base cytokinin iP is also low, and it is hypothesised, 

has not reached the critical concentration or a critical ratio between the different forms 

(probably a threshold) for the production of juvenile traits. Consequently, these cultured 

buds continued their mature phase. 
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3.4.3 Cytokinin-induced "rejuvenation" in vitro in P. radiata 
In P. radiata, micropropagated shoots from mature trees develop a juvenile morphology 

(producing primary needles) in tissue culture in response to cytokinin in the medium 

(Horgan, 1987; Fig. 3.2A, B and D). Without exogenous cytokinin, the mature buds in 

culture continue producing secondary needles but no primary needles (Fig. 3 .2C) . This 

phenomenon strongly indicates that cytokinins may be involved in regulating phase 

change in P. radiata. More detailed anatomical examination of the cultured buds shown 

in Fig 3.2 revealed that the phase reversion of the mature buds caused by exogenous 

cytokinin in tissue culture was through cessation of secondary needle formation, 

activation of fascicle meristems and stimulation of primary needle initiation (Fig. 3.3A, 

C, E, G, I, K and L). However, exogenous cytokinin is not needed continuously to 

maintain the reversion from the mature to the juvenile state. Not only does continuous 

exposure to exogenous cytokinin halt the elongation of these newly initiated primary 

needles, it results in an atypical apical meristem (Fig. 3.3L). However, following 

withdrawal of cytokinin from the medium after 30 days, the atypical apical meristems 

then attain a morphology (Fig. 3.31) which is very similar to that of the meristems from 

seedlings (Riding, 1972), indicating that reversal of phase change has occurred at the 

meristem level in terms of primary needle production. 

One way to explain the effect of cytokinin on the apparent "rejuvenation" of P. radiata 

is that cytokinin can reset the fate of the meristems and/or foHar primordia in mature 

buds. For instance, although the fascicle meristems in mature buds on cytokinin-free 

culture medium could also be activated to initiate foliar primordia (after secondary 

needles had fully developed) (Fig. 3.3J), these meristems were much smaller and the 

epidermis of the scale-bound primordia initiated by these meristems was heavily stained 

by safranine (Fig. 3.3J) in comparison with those cytokinin-activated meristems and the 

epidermis of foliar primordia (Fig. 3.31, K and L) which did not accumulate safranine­

stable compounds. The heavy accumulation of safranine-stainable substances in the 

epidermal cells may be an early sign that these foliar primordia will develop as scales 

covering the mature buds. This contention is in agreement with the fact that the field­

grown mature buds also accumulate safranine-stainable substances in the epidermis of 

their scale-bound primordia (Fig. 3 .3M). Therefore, the action of cytokinin on the shift 



from the production of scales to primary needles may be associated with attributes 

located in the epidermal cells of these foliar primordia. 

1 27 

Indeed, studies carried out in other species have shown that leaf epidermal cell traits can 

be used as phase change markers and are well correlated with other phase-specific 

features. For example, the density andlor distribution of leaf epidermal cell trichomes i s  

different between juvenile and mature leaves i n  Arabidopsis (Chien and Sussex, 1 996; 

Telfer et al . ,  1 997; Van Lijsebettens and Clarke, 1 998), maize (Lawson and Poethig, 

1 995 ; Poethig, 1 997) and some woody species (Schaffalitzky de Muckadell, 1 954; 

Wareing and Frydman, 1976; Brand and Lineberger, 1 992). In addition to 

morphological aspects, epicuticular wax accumulation is also one of the most obvious 

epidermal traits that show significant differences between juvenile and mature leaves in 

maize (Moose and Sisco, 1994, 1 996; Evans and Poethig, 1 995). 

Although exogenous cytokinins are able to cause rejuvenation of mature buds, it is 

important to note that these shoots mature faster than true juvenile trees after the shoots 

have been planted in the nursery bed (Horgan, 1 987; Horgan et aI., 1 997) .  This 

indicates that cytokinin may affect some switches of phase change, such as the one 

determining primary needle production, but not all of them. In this physiological 

context, rejuvenated characteristics are therefore able to mature more quickly when the 

influence of cytokinin is removed. 

3.4.4. Metabolism of BA during cytokinin-induced "rejuvenation" in vitro 

I have confirmed the previous observation (Horgan, 1987) that BA is able to induce 

phase reversion of mature buds of P. radiata in vitro (Fig. 3.2 and 3 .3). The question 

then arises as to how BA causes the mature buds to revert to juvenile development. 

Because approximately four weeks of in vitro culture on BA-containing medium had 

been used previously to induce mature bud fragments to produce shoots with primary 

needles at NZFRI (Horgan, 1987), experimental time frames were therefore selected to 

coincide with observed developmental stages. For instance, BA metabolites were 

extracted and characterised from buds after 30 days of exposure to BA-containing 
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medium to correspond to primary needle initiation; 30 days exposure to BA plus 20 

additional days on cytokinin-free medium to correspond to primary needle elongation; 

and 30 days of exposure to BA plus an additional 20 days of subculture on fresh BA­

containing medium to reflect the inhibition of primary needle elongation. It has been 

found in this work that BA is metabolised to an extensive range of products in the bud 

fragments of P. radiata during the culture period. Six of these products have been 

identIfied as BA, BAR, BA9G, BAR-G, BANT and BAR-G-P (Fig. 3 . 1 1 ) .  Structures 

for the remaining six peaks identified in Fig. 3.7 and Fig. 3 .9 have not been determined. 

They could be the products of further modification to the molecules of the identified BA 

derivatives shown in Fig. 3 . 1 1 .  

It has been reported that BA can be rapidly taken up by different tissue types of various 

plant species in vitro (Minocha and Nissen 1 982; Biondi and Canciani 1984; Auer et al . .  

1 992b; Werbrouck et al. ,  1995) including explants of pine (Vogelmann et al. ,  1 984). 

After uptake, plant tissues convert BA into a great diversity of metabolites (reviewed by 

van Staden and Crouch, 1996) . The results obtained in this work (Fig. 3 . 1 3) reflect an 

even greater diversity of metabolites in P. radiata than those found in other plant 

systems (Laloue et al . ,  1 98 1 ;  Laloue and Pethe, 1982; Letham et al. ,  1 982; Letham and 

Gollnow, 1 985; Van der Krieken et al . ,  1988, 1990; Auer et al. ,  1 992b; Van Staden and 

Drewes, 1 992; Werbrouck et al . ,  1 995). 

The free base BA is believed to be the most active form in many systems (Van Staden 

and Crouch, 1996) and has been identified as a naturally-occurring cytokinin (Nandi et 

al . ,  1 989a and 1989b). In P. radiata, the high concentration of BA maintained in the 

cultured mature buds (Fig. 3. 1 3) during phase reversion, even after the withdrawal of 

BA from the culture medium, is highly correlated with the production of primary 

needles (a juvenile feature). BAR has been confirmed to have relatively low biological 

activity compared to the free base in a variety of bioassay systems (van Staden and 

Crouch, 1 996). Further, in growing tobacco cell cultures, Laloue and Pethe ( 1 982) 

found that only the free base exhibited activity. Therefore, the high level of BAR in the 

metabolite pool (Fig. 3 . 1 3) may serve as a source of BA through interconversion, 

although BAR itself may also be an active form per se (Peters and Beck, 1 992) . The 

ability to maintain high levels of BA and BAR for a prolonged period in the mature 
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buds during culture is a distinct feature of P. radiata that differs significantly from the 

levels found in other cultured plant tissues (Van der Krieken et al., 1 988, 1 990; Auer et 

aI . ,  1 992b; Werbrouck et aI . ,  1995). For example, in Petunia, the combined level of BA 

and BAR dropped dramatically after their levels peaked within the first day of culture 

and were not detectable after six days of culture even in the presence of BA in the 

culture medium (Auer et al. ,  1 992b). However, the level of BA and BAR in the cultured 

mature buds of P. radiata remained consistently high during the 30-day culture on BA­

containing medium; even 20 days after the withdrawal of BA from the culture medium 

the level was still relatively high (Fig. 3 . 1 3) .  

BA9G has been regarded as an inactivation or detoxification form of BA (Van Staden 

and Crouch, 1996) and has been isolated as a naturally-occurring cytokinin form (Nandi 

et al ., 1 989a). The production of BA9G has been demonstrated in many experimental 

systems (Wilson et aI. ,  1 974; Zhang et aI ., 1 987; Van Staden et aI. ,  1 990; Auer et aI. ,  

1 992a, 1 992b; Blakesley and Constantine 1992; Feito et aI . ,  1 994, 1 995; Werbrouck et 

aI . ,  1 995). A common trend in these systems is that BA9G accumulates to a very high 

level while BA and/or BAR decrease to a very low level after long term culture on BA­

containing media (Auer et al . ,  1 992a, 1 992b; Feito et aI., 1 994, 1 995; Werbrouck et aI. , 

1 995). However, the data obtained in this work showed that the ability of cultured P. 

radiata buds to convert BA to BA9G was very limited because BA9G was only a minor 

metabolite compared to BA, BAR and the BAR-G (Fig. 3 . 1 3) .  This is in agreement 

with the fact that no endogenous 9-glucosides were detected in the field buds of P. 

radiata, indicating that BA metabolism in P. radiata has a regulatory mechanism that is 

different from the other higher plant species studied (Wilson et aI. ,  1 974; Zhang et aI. ,  

1 987; Van Staden et aI. ,  1990; Auer et aI., 1 992a, 1 992b; Blakesley and Constantine 

1 992; Feito et aI . ,  1 994, 1 995; Werbrouck et aI ., 1 995) .  

The MSIMS spectrum clearly demonstrates that one of the novel BAR glucosides found 

in the cultured buds of P. radiata is BAR-G (Fig. 3 . 1 0) .  This novel form of cytokinin is 

the same compound as identified from Gerbera shoot culture by Horgan ( 1985) and 

Blakesley et al. ( 1990) and from Petunia culture by Auer et al. (Auer etaI., 1 992a, 

1 992b; Auer and Cohen, 1993). The biological function of this novel form is unknown. 
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However, the fact that it accumulated to a high level in the actively growing cultured 

buds (Fig. 3 . 1 3) indicates that the metabolic behaviour of this cytokinin may be similar 

to iPA-G (Fig. 3 . 1 6C) which accumulated in the bud fragments cultured totally on 

cytokinin-free medium. Auer and Cohen ( 1993) suggested that BAR-G accumulation 

was associated with bud organogenesis in Petunia, which may also be the case in P. 
radiata. 

The BA nucleotide has been widely detected in other plant systems (Van Staden and 

Crouch, 1996) and was identified in tissue-cultured buds of P. radiata. However, the 

phosphorylated form of BAR-G identified in this study has not been reported before. 

The relatively low level of phosphorylated cytokinins detected in this study may mean 

that there is a very rapid turnover rate for phosphorylated BA metabolites. BA 

nucleotide and phosphorylated BAR-G may serve as intermediates for interconversion 

between the base, BAR, BAR-G and the other forms of cytokinins in the cultured 

mature buds. It has been shown in other plant experimental systems that BA nucleotide 

may play a central role in the regulation of the levels of the various metabolic forms of 

cytokinins as they are readily interconverted to the riboside and to the base (Laloue et 

aI. ,  198 1 ;  Laloue and Pethe, 1982; Van Staden and Crouch 1 996). 

The unidentified Cl and C4 may, particularly, be responsible for the inhibition of 

primary needle elongation, because a marked reduction in the levels of Cl and C4 

compounds was highly associated with the elongation of primary needles (Fig. 3 . 1 3) .  

In summary, the accumulation of high levels of active cytokinins such as the free base 

BA in the cultured mature buds may be the cause of the reversion from scale production 

(mature feature) to primary needle production (juvenile feature). This contention is in 

agreement with the fact that higher levels of the endogenous active free base, iP, were 

detected in the juvenile buds than in the mature buds of field-grown trees. The 

metabolite patterns observed during the 'rejuvenation" of mature buds in culture may 

lead to the maintenance of critical levels of active cytokinins. 
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The question now is whether B A  activity is through its influence on the concentration of 

endogenous cytokinins. Unfortunately, there are limited studies on this issue. Feito et 

al. ( 1994) claimed that prolonged exposure to BA induces an increase in the level of 

endogenous cytokinins in Actinidia deliciosa tissues and similar results have been 

reported by other researchers in other systems (Kuiper et aI. ,  1989; Kataeva et aI. ,  1 99 1 ;  

Vankova et aI ., 1 991). However, the data (Fig. 3 . 14) obtained from this study shows a 

decline in endogenous cytokinin concentration in the buds treated with exogenous BA, 

supporting the idea that exogenously applied BA acts 'per se' and not through 

endogenous cytokinins (Feito et al., 1995 ; Centeno et aI., 1 996). More recently, it has 

been observed that another synthetic cytokinin-like compound, CPPU «N-2-chloro-4-

pyridyl)-phenylurea), also caused a decrease in endogenous cytokinin concentration 

while it promoted fruit development in kiwifruit (Actinidia deliciosa) (Lewis et aI. ,  

1 996). 

The decline in the level of endogenous cytokinins caused by exogenous cytokinins such 

as BA or CPPU may be due to enhanced cytokinin oxidase activity by these exogenous 

cytokinins (Chatfield and Armstrong 1986; Kaminek and Armstrong 1 990). It is also 

possible that a high concentration of exogenous cytokinin absorbed into plant tissues 

can down-regulate endogenous cytokinin biosynthesis through feedback mechanisms. 
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Chapter 4 Identification of cytokinin-responsive genes using 

mRNA differential display and characterisation of gene 

expression 

4.1 Introduction 

As reported by Horgan ( 1 987) and seen in the previous chapter of this thesis, the 

development of mature buds of Pinus radiata can be reversed by exogenous cytokinin in 

vitro. The cytokinin 6-benzylaminopurine induces mature buds in culture to display 

juvenile morphology. Anatomical analyses revealed that this phasic reversal of the 

mature buds in vitro induced by exogenous cytokinin was due to meristem enlargement, 

primary needle initiation and secondary needle elimination at the shoot apex (Chapter 

3). Moreover, the endogenous cytokinin analyses (Chapter 3) also indicated that there 

was a correlation between the endogenous cytokinin metabolism and the development of 

primary needles which are specific to the juvenile phase. 

Studies on phasic development for other woody species (Hackett et al. ,  1 987, Marc and 

Hackett, 1 99 1 ,  Marc and Hackett, 1 992) and herbaceous plants (Poethig, 1 990) have 
• 

indicated that the apical and subapical meristem regions of the shoot apex are the sites 

of origin of phase-related characteristics (Poethig, 1 990). Cytokinins appear to 

modulate the genes that are involved in imparting a fate of primary needle development 

on the mature shoot meristems of P. radiata. Identification of cytokinin-responsive 

gene(s) that are involved, directly or indirectly, in such determination of phase-related 

characteristics will help towards an understanding of the mechanism of phase change. 

4.2 Materials and Methods 

4.2.1 Plant materials 

Individual mature trees of 9 and 4 years old held at the NZFRI nursery were marked and 

used as the sources of bud materials. Consequently ,  for each experiment, the plant 

materials used for different treatments came from the same individual trees to guarantee 

the comparison of gene expression in response to cytokinin within the same genotype. 

All the buds were collected from the secondary and tertiary branches of the upper crown 

of individual trees. The buds collected from the field trees were either used directly for 



RNA and DNA isolation or cultured in vitro subject to experimental treatments. For 

direct use, the field buds were immediately put in liquid nitrogen and stored at -80°C 

after collection. 
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4.2. 1. 1  Tissue culture: For tissue culture, the harvested field-grown buds from 9- and 

4-year-old trees were surface-sterilised in 500 mL of 50% bleach (Franklin Limited, NZ) 

for 15  min with constant stirring on a magnetic stirrer. The buds were then rinsed three 

times in a large volume of sterile water (at least 300 mL each time), after which the bud 

scales were peeled off and the bud cross-sectioned into 5 mm fragments. These were 

placed onto both cytokinin-containing (LP5) and non-cytokinin LP (LPCH) nutrient 

media which were solidified with 0.8% Difco agar (Appendix B). Cytokinin 

supplements in the culture media and the environmental conditions of the cultures 

differed according to the purpose of each experiment. 

4.2. 1 .2 Tissue cultured materialsjor RNA and DNA isolation: 

(i) For mRNA differential display, the field buds and the bud fragments which had been 

cultured on either BA-containing or cytokinin-free medium for periods of 72 h and 25 d 

were used for total RNA extraction. The cultures were maintained in a specialised 

tissue culture room at 25°C under a 1 6/8 h fluorescent light/dark cycle. 

(ii) For the time course Northern analyses, bud fragments were cultured on either B A­

containing or cytokinin-free medium in a growth chamber at 25°C, either in compete 

darkness or a 16/8 h fluorescent light/dark cycle. The bud fragments were harvested in 

liquid nitrogen at the time points of 0 h (field bud fragments), 12 h, 24 h, 48 h, 72 h ,  7 d 

and 25 d and then stored at -80°C until required for RNA extraction. Also, at the same 

time of collecting materials at day 25, some buds cultured on BA-containing medium 

were transferred onto cytokinin-free medium and they were then harvested after 20 

further days of culture. 

(iii) For dose response Northern analyses, the bud fragments from a four year-old tree 

were cultured on cytokinin-free medium for 48 h in a growth chamber at 25°C in 

complete darkness and then transferred onto LP nutrient medium supplied with a series 
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of concentrations of isopentenyl adenosine (iPA) (0, 10-7, 10-6 , 1 0-5, and 1 0-4 M) or 6-

benzylaminopurine (BA) (0, 10-7, 10-6 , 1 0-5, and 10-4 M). Mter 24 h culture under the 

same conditions, the fragments were harvested in liquid nitrogen and then stored at -

80°C until required for RNA extraction. 

4.2.2 RNA extraction 

To prevent RNA degradation during extraction, all the glassware was well washed using 

detergent and wrapped with tinfoil and baked in a dry air oven at 1 80°C for at least 4 h 

to destroy RNase activities. Disposable plastic tubes (50 mL conical tubes and 

Eppendorf vials) and tips were autoc1aved at 12 1 °C for 20 min. Previously unopened 

stocks of chemicals were used to make solutions. Clean disposable gloves were worn 

during the procedure. The Milli Q water used was always collected directly from the 

Milli Q system and autoc1aved at 1 2 1°C for 20 min but not DEPC-treated. 

RNA extraction was achieved by using a modified protocol according to Chang et al . 

( 1 993). One half to two grams of plant material which was stored at -80°C or 

immediately frozen in liquid nitrogen after harvest was weighed out in a liquid nitrogen 

pre-chilled mortar and ground to a fine powder using mortar and pestle in the presence 

of liquid nitrogen. Each fine tissue powder was then transferred with a pre-chilled 

spatula into a 50 mL sterile screw-capped disposable polypropylene tube which was 

being chilled in liquid nitrogen until all the samples had been ground. 

Immediately prior to the extraction buffer being added to the ground sample, 0.3 mL of 

�-mercaptoethanol (BDH) was added to 1 5  mL of extraction buffer which had been pre­

warmed to 65°C. The buffer mixture was then poured into the tubes containing the 

ground samples. Mixing was completed by inverting the tubes quickly several times, 

and then vortexing for 1 min. Subsequently, 15 mL of chloroforrn:isoamylaIcohol (24: 1 

v/v) was added to and mixed with the buffer and the resultant mixture was vortexed for 

1 min. The mixture was subsequently incubated in a water bath at 55°C for 15  min with 

occasional shaking. The tubes were removed from the water bath and kept on ice until 

the next step took place (usually less than 30 min). Subsequently ,  the samples were 

centrifuged at 5500 g for 15  min at 4°C. The supematants were transferred into another 
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set of sterile disposable polypropylene tubes, taking great care to avoid transfering solid 

debris from the interface. The supernatant was partitioned a second time against 

chloroform by adding an equal volume of chloroform:isoamyla1chohol (24: 1 v/v). After 

vortexing (about 10 s), the mixture was centrifuged for 1 5  min at 7000 g at 4°C. 

The supernatants were carefully moved into a new set of fresh sterile disposable 50 mL 

polypropylene tubes with accurate measurement of the supernatant volume. One fourth 

volume of 1 0  M LiCI (BDH, stored at -20°C) was added to each supernatant. After 

mixing, supernatant and LiCl was left overnight (around 12  to 1 6  hours) at 4°C to 

precipitate RNA. The tubes were centrifuged for 30 min at 8000 g at 4° to precipitate 

RNA. The supernatants were removed and the RNA pellets were washed with 3 mL of 

chilled 70 % ethanol . The tubes were centrifuged for 1 0  min at 9000 g at 4°C and then 

the supernatants were carefully removed to prevent loss of the RNA pellets. 

The pellets were then dried briefly by inverting the tubes on clean paper towels and the 

pellets then dissolved in 500 !JL of SSTE prior to transfer to 1 .5 mL Eppendorf tubes. 

An equal volume of chloroform:isoamyla1cohol (24: 1 v/v) was added to each tube and 

vortexed for 30 s. The tubes were then centrifuged for 1 5  min at 10000 rpm at room 

temperature in a microcentrifuge. The aqueous phases were then transferred to a new 

set of Eppendorf tubes and mixed with 2.5 volumes of pre-chilled 100% ethanol 

(Analar), followed by a 2 h precipitation at -20°C or 20 min at -80°C. 

The mixtures were centrifuged for 20 min at 12000 rpm in a microcentrifuge and the 

supernatants were removed. The RNA pellets were air-dried or dried using a Speedvac, 

dissolved in 200 -500 ,.d of autoclaved Milli Q water. After the concentration was 

determined using a spectrophotometer, the RNA solution was aliquotted to 50 !JL 

fractions and sored at -80°C until required . .  

Extraction buffer: 2 % CTAB (cetyltrimethylammonium bromide) 
2 % SDS (sodium decyl ) 
1 % soluble PVP 
0. 1 M Tris-HCI (pH 8 .0) 
0.025 M EDTA (pH 8 .0) 
2.0 M NaCI 
The buffer mixture was autoc1aved at 1 2 1 0  for 20 min and stored 
at room temperatuA!until required. 



SSTE buffer: 1 .O M NaCI 
0.5% SDS 
0.01 M Tris-HCI (pH 8.0) 
0.001 M EDTA (pH 8.0) 
The buffer mixture was autoclaved at 1 2 1 0  for 20 min and stored 
at room temperature until required. 

4.2.3 Genomic DNA extraction 
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The DNA extraction protocol was developed during the study based on the modified 

RNA extraction procedure. One half to 1 g field-grown buds or tissue-cultured material 

was ground under liquid nitrogen. The fine tissue powder was transferred to 1 5  mL 

extraction buffer pre-warmed to 65°C and was added with 0.3 mL of �­

mercaptoethanol, as detailed for the RNA extraction (Section 4.2.2). After slow but 

thorough mixing, an equal volume of chloroform:isoamyl ethanol (24: 1 ;  v/v) was added 

to the extraction mix and further mixed by slow inversion. The extraction mixture was 

then incubated for 15 min at 55°C. The tubes were inverted several times during the 

incubation. After centrifugation at 9000 g for 15 min, the aqueous phases were 

transferred to another set of fresh centrifuge tubes or disposable polypropylene tubes. 

Subsequently, 0.5 volume of 100% ethanol was added and mixed with the aqueous 

phases to precipitate DNA. The silky DNA precipitate was harvested either by 

centrifugation at 9000 g for 5 min or scooped out using pipette tips. The DNA pellets 

were then washed with 75% ethanol and followed with 100% ethanol. Finally, the DNA 

pellets were dried by inverting the tube on a paper towel. The DNA was subsequently 

dissolved in 500 JlI of sterile Milli Q water. Possible contamination by RNA was 

eliminated by RNase treatment at a concentration of 10  JlglmL DNAse-free RNase at 

37°C for 50 - 60 min. The RNase protein was later removed by chloroform partitioning. 

The quality and quantity of the prepared DNA were examined as described below 

(Section 4.2.4) . 

4.2.4 Determination of DNA and RNA concentration and quality by 

spectrophotometry 

DNA and RNA preparations were diluted to 1 mL final volume with sterile Milli Q 

water. The baseline of the spectrophotometer was set using identical sterile water to 

that used in diluting the samples and absorbance of the diluted preparations in quartz 
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curvetts with a 1 cm light path was determined from 200 nm to 320 nm. The ratio of 

absorbance at 260 nm and 280 nm and the absorbance spectrum from 200 nm to 320 nm 

were used to determine the purity of DNA and RNA preparations. Pure RNA has a ratio 

of 2.0 at OD26010D28o and pure DNA has a OD26010D28o ratio of 1 .8 .  The concentration 

of RNA and DNA in the preparations was calculated on the basis that an OD of 1 with a 

1 cm light path at 260 nm equals approximately 40 JlglmL of RNA or 50 JlglmL of 

double stranded DNA. 

4.2.5 Differential display of mRNA 

A modified protocol of the mRNA differential display technique was based on the 

method developed by Liang et al. (Liang et al . ,  1 992, 1 993 ; Oh et al. ,  1995). The 

precautions detailed for RNA extraction (Section 4.2.2) were taken throughout the first 

strand cDNA syntheses. 

4.2.5. 1 Theftrst strand cDNA synthesis: Total RNA derived from field-grown buds, 

tissue-cultured bud fragments with cytokinin treatment and tissue-cultured bud 

fragments without cytokinin treatment were utilised as templates for synthesis of the 

first strand cDNA. The 5'-T12VN (Operon Technologies; where V=A, C and G and 

N=A, C, G and T) was used as primer for reverse transcription (RT) reaction. For each 

RT reaction, 5 jlg of total RNA and 50. 1 pmol of 5-T 12 VN 3' primer were mixed in a 

PCR tube at a volume of 10 IlL in sterile water and the RNA/primer mixture was 

denatured at 70°C for 10  min .  Subsequently, the tube was removed from the 70°C 

water bath and put immediately on ice for at least 5 min. The contents were collected in 

the bottom of the PCR tube by a brief centrifugal pulse and 4.0 JlL 5 x RT buffer, 2.0 jlL 

0. 1 M DTT, 1 .0 JlL 10  mM dNTP mix and 2.0 JlL RNase inhibitor added and mixed 

gently by pipetting up and down. The reaction mixture was incubated for three minutes 

at 42°C. After the incubation, 1 .0 JlL Superscrit IT RNase H- reverse transcritase 

(GmCOBRL) was added, mixed well by pipetting up and down and incubated for 50 

min at 42°C water bath to synthesise first strand cDNA. To inactivate the reverse 

transcription enzyme, the temperature of the incubation was increased to 70°C and kept 

at the same temperature for 1 5  min. The synthesised first strand cDNA solution was 

used immediately or kept at -20°C until required for amplifying cDNAs. 
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4.2.5.2 Differential display peR: The first strand cDNAs generated by RT reaction 

were amplified by polymerase chain reaction (PCR) using an anchor primer 5' 

TITITITITITITVC 3' or 5' ITITITTITITI'VG 3' (Operon) and a random primer 

(5' CGGCARGTNACNTT 3', Life Technology) which is able to bind to different 

positions of the cDNAs. As a result of the random primer, the amplified cDNA 

populations of different sequences could be of various length. To carry out PCR 

amplification, two Master PCR mixes were prepared in order to reduce pipetting errors 

and save time. To each of the PCR tubes (the number of PCR tubes was the same as 

required by the sample numbers) 48.0 � of Master I PCR mix was added, followed by 

the additions of 2.0 JlL of first strand cDNA solution from each of the different sample 

RT reactions. These tubes were preheated to 94°C for 5 sec in a PCR thermocycler 

(Perkin-Elmer Cetus DNA Thermal Cycler) and 50 J.1L of Master IT PCR mix was then 

added to each tube with quick pipetting up and down to mix the PCR reaction solution. 

The PCR reaction was performed for 40 cycles of 30 sec at 94°C, 42°C for 1 min 30 sec, 

72°C for 1 min 30 sec and finally incubated at 72°C for 1 0  min to complete extension of 

the cDNAs. The PCR reaction solutions were kept at 4°C on hold in the PCR 

thermocycler before removal to a -20°C freezer. 

Master I PCR mix: 

Master II PCR mix: 

dNTP ( l O mM) 
Water 
Anchor primer (30 IlM) 
Random primer (30 Ilm) 

PCR buffer with MgCI 
Expand polymerase 
water 

0.5 J.1L 
37.5 J.1L 
8.33 J.1L 
1 .67 J.1L 

10.0 J.1L 
1 .0 ilL 
39.0 J.1L 

4.2.5.3 cDNA display electrophoresis: The different size classes of PCR-amplified 

cDNA populations were separated by running 20 J.1L of each of the PCR reaction 

solutions side by side on a 1 .5% agarose gel which contained 0.6 Jlg/mL ethidium 

bromide. The gels were run in Ix T AE buffer at 50-80 V for 2.5-4 hours and the cDNA 

bands were visualised with UV light stimulation and photographed with Polaroid 667 
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film. Samples were loaded after being mixed with SUDS loading buffer at a 5 :  1 ratio 

(v/v). 

l OxT AE buffer for 1 L: 

DNA loading buffer(SUDS): 

48.5 g Tri(hydroxylmethyl)aminomethane (Tris) 
1 1 .3 mL glacial acetic acid 
100 mL 0.5 M EDTA (pH 8.0) 

1 % (w/v) sodium dodecyl sulphate (SDS) 
50% (w/v) glycerol 
0.025% (w/v) bromophenol bll4e 
1 00  mM EDTA (pH 8.0) 

4.2.6 Cloning of selected cDNA sequences 

The Invitrogen ® TA cloning® system was used to clone the cDNAs. The TA cloning 

system provides a quick, one-step cloning strategy for the direct insertion of a peR 

product into a plasmid vector. The cloning system takes advantage of the non-template 

dependant activity of thermostable polymerases used in PCR that add a single 

deoxyadenosine to the 3' ends of duplex molecules. These 3' A-overhangs are used to 

insert the PCR product into a vector which contains single 3' T-overhangs at its 

insertion site. The vector supplied with the kit is a linear molecule with 3' T-overhangs 

at its insertion site. 

4.2.6. 1  cDNA preparation: Selected bands of interests from the differential display gels 

were excised into 1 .5 mL centrifuge tubes, 100 JlI of sterile water added and followed by 

boiling for 5 min to extract the cDNA. After centrifugation, the supematants containing 

the cDNAs were stored at -20°C until further usage. 

4.2. 6.2 Ligation: The concentration of peR products in the supematants were estimated 

by running 5 JlL of the supernatants on an agarose gel with a mass ladder (Low DNA 

mass™ ladder, Life Technologies). The amount of the PCR product used was 

determined by the formula provided in the manufacturer' s instruction. The ligation 

reaction solution was 1 5  JlL containing Ix ligation buffer (via1 TA2), 50 ng of pCRTM rr 

vector (vial TA3), 10 ng of peR product and 1 .5 J.LL of T4 DNA ligase (vial 5). The 

ligation reaction was incubated at 12°e overnight. 
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4.2.6.3 Plasmid transformation of E. coli: A vial containing 50 J.1L of TA cloninglM 

OneShot™ competent cells thawed on ice was mixed with 2.0 J.1L of 0.5 M �­

mercaptoethanol very gently and followed by 2.0 J.1L of ligation reaction added to the 

tube. After gentle tapping to mix the contents, the tube was kept on ice for 30 min and 

subsequently treated for exactly 30 sec at 42°C. After the heat shock, the tube was 

immediately replaced on ice for 2 min and then 450 J.1L of pre-warmed SOC medium 

was added to the tube. The contents were subsequently shaken at 37°C for exactly 1 h 

at 225 rpm in a rotary shaking incubator. After the 1 h incubation, 25 J.1L, 100 J.1L and 

300 J.1L of transformation solution from each transformation vial were spread on 

separate and labelled LB agar plates containing 50 J.lg/mL kanamycin and incubated 

overnight at 37°C. Colonies on the LB plates were numbered and stored at 4°C for 

plasmid isolation, restriction analysis and sequencing. 

sac medium (S�brook et al, 1 989): 20.0 g trypton (Difco) 
5 .0 g yeast extract (Difco) 
0.5 g NaCl 
2.5 mM KcI 
1 0  mM MgC12 
20 mM glucose 
pH 7 .0, autoclave. 

LB medium: 1 0.0 g trypton (Difco) 
5 .0 g yeast extract (Difco) 
1 0.0 g NaCl 
adjust pH to 7.0, autoclave. 

4.2.7. Plasmid extraction and purification 

The methods used follow closely those of Sambrook et al . ( 1989). To amplify plasmids 

with the cDNA inserts, the individual colonies were inoculated into 1 0  mL LB broth 

medium containing 100 J.lg/mL ampicillin and incubated overnight at 37°C at 225 rpm 

in a rotory shaking incubator. Next morning the cultures were centrifuged at 3000 g for 

5 min to harvest the bacteria. After the supernatants were removed, the tubes were 

inverted on paper towels for 10 min to allow the medium to drain completely from the 

pellets. Subsequently, 200 J.1L of buffer (solution I) was added to resuspend the pellets 

by pipetting up and down. The resuspension was then transferred to 1 .5 mL Eppendorf 

tubes and vortexed. Mter 5 min on ice, 400 J.lL of lysis solution (solution IT) was added 

into the Eppendorf tubes and the tubes were rapidly inverted (not shaken or vortexed) 
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five times and kept on ice for 5 min. Following the ice incubation, 300 J..l.L of solution 

ill was added to the tubes, the mixtures were vortexed vigorously and subsequently 

centrifuged for 5 min at 12000 rpm. The supematants were transferred into another set 

of 1 .5 mL microcentrifuge tubes and mixed by vortexing with 0.5 mL of 

chloroform:isoamyl ethanol (24: 1 ;  v/v). After centrifugation, 750 JJL 'of the 

supematants were transferred into another set of 1 .5 mL tubes and mixed with the same 

volume of 100% isopropanol . The mixtures were then put in a -20°C .freezer for at leao;;t 

20 min. Centrifugation for 15  min at 1 3000 rpm was then carried out to precipitate the 

plasmid. After the supematants were removed by aspirating, the plasmid pellets were 

washed with 70% ethanol and dried using a Speedvac (Savant SVC2OO) and finally 

redissolved in 50 � of sterile water and stored at -20°C. 

Solution I :  

Solution IT: 

Solution III: 

50 mM glucose 
25 mM Tris (pH 8.0) 
10 mM EDTA (pH 8 .0) 
Autoc1aved at 1 2 1 °C for 20 min and stored at -20°C. 

0.2 M NaOH 
l % SDS 
Fresh preparation. 

3 M potassium acetate 
2 M acetic acid 
Autoc1aved at 1 2 1 C  for 20 min and stored at -20°C. 

4.2.8. Confirmation of cDNA inserts 

About 0.5 to 1 �g of each plasmid preparation was digested with EcoRI (Boehringer 

Mannnheim) at 37°C for 3-4 h in a 1 0 �L of total volume of digestion solution which 

contained Ix buffer H, 5 units of EcoRI and 10 f.lg RNase. Subsequently, the digestion 

solution was mixed with 2 �L of loading buffer (SUDS) and fractionated on 1 .0% 

agarose gel to confirm the existence of cDNA inserts. A 50 bp ladder DNA molecular 

weight marker (XIII, Boehringer Mannheim) was used to size released cDNA inserts. 

Plasmid preparation treated the same way as described above but without adding EcoRI 

restriction enzyme was included as uncut plasmid controls. 

4.2.9. Grouping of the cloned cDNA sequences 

The restriction-enzyme fingerprinting approach (Shoham et al. ,  1996) was employed to 

determine if the cloned single band was actually composed of one species or multiple 
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species of cDNAs. If the cloned band has multi species of cDNA, then they can be 

grouped accorcting to restriction-enzyme fingerprinting patterns. The restriction-enzyme 

fingerprinting was performed by digesting 1 Jlg of RNA-free plasmid DNA (confirmed 

in Section 4.2.8), extracted from each of the cDNA-containing colonies derived from a 

single selected band, with both EcoRI and a tetra-nucleotide recognition site enzyme, 

Sau3AI. Five units of EcoRI and five units of Sau3AI were used in 10.0 J.1L of reaction 

solution with Ix buffer A (Boehringer Mannheim). The digested DNA samples were 

then mixed with 2.0 J.1L of SUDS loading buffer and fractionated side by side on a 3.0% 

agarose gel containing 0.67 JlglmL ethictium bromide. The band patterns were revealed 

under DV light and photographed using Polaroid 667 film. 

4.2.10. Sequencing of the cloned cDNA 

Sequencing was carried out by employing both automated sequencer and manual 

sequencing protocols. 

4.2. 10. 1  Plasmid DNA preparation: For sequencing, the plasmid DNA prepared as 

detailed in Section 4.2.3.8 was further purified using an additional chloroform partition. 

Twenty microlitres of the plasmid DNA was mixed with 2.0 J.1L of RNase stock solution 

( 1 0  mglmL) in a 1 .5 mL Eppendorf tube and incubated in a 37°e water bath for 30 min. 

After the incubation, 378 JlL of sterile water and 200 J.1L of solution III described in 

Section 4.2.3.8 were added to the tube. After being briefly vortexed, 500 J.1L of 

chloroform:isoamyl alcohol (24: 1 ;  v/v) was added to the tube and then the mixture was 

vortexed for 30 sec prior to a 10 min centrifuge at 1 2000 rpm at 4°e. Subsequently, 500 

J.1L of the supernatant was carefully transferred to a new Eppendorf tube, well mixed 

with equal volume of 100% isopropanol and placed in a -20oe freezer for 20 min. After 

the cold precipitation, the mixture was centrifuged for 10  min at 1 3000 rpm at 4°e and 

the resulting plasmid DNA pellet was washed with 1 mL cold 70% ethanol. Finally the 

plasmid DNA pellet was dried using a Speed vac and dissolved in 20 J.1L of sterile water. 

The quality and concentration of the plasmid DNA was verified by both the methods 

detailed in Section 4.2.4 as well as running 1 .0 J.1L of the 20 JlL plasmid DNA on a 1 .2% 

agarose gel along with 8.0 J.1L of DNA mass ladder (Life Technologies). The original 
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4.2. 10.2 Automated sequencing: Sequences of both strands of the cDNAs cloned in the 

pCRil vectors were obtained by the Centre for Gene Research at the University of Otago 

using the Applied Biosystems Automated Sequencer. The intact plasmid DNA at a 

concentration of 200 nglJ.1L was provided. MI3 forward and reverse primers (New 

England Biolab) were used in the sequencing. 

4.2. 10.3 Manual sequencing: Sequenase Version 2.0 (USB) was used for manual DNA 

sequencing. Three microlitres of 2 M NaOH and 1 J.11 of 0.5 M EDTA (pH 8.0) were 

added to 26 J.11 template solution containing about 3 J.1g of the plasmid DNA with cDNA 

insert to be sequenced. This mixture was incubated for 30 min at 37°C. Subsequently, 

3 J.1L of 3 M NaOH and 90 J.1L of 95% ethanol were added to the mixture and plasmid 

DNA was precipitated by centrifugation for 10 min at 10000 rpm in a microcentrifuge. 

The DNA pellet was dried using a Speedvac, redisolved in 7 J.1L of sterile water, 1 J.1L of 

M 1 3  forward or reverse primer (New England Biolab) and 2 J.1L of the 5x sequenase 

sequencing buffer. After mixing well, the solution was incubated at 65°C for 5 min and 

then allowed to cool down to 35°C. Following the annealing incubation, 5.5 J.1L of 

labelling reaction solution containing 1 J.1L of 0. 1 M DTT, 2 J.1L of diluted 5x labelling 

mix , 2 J.1L of Sequenase buffer (Pharmacia Biotech.) and 0.5 J.1L of 35S_dATP was 

added to the template/primer annealing tube and incubated at room temperature for 5 

min.  Subsequently 3.5 J.1L of this template/primerllabelling mix was transferred to each 

of the four termination tubes which contained 2.5 J.1L of the appropriate ddNTP and 

incubated for 5 min at 37°C. Finally, 4 J.1L of stop solution was added to each tube and 

the reaction tubes were kept at -20ce until required for sequencing gel. 

35S-labelled sequence fragments of different sizes generated from the sequencing 

reaction were separated on 6.0% polyacrylamide gel. The gel was poured with 75 mL of 

acry 1 amide mix containing 60 J.1L of TEMED and 400 J.1L of 10% ammonium 

persulphate. After denaturing in boiling water for 5 min, 5 J.1L of the sequencing 

reactions were loaded onto sequencing gel which had been pre-run for 1 h in I x  TBE 
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running buffer. When the dark blue dye (the xylene cyanol FF) had run completely off 

the bottom of the gel (long run), 5 J.LL of the same set of sequencing reactions were 

loaded for the short run. After the bromophenol blue dye front had just run off the gel ,  

the gel was transferred onto a sheet of 3 mm blotting paper, vacuum-dried at 80°C, 

wrapped with GladWrap plastic membrane and exposed to Fuji med&u X-ray film 

overnight at room temperature. The nucleotide sequences were manually read by 

putting the X-ray film against a white background. 

Acrylamide mix: Urea 36.0 g 
Stock acrylamide solution containing 38.0% (w/v) acrylamide 
and 2.0% (w/v) bis-acrylamide 1 1 .25 ml 
Amberlite MB- I 3-4 g 
After filtering through 45 � Millipore filter, 7.5 ml l Ox 
TBE was added and water to 75 ml. 

10x TBE running buffer: Tris, 1 62.0 g; Boric acid, 27.5 g; Na2EDTA, 9.5 g.  Adjusted 
to I L with MilIi Q water. 

4.2.11 Northern analyses 

4.2. 11 . 1 Fractionation of total RNA by electrophoresis: Total RNA was separated on 

1 .2% denaturing agarose gel containing 4.5% formaldehyde. The gel apparatus used 

was soaked overnight with detergent and thoroughly rinsed with RO water. 

Subsequently, the comb and the gel tray ( 1 5  x 1 5  cm or 20 x 25 cm in size) were also 

soaked with 0. 1 N HCI for at least 3 h before being rinsed with sterile water and then 

95% ethanol . If the volumes of RNA samples were bigger than the gel well allowed, 

they were snap-frozen in liquid nitrogen and dried down to the volume desired using the 

SpeedVac. For loading, the samples and standard RNA size ladder (0.24 - 9.5 kb RNA 

ladder, Life Technology) were denatured at 65°C for 1 2  min after being mixed with 

loading buffer and, immediately after the heat treatment, cooled on ice at least 2 min 

before loading. Gels containing 4.5% formaldehyde were run in I x  RNA running buffer 

at 80 V for 4 - 5 h in a fume hood and photographed using Polaroid 667 film under UV 

light. 

4.2. 11.2 Gel blotting: Fractionated RNAs on gels were transferred onto Nylon 

membranes (Hybond+, Amersham) according to the downward alkaline transfer method 

(Chomczynski, 1992) for 3-4 h. After neutralising with neutralising phosphate buffer 
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for 1 5  min, the membranes were placed in a UV light box (UV Stratalinker® 2400) with 

the RNA side facing towards UV light and treated with DV light for 2 min to cross-link 

RNA to the membranes. The membranes were each placed between two pieces of 3 mm 

blotting paper, sealed in plastic bags and stored at 4°C until required. 

4.2. 1 1.3 Preparation of [a-32PldCTP-labelled probe: Ready-To-Go DNA labelling kit 

(Pharmacia Biotech Inc, USA) was used to label the probe. Insert of cDNAs used for 

preparing probes were produced by digesting the corresponding cDNA-containing 

plasmids and the cDNA insert was subsequently isolated on 1 .0% agarose gels. The 

purified band of cDNA insert on the gel was excised and put in 1 .5 mL tube with 50 J.1L 

of water. Mter freezing and thawing, the tube was centrifuged at 1 3000 rpm for 10  min.  

The supernatant was stored at -20°C and directly used as template in the probe-labeWng. 

Around 40 ng of the template cDNA in a volume of 25 1.11 was denatured for 3 min in  

boiling water and then immediately placed on ice to cool. The 25  J.1l.- of denatured 

template cDNA solution and 5 � of [a_32p ]dCTP (3000 Cilmmol, ICN 

Pharmaceuticals Inc, California) were added to 20 J.1l.- of reconstituted reaction mix 

which had been kept on ice for 1 0  to 30 min and then incubated at 37°C for 30 min. 

The labelled cDNA probes were purified using ProbeQuantTM G-50 microcolurnns by 

following instructions provided by the manufacturer (Pharmacia Biotech). 

4.2. 1 1 .4 Prehybridation and hybridisation: The membranes were sealed in plastic bags 

with 30 to 60 mL of hybridisation solution without obvious air bubbles and pre­

hybridised for 30 min in a water bath at 65°C with gentle agitation. Subsequently, the 

pre-hybridisation plastic bags were cut and a small opening made on one corner and the 

purified 
32

P-Iabelled DNA probe was added into the pre-hybridisation plastic bags by 

pipette. After careful removal of all air bubbles, the opening was sealed with plastic 

sealer and the membranes were subjected to overnight hybridisation at the same 

conditions employed for the pre-hybridisation. A 639 bp fragment of Prcr5 cDNA, a 

930 bp fragment of Prcab cDNA and a 300 bp fragment of 28S-PrRNA cDNA were 

used as hybridisation probes. Levels of 28S-RNA were used as loading control between 

lanes. 
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After overnight hybridisation, the membranes were washed for 30 min at 65°C twice 

with washing solution I and twice with washing solution 11 (high stringency wash). The 

membranes were then blotted on 3-mm blotting paper briefly to remove excess washing 

solution, sealed in plastic bags before being dried and exposed to Fuji X-ray medical 

films. 

Loading dye: 

RNA loading buffer: 

1 0x MSE: 

RNA gel running buffer: 

0.01 g bromophenol blue 
0.01 g xylene cyanol 
in 1 00  m1 formamide 
store at -20°C 

1 250 IlL loading dye 
425 IlL formaldehyde 
250 IlL IOx MSE 
10 �L 10 mg ImL ethidium bromide 

4 1 . 8  g MOPS 
6.8 g NaOAC 
20 ml 0.5 M EDTA 
dissolve in water and adjust pH to 7 .0 with NaOH, add 
water to 1 L. Autoclave, store at room temperature. 

100 mL IOx MSE 
17 .85 mL formaldehyde 
make up to l L  with sterile water 

Transfer solution (pH 1 1 .4 - 1 1 .45): 3 M NaCI 
8 mM NaOH 

Neutralising buffer (pH 7.2): 0.2 M sodium phosphate buffer 

Hybridisation solution: 0.25 M phosphate buffer (pH 7 .2) 
1 mM EDTA 

Washing solution I: 

Washing solution 11: 

7% SDS 

40 mM phosphate buffer (pH 7.2) 
1 mM EDTA (pH 8.0) 
5% SDS 

40 mM phosphate buffer (pH 7.2) 
I mM EDTA (pH 8.0) 
1 %  SDS 

4.2. 11 .5  Stripping hybridised 32 P-Iabelled probes off Northern blot membranes: 

Northern blot membranes were boiled in stripping solution for 3x 10 min and the 

membranes were then exposed to Fuji X-ray medical film to ensure that stripping of the 

probe from the membranes had been successful. 

stripping solution: 0. 1 x SSPE 
0. 1 %  SDS 
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4.2.12 Southern analyses 

4.2. 12. 1 Genomic DNA digestion by restriction enzymes and electrophoresis: Thirty 

micrograms of RNA-free genomic DNA in 100 � of reaction solution was treated with 

1 � of restriction enzyme EcoRI, Hind ill and Xba I at 37°C overnight to obtain 

complete digestion of the DNA. Next morning, the digested genomic DNA was 

precipitated by adding two volumes of 100% ethanol. The pellet was then washed with 

75% and 1 00% ethanol. The air-dried DNA was then dissolved in 20 � of sterile 

water. Subsequently, 5 � of SUDS was added to the DNA samples and the solution 

mixed. The DNA samples were fractionated on 1 % agarose gel with a size of 1 5  x 1 5  

cm gel overnight at 25 V in I x  TAB running buffer overnight. Ethidium bromide was 

added to the gel at 0.67 J.lglmL. DNA marker was run at the same time to indicate the 

sizes of DNA fragments. After being photographed with Polaroid 667 film, the 

Southern gel was transferred onto Hybond+ nylon membranes (Amersham) and the 

blotting was carried out using the downward alkaline transfer method (Chomczynski, 

1992) for 3-4 hours. Subsequently, the membranes were removed, neutralised and 

cross-linked with UV light. Probe formation, pre-hybridisation and hybridisation were 

carried out using the same conditions as described in Section 4.2. 1 1 for Northern 

analysis. 

4.2. 12.2 Stripping hybridised 32 P-labelled probes off Southern blot membranes: 

Stripping of the probes from Southern membranes was carried out by shaking the 

membranes in 0.4 M NaOH for 1 5  min at 30°C. Subsequently, the membranes were 

neutralised in 0. 1 M Tris-HCI buffer (pH 7 .2). Success of the stripping was confirmed 

by autoradiography. 

4.2.13 Sequence data analysis: 

The sequence data obtained in this thesis were analysed using the relevant programmes 

of GCG software package (Genetic Computer Group, Inc. ,  Wisconsin). GenBank 

database was used to search for homologous nucleic acid sequences of cloned cDNA 

sequences and the predicted polypeptide amino acid sequences from the cloned cDNA 
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protein databases. 

4.3 Results 
4.3.1 Quality and yields of total RNA preparation 
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In the preliminary RNA extraction trials using the original protocol from Chang et al. 

( 1 993), the y ield obtained from our plant materials was mostly below 1 00  Jlg g-) FW 
and the ratio of OD26010D28o was below 1 .5 .  Therefore, the original protocol was 

modified as detailed in Section 4.2.2, mainly by eliminating spermidine, reducing 

soluble PVP concentration from 2.0% to 1 .0%, adding another detergent (SDS 2.0%) 

and treating the extraction mixture of plant material and the extraction buffer plus 

chloroform at a temperature of 55°C for 1 5  min. As a result of the modification, the 

yield obtained, as shown in Table 4. 1 ,  was greatly increased, in most cases being above 

200 Ilg g-} FW . 

Table 4. 1 The quality and the quantity of total RNA obtained using modified RNA 
extraction procedures. 

Materials Yields (Ilg/g FW) OD26010D28o 
Field mature buds 1 1 3-380 1 .65- 1 .75 

Tissue cultured buds + BA 290-500 1 .70- 1 .90 

Tissue cultured buds - CK 390-500 1 .70- 1 .90 

Seedling buds 1 00 - 1 85 1 .76 - 1 .78 

Plantlet buds 1 58-224 1 .75- 1 .98 

The RNA pellets obtained at the final stage of the extraction were white and easily 

dissolved in water. To guarantee the quality for downstream steps, three methods were 

used to check RNA preparations (Section 4.2.4). As listed in Table 4. 1 ,  the ratio at 

OD26010D28o was above 1 .70, indicating that there was no significant contamination by 

proteins and polysaccharides. An example of the absorbance spectra obtained from 

RNA samples is shown in Fig. 4. 1 ,  showing the typical shape of pure nucleic acid. The 

280-nm side of the figure indicates no protein and polysaccharide contamination and the 

valley at 230 nm shows no salt contamination. 
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Figure 4. 1 UV -light absorbance spectrum of purified tdaI RNA from the 
buds of P. radiata. 
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The intactness of the RNA molecules of each sample was inspected by use of 1 .2% 

denaturing agarose gel eletrophoresis (Section 4.2. 1 1 . 1 ). The fractionated total RNA 

visualised with ethidium bromide shows no significant degradation (Fig. 4.2). It was 

also found that the profiles of total RNA obtained from the primary and the secondary 

needles of all ages differed from those isolated from the bud materials. Apart from the 

two major bands at 28 S and 1 8  S, the total RNA from needles had three extra 

distinctive bands (Figure 4.2 C) 

4.3.2 mRNA differential display 

The conditions as detailed in Section 4.2.5 for the first strand cDNA synthesis and the 

amplification of the cDNAs produced clear patterns of cDNAs from mRNA of 9-year­

old mature buds and the mature buds that had received different cytokinin treatment for 

different periods of time (Fig. 4.3 and 4.4). As a result of using longer degenerate 

random primers and ethidium bromide staining, many fewer bands were visualised (Fig. 

4.3 and 4.4) compared to the original technique (Liang and Pardee, 1 992, Liang et aI . ,  

1 993; Oh et aI . ,  1995) . With the same degenerate random primer (5' 

CGGCARGTNACNTT 3'), differences at the 3' end base of the anchored primers (5' 

T I2VG 3'or 5' TI2VC 3') resulted in different profiles of the amplified cDNA 

populations (Fig. 4.3 and 4.4) . 

In the case of TI2VG, the band at -650 bp as indicated by an arrow in Fig. 4.3 can not be 

seen in the lane of the field mature buds while its brightness was much stronger from the 

mature buds which had been cultured with cytokinin for 3 d and 25 d (Lanes 4 and 6) 

than that from the mature buds cultured without cytokinin (Lanes 5 and 7). This band 

was later designated as Pinus radiata cytokinin-responsive gene (Prcr5) band. 

The Figure 4.4 shows the patterns of amplified cDNA generated by using 5' 

CGGCARGTNACNTT 3' and 5' TJ 2VC3'. The top band showed similar intensities in 

both cytokinin-treated and non-cytokinin-treated sample lanes (Lanes 3, 4, 5 and 6) but 

not in the field mature bud lane (Lane 2). This band was later designated as Pinus 

radiata chlorophyll a/b binding protein gene (Prcab) band. 
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Figure 4.2 Electrophoresis of total RNA on a 1 .2% denaturing agarose gel. 
The two major bands of 28S and 1 8S rRNA indicat� no significant 
degradation. A: total RNA preparations for the first strand cDNA synthesis. 
Lane 1 ,  field mature buds. Lane 2, mature bud fragments cultured on 
exogenous cytokinin-containing media for 3 d. Lane 3, mature bud fragments 
cultured on cytokinin-free media for 3 d. Lane 4, mature bud fragments 
cultured on cytokinin-containing media for 25 d. Lane 5, mature bud 
fragments cultured on cytokinin-free media for 25 d. B:  total RNA prepared 

. for Northern analysis. Lane 1 - 5, the same types of plant material as used in A 
but differrent extraction batch. Lane 6, mature bud fragments cultured on 
cytokinin-free media for 20 d after 25 d culture on cytokinin-containing media. 
Lane 7, seedling buds. Lane 8, plantlet on cytokinin-free culture medium. C: 
total RNA obtained from needles. Lane 1 ,  primary needles from seedlings. 
Lane 2, primary needles from 2.5-year-old trees. Lane 3, secondary needles 
from seedlings. Lane 4, secondary needles from 2.5-year-old trees. 
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Figure 4.3 The differential display profiles of cDNAs amplified using 
T12VG as anchored primer, 5' CGGCARGTNACNTT 3' as random primer 
and the first strand cDNA as template. Gel concentration: 1 .5% agarose 
containing 0.6 Jlglml ethidium bromide. Plant material sources: Lane 1 ,  
double stranded DNA size marker (M). Lane 2, PCR reaction without any 
first strand cDNA template (C). Lane 3, field mature buds (F.B.) .  Lane 4, 
mature bud fragments cultured on cytokinin-containing media for 3 d 
(+CK). Lane 5 ,  mature bud fragments cultured on cytokinin-free media for 
3 d (-CK). Lane 6, mature bud fragments cultured on cytokinin-containing 
media for 25 d (+CK). Lane 7, mature bud fragments cultured on 
cytokinin-free media for 25 d (-CK). The band of ca. 650 bp as indicated 
by an arrow is a cytokinin responsive band. 
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Figure 4.4 The differential display patterns of cDNAs multiplied using 
T12VC as anchored primer, 5' CGGCARGTNACNTT 3' as random primer 
and the first strand cDNA as template. Agarose gel was 1 .5 % containing 
0.6 flglml ethidium bromide. Lane 1 ,  double strand DNA size marker. 
Lane 2, field mature buds (F.B.). Lane 3, mature bud fragments cultured 
on cytokinin-containing media for 3 d. Lane 4, mature bud fragments 
cultured on cytokinin-free media for 3 d. Lane 5 ,  mature bud fragments 
cultured on cytokinin-containg media for 25 d. Lane 6, mature bud 
fragments cultured on cytokinin-free media for 25 d. The band at the size 
indicated by an arrow was not expressed in the mature field buds. 
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4.3.3 Cloning of Prcr5 and Prcab bands 

4.3.3. 1. cDNA extraction from display agarose gel: The bands of Prcr5 and Prcab ' 

cDNA were sliced out and the cDNA was extracted from the agarose gel slice as 

detailed in Section 4.2.6. 1 .  The cDN A concentration was Li.en determined by running 

the cDNA solutions along with a standard DNA mass ladder (DNA Mass™ Ladder, Life 
Technologies). After staining with ethidium bromide, the fluorescence intensiiies of 

the bands were compared (e.g. Fig. 4.5). A range between 20 and 200 ng cDNA was 

estimated and the cDNA solution was then diluted according to subsequent uses. 

4.3.3.2. Cloning o/ the cDNA: The cDNA sequences derived from the Prc: .... 5 and Prcab 

bands were directly ligated into the peRIl vector as described in Section 4.2.6.2. 
Subsequently, the recombinant constructs of the PrcrS and Preab cDNA were used to 

transform E. coli as described in Section 4.2.6.3. Putative recombinants were selected 

by culturing transformed E. coli on kanamycin-cC?ntaining LB plates as detailed in 

Section 4.2.6.3. Thirty-four positive colonies for Prcr5 and twenty-one colonies for 

Preab were produced. 

To confinr. that the positive colonies possessed cDNA inserts, the numbered colonies of 

both Prcr5 and Preab were cultured individually in LB broth overnight as detailed in 
Section 4.2.7. Subsequently, the plasmid was extracted and purifIed as described in 
Section 4.2.7. The purified plasmid DNA was then digested with EeoR! as detailed in 

Section 4.2.8. After electrophoresis of the digestion solution, those clones with the 

inserts of Prer5 or Preab cDNAs were identified as displayed in Fig. 4.6 and 4.7. Those 

colonies with an insert of -640 or -920 were regarded as true positive clones with Prer5 

or Prcab cDNA inserts respectively. All the other colonies with no inserts or different 

insert sizes were either self ligation of the vector or false ligation with non-specific 

background contamination cDNAs. Fourteen clones of Prcr5 ( Fig.  4.6) and six clones 

of Preab gene cDNA (Fig. 4.7) were obtained. 

4.3.4 cDNA sequence grouping of single size band 

Based on Figures 4.6 and 4.7, those colonies having inserts with different expected sizes 

were eliminated as false colonies. However, the clones containing the same size of 
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Figure 4.5 Estimation of sample plasmid DNA mass by comparing 
fluorescence of sample and mass ladder standards. The mass standard and 
the sample were run on 1 .0% agarose gel and subsequently stained with 
ethidium bromide for 30 min. After 10 min destaining in running buffer, 
the photo was taken by Polaroid film 667. 



Figure 4.6 Confirmation of the presence of Prcr cDNA inserts in TA-cloning 
pCRII vectors derived from transformed E. coli colonies. Plasmid DNA 
prepared from every colony was digested with restriction enzyme EcoRI and 
run on 1 .2% agarose gel containing 0.6 Jlglml ethidium bromide. Fourteen 
clones which contain target cDNA (around 650 bp indicated by an arrow) were 
identified. 
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Figure 4.7 Confirmation of the presence of Preab cDNA inserts in TA­
cloning pCRU vectors derived from transformed E. coli colonies. Plasmid 
DNA prepared from every colony was digested with restriction enzyme EeoRI 
and run on 1 .2% agarose gel containing 0.6 Ilglml ethidium bromide. Six 
clones which contain target cDNA (around 920 bp indicated by an arrow) 
were identified. 
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inserts do not necessari ly have the same sequence. To assess if the inserts with the same 

size were actually composed of one or multiple cDNA sequences, a double restriction 

enzyme digestion was carried out as described by Shoham et al. ( 1 996) and detailed in 

Section 4.2.9. Figure. 4.8A shows that the 14 cloned Prcr5 cDNA gave the same 

enzyme digestion profiles, indicating that these clones belonged to the same cDNA 

species. This was in agreement with all the sequencing data obtained later. In contrast 

to Figure 4.8A, the fingerprinting profiles of another cloned band shown in Fig. 4.8B 

indicated several different groups of cDNA species were present in one single band. 

4.3.5 Characterisation of PrcrS cDNA and Prcab cDNA 

Prcr5 and Prcab inserts cloned in pCRil vectors were sequenced in both automated and 

manual ways as detai led in Section 4.2. 10. The cDNA strands were sequenced in both 

directions. 

4.3.5. 1. Nucleotide sequence of Prcr5 cDNA : Nine of the 14 cloned Prcr5 cDNAs 

were sequenced and they had 1 00% homology at the nucleotide level, which is in 

agreement with the result obtained from double restriction enzyme fingerprinting (Fig. 

4.8A). The sequences of the Prcr5 cDNAs consisted of 639 bp nucleotides which 

contained a 363 bp open reading frame (ORF) and a 276 bp entire 3' untranslated region 

(UTR) (Fig. 4.9). In the 3' UTR, a polyadenylation signal AATAAA is located 20 bp 

upstream of the polyA tail attachment (Fig. 4.9). According to analyses by Northern 

blotting, the entire Prcr5 mRNA should be about 750 bp in size (Fig. 4. 1 9). Therefore, 

the cloned Prcr5 cDNA does not include the 5' untranslated region and the region 

coding for N-terminal amino acids, which all together is about 1 1 0 bp nucleotides. 

4.3.5.2: Amino acid sequence of the deduced polypeptide from the cDNA : The deduced 

PrCR5 peptide sequence shown in Fig. 4.9 was obtained with the PUBLISH programme 

of the GCG. The peptide consists of 1 2 1  amino acids. The calculation with 

ISOELECTRIC programme of the GCG software package indicated that the deduced 

PrCR5 is a basic peptide having an isoelectric point of 8.08. The Fig. 4. 1 0  produced 

with the PEPPLOT programme of the GCG showed that the peptide is likely to be 

hydrophilic. 
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Figure 4.8 cDNA sequence grouping by restriction enzyme digestion 
fingerprinting. Plasmid preparation of each positive clone was digested with 
EcoRI and Sau3AI and then run on 3% agarose gel containing 0.6 flg/rnl 
ethidium bromide. A: fingerprint display of fourteen true positive clones. The 
clones were numbered as shown on the top of each lane. Lane C indicates a 
control of pCRll plasmid DNA. Lane M is the DNA size marker. The patterns 
of the fourteen clones indicate that they may all have the same sequence. B:  
Restriction enzyme fingerprinting of  clones whose plasmids derived from a 
different single band. The profiles in different lanes indicate that they have 
different sequences. 

. 
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Random pr imer 
1 CGGCAGGTTACGTTAATTCAAGGAGATGGAGGCGTGGGCAGCATCAGGCAGATCAACTTC 6 0  

ArgGlnVa lThrLeu I l eGlnGlyAspGlyGlyVa lGlySerI l eArgGlnI l eAsnPhe 

6 1  ACCCCCGCTCACAAGGATTTCAGCTTCATCAAGGAGCGAGTGGATGAAATTGACGAGGAA 1 2 0  
ThrProAlaHisLysAspPheSerPhe I l eLysGluArgValAspGluI leAspGluGlu , 

1 2 1  AAAATGGTGTTGAAGTATACAAATATCGAAGGAGGGGTGCTGGGAAAGAAATTGAGTGCT 1 8 0  
LysMetVal LeuLysTyrThrAsnI leG luGl yGlyValLeuGlyLysLysLeuSerAla 

1 8 1  GCGAAGTTTGAGCTCAAATTCGTTCCCAGGAAAGAAGGGGGATGTGTCACCAGCTGGATC 2 4 0  
AlaLys PheGluLeuLys PheVal ProArgLysGluGlyGlyCysVa lThrSerTrpI l e  

2 4 1  TGTAATTACGAGACCCTTCCTGGTGCTCAGCTTGAAGAAAGCAAAGCAAAAGAGATAAAG 3 0 0  
CysAsnTyrGluThrLeuProGlyAlaGlnLeuGluGluSerLysAlaLysG l u I l eLys 

3 0 1  GAAAATAGCATTGCCATGTTGAAGAAGATCGAGCAGTATCTGCTCTCCAATCCTTCTTTA 3 6 0  
GluAsnSer I leAlaMetLeuLysLys I l eG luGlnTyrLeuLeuSerAsnProSerLeu 

3 6 1  TACTGATGATCAATATATCTCTATGTGCATCTGTCTTCGCATGCATAAATAGTTTAGTGC 4 2 0  
TyrEndEnd 

4 2 1  CGAGTATTATATGAATGAAACGGCTAAGAGTGTGCAAAATAAAGAAAGGTGATAGTATCC 4 8 0  

4 8 1  CTTCGGCCGATCCTCCATCGTTCGCGTTATTTCTGGGCTGTAGCATGCCCTCTATGTGTT 5 4 0  

5 4 1  TGCAATCGTAGAGTATGTGTACCTTTTTCGTCACATGAATGTGTGTAGCTCTTTCCATAT 6 0 0  

6 0 1  AAATAAATTATGTGTACCTTTTTCGCCAAAAAAAAAAAA 6 3 9  
Anchored pr imer 

Figure 4.9 Sequence of cloned Prer5 cDNA and deduced amino acid sequence of the 
protein PrCR5. 
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4.3.5.3 Relationship of Prcr5 to other gene sequences: At the nucleotide level, the 

search using the BLAST programme of GCG indicated that Prcr5 had homologies with 

several sequences, which code for a pathogenesis-related protein (PR-I0). Within a 263 

bp coding region of Prcr5 cDNA, there was 53 % identity with a potato pSTH-2 mRNA 
(GB_PL: M25 1 55). In addition, in a 47 bp coding region, Prcr5 had 8 1  % identity with 

an Asparagus officinalis early flowering protein mRNA. No similarity was found 

between the 3' untranslated regions of Prcr5 cDNA and any other sequences in the 

GenBank database. 

Although it was difficult to find homologous sequences at the nucleotide level, many 

more sequences homologous to Prcr5 gene were found at the amino acid level from 

Genebank, SwissProt and PIR protein databases. The similarity and identity were 

calculated with the BESTFIT programme of GCG (Table 4.2). The most homologous 

protein sequence to the deduced PrCR5 amino acid sequence was an early flowering 

protein in Asparagus (Yeo et al. 1 996; GenBank U69983), having a 5 1 .7% similarity 

and 44.8 % identity. As shown in Table 4.2, the protein sequences that PrCR5 has 

homology with are mainly from three groups of proteins: pathogenesis-related protein-

Table 4.2 Similarities and identities between the deduced polypeptide sequence of 
Prcr5 and the other protein sequences 

Sequences Similarity (%) Identity (%) PI 

PrCR5 100 100 8.08 

AoEFP (early flower protein) 5 1 .7 44.8  4.76 

SbPR- l O  50.9 40.4 5 .34 

AoPR1 (PR- 10) 49.6 42.6 6.26 

Cor a 1 (pollen allergen) 49.2 33.3 6. 1 3  

Bet v I  (RNase) 48.7 37.4 6.36 

STH-2 (PR- l O) 48.2 36.4 5.64 

Mal d 1 (pollen allergen) 47.9 33.6 6.52 

Parsley2 (PR - 10) 46.2 34.5 4.3 1 

Ginseng2 RNase 46. 1 33.0 4.36 

* Protein sequence accession numbers: AoEFP, GB: U69983; SbPR- lO, GB: U60764; AoPR I ,  
SW: Q05736; Cor a I ,  SP: Q39454; Bet v I ,  SP: Q39427; STH-2, SW: P 17642; Mal d l ,  SP: 
Q43549; Parsley2, SW: P27538; Ginseng2, Moiseyev et al. ( 1997). 
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10 (PR- 1O), ginseng RNase and pollen allergen proteins. However, the isoelectric point 

of PrCR5 is much higher (PI 8 .08) than those of the related proteins listed in Table 4 .2. 

Pair-based comparison of PrCR5 with other groups of protein sequences was performed 

with the Pll..EUP programme of GCG. The PrCR5 amino acid sequence was aligned 

using progressive and pairwise method with an Asparagus early flowering protein 

(AoEFP, U69983), an Asparagus pathogenesis-related protein (AoPR1 ,  Q05736), a 

birch pollen allergen, Betv 1 (Q39427), Betv 1 C  (P43 1 76), a parsley intracellular protein 

2, a ginseng RNase2, a Corylus avellana major allergen (Cor ai , Q39454), a Malus 

domestica major allergen (Mal d 1 ,  Q43549) and a Solanum tuberosum pathogenesis­

related protein 2 (STH-2, P1 7642) (Fig. 4. 1 1 ) .  As highlighted in the Fig.  4 . 1 1 ,  all the 

sequences share some common patterns (or conserved patterns) of amino acids, 

indicating they might have similar functions in these plant species. 

The dendrogram (Fig. 4. 12) shows the clustering relationships of the PrCR5 protein 

with other related proteins. As indicated in the figure 4. 1 2, the most related sequences 

to PrCR5 protein are AoEFP and AoPR 1 .  However, there are no big difference in the 

relatedness distances between PrCR5 and any other sequences in comparison with 

AoEFP and AoPR 1 .  

4.3.5.4. Comparison of 3 '  un translated region of Prcr5 with other sequences: No 

sequences in the GenBank database were found to be homologous with the nucleotide 

sequence of the 3' untranslated region of Prcr5 mRNA. 

4.3.6 Characterisation of Prcab gene cDNA 

4.3.6. 1 Characterisation of the sequence: Three clones of Prcab cDNA were sequenced 

and had 100% homology to one another. The cDNA sequence was composed of 9 1 6  bp 

nucleotides (Fig. 4. 13) with a 642 bp open reading frame and a 274 bp 3' untranslated 

region. The polyadenylation signal AATAAA is situated 22 bp upstream of the 

polyadenylate tail. According to the Northern analyses (Fig 4.23), the complete mRNA 

would be 1 . 1 0 Kbp. By deduction, the cloned cDNA is a partial cDNA containing an 

entire 3' untranslated region. The deduced peptide sequence of PrCAB from the partial 

Prcab cDNA was obtained with the PUBLISH programme and consists of 2 14  amino 

acids (Fig. 4. 1 3) .  
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1 5 0  
PetcrPR2 MGAVTTDVEV AS SVPAQT1 Y  KGFLLDMDN1 I PKVLPQA IK 8 I E I I S GDGG 

GS RNas e  2 -GVQKTETG.?" I SPVPAEKLF KGS FLDMDTV VPKAFP EG I K SVQVLEGNGG 
Betv1c -GVFNYESET TSVI PAARLF ICh. F I L EGDTL I PKVAPQAI S  SV&'1i EGNGG 

Betv1 - - - - - - - - -.. - - -- - - - - - - - - - - -- - - ....., - - - - - - - - - - - 1 8 SVENi EGNGG 
Cor a1 MGVFNYETET TSVI P PARLF KF.FVLDSDNL I PKVAPKAIK 8 I E I I EGNGG 

Mal d1 HGVFNYETEF TSV1 P PA-'R.LF NAFVLDADNL 1 PK1APQAVlt SAEI LEGDGG 
STH- 2  MAVFTFEDQT TS PVAPATLY KJ\LVKDADT1 VPR . AVDSFK SVE lVEGNGG 
AoEFP - - - - - - - - - - - -

- - -
- - - - - - - - - - - - - -

- - - -- - - E1VS S.?.SVVAVDGG 
AoPR1 MS SGSWSHEV AVNVAAGRMF KAAI-1LDWHNL GPK IVPDF IA GGSVVSGDGS 
PrCRS - - - - - - *  .. _ - -

- - -
-

-- ..... _ - -
- - - - - - _  ..... _ - - - - - - - - - - - R QVTLiQGDGG 

5 1  1 0 0  
P e t c r PR2 AGTIKKVTLG ZVS . QPTVVK QRIDE1DAEA LKYSY,S:IiEG DLLL . .  GI I E 

GS RNas e  2 VGTIKNVTLG DAT . PYNTMlt TRI DAIDEHA FTYTYTIiGG D ILL . .  DI I E  
Betv1 c PGTIICK1TFP EGS . PFKYVK ERVDEVDHAN FKYSY.l2MIBG GALG . . D'rLE 

Betv1 PGTIltKI TFP EGS . PJ'KYVK ERVDEVDHJI.N FKYSY�MiEG GALG . .  D'l'LB 
Cor a 1  PGTIKK1CI'D EGS . PP'NYIK QKVEEIDQAN FSYRY�IBG DALS . . DKLE 
Mal d1 VGTIKKINJ'G EGS . TYSYVK HR1DGVDKEN FVYKY.sVIEG DAi S . . ETI E  

STH - 2  . G�IICKMNFV EGS . PH .. "YLK HKIHVVDDRN LVTICY.l2MIEG DVLG . .  DKLE 

AoEFP VGSIRQ I NFT S . AMPFPYLK ERLDFVDEAN FECKS.s:LIEG GDLGT . .  KLE 

AoPR1 VGTIRE I K IN NPA 1 PFSYVK ERLDFVDHDK FEVKQ:rLVEG GGLGK . . M Fl!! 
PrCRS VG�IRQ INFT PAHKDl"SFIK ERVDEIDEEK MVLKYTNIEG GVLGK . . KLS 

1 0 1  1 5 0  
P e t c r PR2 SI TSKFTVVP T . DGGC IVRN TT 1 YTPI GDA VI PEENVKEA TEQSGl1VFKA 

GS RNas e  2 S I ENHF1UVP T . DGGST I TQ TT1YNTI GDA V I PEENIKDA TDKS I QLFKA 

Betv1c K I CNEIK1VA TPDGGS I LK I SNKYHTKGDQ EMKAEHMKAI DKGEALLRA 
Betv1 K ICNEI KLVA TPDGGS ILKI SNKYHTKGDH Et1RAEHMKAI KEKAEALLRA 

Cor a 1  K I NYE IKIVA S PHGGS I LKS I SKYHTIGDH ELKDEQlKAG ltEKASGLFKA 

Mal d1 K I SYETltLVA S . GSGSVIKS TSHYHTKSDV EIKEEHVKAG DKAS HLFKL 
STH - 2 S 1 SYDLKFEA HGNGGCVCKS ITEYHTKGDY VLKDEEHNEG QKQGl1ELFKI 

AoEFP SASSHFltLVP SSNGGCVVKL EG1 FKALPGV ET�DEVAKG . KEHMTNAlKA 

AoPR1 CATTHFKFEP S SNGGCLVKV TASYKILPGV . .  ADESAKA . KEGI TNHMKh. 
PrCR5 AAKFELKFVP RKEGGCVTSW ICNYETLPGA QLEESKAKEI KENS IAMLKK 

1 5 1  1 6 3 
P e t c r PR2 lEAYLLANPG AY-

GS RNas e 2 VEAYLLAN- -
Betv 1 c  VESYLLAHSD AYN 

Betv1 \lESYLLAHS D  AYN 

Cor a 1  VEGYLLAH SD AYN 
Mal d1 I ENYLLAHSD A YN 

STH - 2 VEA YLLJIBP S VYA 

AoEFP AEAYLVANPT AYA 
AoPR1 TEAYLLJl.BPT AYV 
PrCRS I EQYLLSNPS LY-

Figure 4. 1 1  Common patterns of conserved amino acids between the deduced PrCR5 
protein sequence and other PR- IQ protein sequences. The multiple alignment was 
achieved using PILEUP of the GCG package with a gap weight of 1 2  and a gap length 
weight of 4. The conserved amino acids are highlighted as bold. Peter PR2 : 
Petroselinum crispum pathogenesis-related protein 2 ,  accession no. P27538.  GS RNase 
2: Ginseng RNase 2, Moiseyev et al. ,  ( 1 997). Betv l c: BetuLa verrucosa major pollen 
allergen, accession no. P43 1 76. Betv 1 :  Betula verrucosa major pollen allergen, 
accession no. Q39427. Cor a l: Corylus avellana major allergen, accession no. Q39454. 
Mal d l : Malus domestica major allergen, accession no. Q43549. STH-2: Solanum 
tuberosum pathogenesis-related protein, accession no. P 1 7642. AoEFP: Asparagus 
officinalis early flowering protein, accession no. U69983. AoPR l : Asparagus 
officinalis pathogenesis-related protein, accession no. Q05736. 
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r------------ P. crispum PR2 

'------------- Ginseng RNase 2 

Bet vIe 

Bet vI 

C. avellana Cor al 

'------------- M. domestica Mal dl 

�------------ s. tuberosum STH-2 

r------------ A. officinalis AoEFP 

1..----------- AoPRl (PR-lO) 
-

�--------------------- PrCR5 

Figure 4. 1 2  Dendogram displaying the relatedness of the deduced PrCR5 protein 
sequence to other related proteins. The distance along the horizontal axis is 
proportional to the difference between sequences. The vertical axis has no meaning. 
See figure 4. 1 1  for accession numbers. 
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Random primer 
1 CGGCAAGTTACGTTCACCATGGCAACAGCTTCGGCCATCCAAAGCTCAAGCTTGGCAGGC 6 0  

ArgGlnValThrPheThrMetAlaThrAlaSerAl aI leGlnSerSerSerLeuAlaGly 

6 1  CAGACCCTCCTAAGGCCGCAACAGAATGAGCTCGTCAAGAAAGTGGGCACGTCGCAGGCT 1 2 0  
GlnThrLeuLeuArgProGlnGlnAsnGluLeuVa lLysLysValGlyThrSerGlnAla 

1 2 1 CGAATCACCATGCGAAGAACCGTAAGGAGCGCCCCCGAGAGCATTTGGTATGGACCTGAC 1 8 0  
Arg ! l eThrMetArgArgThrVa iArgSerAlaProGluSerI leTrpTyrGlyProAsp 

1 8 1  CGCCCCAAGTACCTAGGCCCCTTCTCGGAACAGACGCCGTCATATCTCACCGGAGAATTT 2 4 0 
ArgProLy�TyrLeuGlyProPheSerGluGlnThrProSerTyrLeuThrGlyGluPhe 

2 4 1  CCCGGCGACTACGGGTGGGACACTGCCGGCCTCTCGGCGGATCCAGAGACCTTCGCAAAA 3 0 0 
ProGlyAspTyrGlyTrpAspThrAlaGlyLeuSerAlaAsp ProG luThr PheAlaLys 

3 0 1  AACAGAGAGCTGGAGGTGATCCACTGCAGATGGGCCATGTTGGGAGCGCTCGGCTGCGTT 3 6 0 
AsnArgGluLeuGluVa l I leHi sCysArgTrpAlaMetLeuGlyAlaLeuGlyCysVal 

3 6 1  TTCCCGGAGCTGTTGGCCAAAAATGGGGTTGAAATTTGGGGAAGCTGTGTGGTTCAAGGC 4 2 0  
Phe ProGluLeuLeuAlaLysAsnGlyVa lGluI l eTrpGlySerCysValValGlnGly 

4 2 1  CGGGGCGCAGATATTCTCAGAGGGAGGCTTGACTATTTGGGGAACCCCAACCTGATCCAC 4 8 0 
ArgGlyAlaAspI l eLeuArgGlyArgLeuAspTyrLeuGlyAsnProAsnLeu I l eH i s  

4 8 1  GCGCAGAGCATTCTAGCCATCTGGGCCTGCCAGGTTGTTCTCATGGGATTGATTGAAGGA 5 4 0  
A l aGlnSer I leLeuAla I l eTrpAlaCysGlnValValLeuMetGlyLeuI l eGluGly 

5 4 1  GAGTGGGAGGAGGACCACTTGGAGAGGGGTTGGACCCTCTGTACCCAGGGGGTGCCTTTG 6 0 0 
Gl uTrpGl uGluAspHi s LeuG luArgGlyTrpThrLeuCysThrG lnGlyVa l ProLeu 

6 0 1  ACCCACTGGGGCTGGCCGACGACCCAGAGGCCTTCGCGGAGCTGAAGGTGAAGGAGATTA 6 6 0 
ThrH i sTrpGlyTrpProThrThrGlnArgProSerArgSerEnd 

6 6 1  AGAACGGTCGGCTGGCCATGTTCTCCATGTTCGGTTTCTTCGTTCAGGCAATCGTGACCG 7 2 0  

7 2 1  GAAAGGGCCCCATTGAAAATNTTTACGACCACTTGGCGGACCCCGCTGCCAACAATGCCT 7 8 0 

7 8 1  GGGCCTACGCCACCAATTTCGTTCCTGGCAAGTGAAGGGAAGTGACGGAAAATAAAAGAG 8 4 0  

8 4 1  GCCTGTGATCTGTGCATTAATCATTTGACAGCCTTAGTGTTAATAAAATATTTTCTTTCA 9 0 0 

9 0 1  CCTGGAAAAAAAAA.AAAAA 9 19 
Anchored pr imer 

Figure 4. 1 3  Nucleotide sequence of cloned Prcab cDNA and the deduced amino acid 
sequence of the protein PrCAB. 

. 
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4.3.6.2 Relationship to other genes: At the nucleotide level, the Preab has more than 

90% identical nucleotide bases with the complete cab mRNA of Japanese black pine 

(Pin us thunbergii). At the amino acid level, the identity remains as high as 87%.  The 

difference between Preab and the other cab sequences mainly occurred at the 3' side of 
the cDNA sequence and the C terminal of the peptide sequence (Fig. 4. 14) .  

4.3.7 Genomic analysis of the cloned Prcr5 and Prcab genes 

4.3. 7.1 .  DNA preparations: Around 475 Ilg g- l FW of genomic DNA was isolated from 

field grown mature buds using the method described in Section 4.2.3. The quality of the 

isolated DNA was determined by both spectrophotometry as detailed in Section 4.2.4 

and by restriction enzyme digestion (Fig. 4. 1 5). An at least 1 .7 average ratio at 

OD26010D28o and typical shape of UV light absorbance spectrum similar to Fig. 4. 1 

indicated the genomic DNA obtained was of good qUality. It was further conflrmed that 

the isolated DNA was of high quality as the DNA was readily digested by all three 

different restriction enzymes (Fig. 4. 1 5). 

4.3. 7.2. Southern analyses: Southern analyses were performed to study the 

arrangement of the genes whose partial cDNAs had been cloned. The genomic DNA 

isolated from the buds of one 9-year-old and one 4-year-old (clone G27 tree) was 

digested with EeoR!, Hind III and Xba I (Section 4.2. 1 2). After electrophoresis, the gel 

was blotted onto Nylon membrane (Section 4.2. 12) .  Subsequently, the membranes were 

probed with either 
32P-IabeUed Prer5 cDNA or 

32
P-Iabelled Prcab cDNA. 

The Southern hybridisation as described in Section 4.2. 1 1 .4 with 
32

P-Iabelled Prer5 

indicated that the Prer5 and Preab are each represented by a multi gene family in P. 

radiata (Fig. 4. 1 6  and 4. 17). Multiple hybridising bands were observed in every 

restriction enzyme digestion lane. These data suggest that the sequences hybridising to 

Prer5 and Preab probes are present in multiple copies in the genome. The bands 

hybridising to Preab showed the same patterns between the two trees tested while the 

patterns revealed with the Prcr5 probe varied in the EeoR! digestion lanes between the 

two trees examined. Although there is a possibility that the multiple bands could be due 

to multiple introns within the gene, it is unlikely to be the situation in the Prer5 gene 

because of its fairly small size (about 750 bp in full) and the high washing stringency 
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Figure 4 . 14  Comparison of conserved amino acids between deduced PrCAB and other 
chlorophyll a/b binding proteins of conifers. The multiple alignment was achieved using 
PILEUP of the GCG package with a gap weight of 12 and a gap length weight of 4. The 
conserved amino acids are highlighted as bold letters . Accession numbers Q40956, 
Q40934, Q00984, P lO049 and P 15 193 represent different chlorophyll a/b binding protein 
sequences derived from Pinus palustris, Pseudotsuga menziesii, Pinus thunbergii, Pinus 
thunbergii and Pinus sylvestris respectively. 
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Figure 4. 1 5  Restriction enzyme digestion of genomic DNA of P. radiata. 30 �g 
of genomic DNA was digested with EcoRI, HindID or XbaI (Section 4.2. 12 . 1 ) . 
The digestions were run overnight at 25 V and subsequently stained with 
ethidium bromide. Lane M, standard size marker. Lane 1 ,  uncut control of 
genomic DNA. Lane 2 - 7, digestion of genomic DNA from 9-year-old mature 
buds. Lane 8 - 1 0, digestion of genomic DNA isolated from the buds of G27 
clone tree. Lane 2, 5 and 8, DNA was digested with EcoRI. Lane 3, 6 and 9, 
with HindID. Lane 4, 7 and 1 0, DNA was digested with Xbal. 
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Figure 4. 1 6  Southern analysis of Prcr5 gene arrangment in genomic DNA in 
P. radiata. 30 /lg genomic DNA extracted from an 9-year-old tree (Lanes I ,  
2 and 3) and a four-year-old tree (Lanes 4, 5 and 6) was digested with XbaI 

(Lanes I and 4), HindIII (Lanes 2 and 5) and EcoR I (Lanes 3 and 6). The 
digested DNA was fractionated on a 1 % agarose gel and blotted onto 
Hybond+ nylon membrane. The membrane was probed with 32P-labelled 
Prcr5 cDNA according to the conditions described in Section 4.2. 1 1 . 
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Figure 4. 1 7  Southern analysis of Prcab gene arrangement in genomic DNA 
in P. radiata. 30 Jlg genomic DNA extracted from a 9-year-old tree (Lanes 
1 ,  2 and 3) and a four-year-old tree (Lanes 4, 5 and 6) was digested with 
Xba I  (Lanes 1 and 4), Hindill (Lanes 2 and 5) and EcoR 1 (Lanes 3 and 6). 
The digested DNA was fractionated on a 1 % agarose gel and blotted onto 
Hybond+ nylon membrane. The membrane was probed with 

32
P-label led 

Prcab cDNA according to the conditions described in Section 4.2. 1 1 .  
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used in perfonning the Southern analyses (could be a tandem gene cluster). 

To control the loading in Northern analyses, a 28S rRNA gene cDNA was also cloned in 

this thesis. In contrast, when the digested genomic DNA was probed with 
32

p_cDNA of 

28S rRNA, a single hybridisation band was generated from every restriction enzyme 

digestion lane of genomic DNA obtained from all trees used (Fig. 4. 1 8). The results 

revealed that the cloned 28S rRNA gene may be a single-copy gene in the genome of P. 

radiata with no significant changes of copy number among the individual trees, 

indicating that this is ideal gene to be used in loading control. 

4.3.8 Northern analyses of gene transcription 

4.3.8. 1 Exogenous cytokinin treatment promotes and maintains the transcription of the 

Prcr5 gene: To assess how exogenous cytokinin treatments affect the transcription of 

the Prcr5 gene over time, kinetic analyses of gene expression were perfonned. Figure 

4. 19  shows representative results of Northern analyses of Prcr5 gene expression in 

response to cytokinin over a 7 d period. 

Under both light/dark cycles and complete dark conditions, exogenous cytokinin 

treatment promoted similar kinetic patterns of gene expression of the Prcr5 (Fig. 4. 1 9). 

No transcription of the Prcr5 gene was observed in the field mature buds (Lane C, Fig. 

4. 1 9) and the buds that had been cultured on cytokinin for 1 2  h (Fig. 4. 1 9). Gradually, 

the Prcr5 mRNA in the buds started to accumulate after 24 h culture with exogenous 

cytokinin and continued to rise to about the maximum level after 72 h under both 

light/dark cycles and dark culture conditions. In the absence of exogenous cytokinin, 

under both light/dark cycle and complete dark culture conditions, the Prcr5 mRNA 

accumulation was also noticed after 24 h and kept rising until 72 h. However, the 

maximum level of the Prcr5 gene expression was much lower in the buds without the 

treatment of exogenous cytokinin (Fig. 4. 19). 

The presence of exogenous cytokinin maintained Prcr5 expression at a high level for a 

long period of time. Fig. 4.20 shows that, after 25 d treatment with exogenous 

cytokinin, the Prcr5 mRNA accumulation in the cultured buds either from the 
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Figure 4. 1 8  Southern analysis of 28 S rRNA gene arrangement in genomic 

DNA in P. radiata. 30 � g  genomic DNA extracted from a 9-year-old tree 

(Lanes 1 ,  2 and 3) and a four-year-old tree (Lanes 4, 5 and 6) was digested 

with XbaI (Lanes 1 and 4), HindllI (Lanes 2 and 5) and EcoR I (Lanes 3 and 

6). The digested DNA was fractionated on a 1 % agarose gel and blotted 

onto Hybond+ nylon membrane. The membrane was probed with 32p_ 
label led 28S rRNA cDNA according to the conditions described in Section 

4.2. 1 1 . 
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Figure 4. 1 9  Northern analysis of Prcr5 gene expression in the mature P. radiata 
buds cultured over a period of 7 days in the presence or absence of exogenous 
cytokinin. The ' l ight' conditions were a 1 6/8 light/dark cycle. 25 Ilg total RNA 
was loaded in each lane and fractionated on 1 .2% denaturing agarose gel .  The 
fractionated total RNA was blotted onto Hybond+ nylon membrane and probed 
with 3

2
P-Iabelled Prcr5 cDNA according to the condition described in Section 

4.2. 1 1 . A loading control was included by probing the membrane using 
32p_ 

labelled 28S rRNA cDNA and ethidium bromide staining. C represents field 
mature buds. 



9-year-old tree or the 4 year-old tree (clone 027) remained very high while its level 

stayed low in the buds from the same trees that had not been treated with exogenous 

cytokinin (Fig. 20A and B). 

4.3.8.2. Prcr5 gene transcription responds to cytokinin in a dose-dependent manner: 

1 75 

To gain more information on the promotion of Prcr5 expression by cytokinin, dose 

response experiments were performed. Fig. 4.2 1 shows the results of the Prcr5 mRNA 

accumulation in the buds cultured on media containing a range of concentrations of 0, 

1 0.
7
, 1 0-6, 10.5, and 10-4 M of either BA or isopentenyl adenosine (iPA). As indicated in 

the Fig. 4.2 1 ,  it is clear that the natural cytokinin form, iPA, is  more effective (the 

effective concentration was one order lower) than the recently accepted naturally­

occurring form, BA, in promoting the Prcr5 mRNA transcription. 

4.3.8.3. High level gene transcription of Prcr5 lasts longer in originally more juvenile 

buds after removal of cytokinin treatment: To understand how the withdrawal of 

exogenous cytokinin from culture media impacted on the Prcr5 mRNA level in the buds 

whose Prcr5 mRNA level had already reached a very high level through cytokinin 

treatment, the buds which had already been cultured with cytokinin for 25 d were 

transferred to media without exogenous cytokinin and harvested after 20 d. The 

Northern analyses showed that the more juvenile buds from the 4 year-old tree were able 

to maintain the high level of the Prcr5 mRNA transcription (Fig. 4.20A) while the 

originally completely mature buds from the 9 year-old tree had reduced the mRNA 

accumulation (Fig. 4.20B) significantly 20 days after the removal of exogenous 

cytokinin from the culture media. 

4.3.8.4. Prcr5 mRNA does not accumulate infully developed leaves: To investigate if 

Prcr5 rnRNA is expressed in other organs, the primary and secondary needles from 

seedling and 2.5 year old trees were collected for Northern analysis. No Prcr5 mRNA 

accumulation was observed in either leaf type (Fig. 4.22B). 

4.3.8.5. Prcab gene expression occurs without the requirements of light and exogenous 

cytokinin treatments: It has been reported in other species that light regulates the 

expression of the chlorophyll a!b binding protein gene (Chin-Atkins et aI. ,  1 996) and 
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Figure 4.20 Northern analysis of the effect of exogenous cytokinin on 
Prcr5 gene expression. Lane 1 ,  mature bud fragments cultured on 
cytokinin-containing media for 25 d. Lane 2, mature bud fragments 
cultured on cytokinin-free media for 25 d. Lane 3, bud fragments, which 
had been cultured for 25 d on cytokinin, transferred to and cultured on 
cytokinin-containing media for another 20 d. A: Bud fragments of 4-
year-old tree (clone 027), 30 Jlg total RNA per lane. B :  bud fragments of 
9-year-old tree, 5 Jlg total RNA per lane. The Prcr5 cDNA labelled with 

32p was used to probe the gene expression according to the conditions 
described in Section 4.2. 1 1  . .  
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Figure 4.2 1 Northern analysis of the effect of exogenous cytokinin dose 
on the Prcr5 gene expression. Field mature buds collected from the 4-
year-old tree (clone G27) were cut into fragments and cultured on 
cytokinin-free media for 48 h in the complete dark. Subsequently, the 
fragments were transferred to cytokinin-containing media and cultured 
for 24 h in the complete dark. Cytokinins BA and iP A were used at a 
series of concentration as indicated on the top panel. 25 flg total RNA 
loading per lane. Total RNA was fractionated on 1 .2% denaturing 
agarose gel and blotted onto Hybond+ nylon membrane and hybridisd 
with 32P-Iabelled Prcr5 cDNA. 
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Figure 4.22 Northern analysis of Prcr5 and Prcab gene expression in 
primary and secondary needls from Pinus radiata trees of different 
maturation states. Lane 1 :  primary needles of 1 -year-old seedlings; 
Lane 2: primary needles of 2.5-year-old trees; Lane 3: secondary 
needles of 1 -year-old seedlings; Lane 4: secondary needles of 2.5-
year-old trees. Total RNA was fractionated on 1 .2% denaturing 
agarose gel and transferrred to Hybond+ nylon membrane. The 
membrane was probed with 3

2
P-Iabelled Prcab (A), Prcr5 (B) and 

28S rRNA cDNA (as loading control) (C). 
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in the dark cytokinin can replace the light effect (Kusnetrov et al. ,  1 994; Chin-Atkins et 

al . ,  1 996). To investigate Prcab gene expression behaviour in relation to cytokinin and 

light factors, the Northern blotting membranes used in Fig. 4. 1 9  were stripped of their 

32P_Prcr5 probes and were re-probed with 
32

P-Iabelled Prcab cDNA. Figure. 4.23 

shows that there is a degree of the Prcab expression in the mature buds from the 9 year­

old field-grown tree, but that its expression level was greatly reduced in the buds which 

had been cultured for 1 2  and 24 h under all culture conditions. From 48 h on, the buds 

cultured on every treatment started accumulating Prcab mRNA and continued its 

accumulation up to 7 d (Fig. 4.23). Unlike in Lupinus and Arabidopsis (Kusnetsov et 

al . ,  1 994; Chin-Atkins et al . ,  1 996), exogenous cytokinin had little effect on Prcab gene 

expression in P. radiata (Figs. 4.23). This was further confirmed by the dose response 

experiment as shown in Fig. 4.24. In fact, cytokinin at the concentration used in this 

experiment slightly reduced the Prcab gene expression (Fig. 4.25). Also, the regulation 

effect of light on the Prcab gene expression was very limited (Fig. 4.23). 

4.3.8. 6. No significant difference in the expression of the Prcab gene exists between the 

primary and secondary needles of different maturation states: It has been reported that 

Chlorophyll a!b binding protein gene expressed differentially during phase change in 

Larch (Hutchison et al . ,  1 990) and English ivy (Woo et al . ,  1 994). To examine if this is 

the case during phase change in Pinus radiata, the mRNA levels in the primary and 

secondary needles from seedlings and 2.5 year old trees were investigated using 

Northern analysis. Figure. 4.22A shows that there was no significant difference in 

Prcab gene expression between the needle types or source trees with different maturity. 

4.3.8. 7. There is a difference in chlorophyll a/b contents between needle types and 

between the same type of needles from trees with different maturity: Although no 

difference in Prcab gene expression was found between needle types (Section 4.3.8 .6), a 

significant difference in chlorophyll a and b was measured (Table 4.3). The amount of 

chlorophyll a and b in the primary needles from seedlings was twice as high as in the 

primary needles of 2.5 year old trees. In the case of seedlings, the chlorophyll level in  

the primary needles was higher than that in  the secondary needles while the opposite 

pattern was the case in the 2.5 years old trees. 
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1 . 1  kb 
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Figure 4.23 Northern analysis of Prcab gene expression in the mature P. 
radiata buds cultured over a period of 7 days in the presence (5.0 mg/L) or 
absence of exogenous cytokinin. 25 Ilg total RNA was loaded in each lane 
and fractionated on 1 .2% denaturing agarose gel .  The fractionated total 
RNA was blotted onto Hybond+ nylon membrane and probed with 
32P-Iabelled Prcab cDNA according to the conditions described in Section 
4.2. 1 1 .  32P-Iabelled 28S rRNA cDNA was used as loading control probe and 
ethidium bromide staining was also used as loading control. 
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Figure 4.24 Northern analysis of the effect of exogenous cytokinin dose on the 
Prcab gene expression. Field mature buds collected from 4-year-old 027 tree 
were cut into fragments and cultured on cytokinin-free media for 48 h in the 
complete dark. Subsequently, the fragments were transferred to cytokinin­
containing media and cultured for 24 h in the complete dark. Cytokinins BA 
and iP A were used at a series of concentrations as indicated on the top panel . 
25 �g total RNA was fractionated on 1 .2% denaturing agarose gel and 
transferred to Hybond+ nylon membrane. The membrane was probed with 32p_ 
labelled Prcab according to the conditions described in Section 4.2. 1 1 .  

1 8 1  
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Figure 4.25 Nothem analysis of Prcab gene expression in different buds of 
P. radiata under different cytokinin regimes. 25 Ilg  total RNA per lane was 
fractionated on 1 .2% denaturing agarose gel and transferred to Hybond+ nylon 
membrane. The membrane was probed with 32P-Iabelled Prcab cDNA 
according to the conditions described in Section 4.2. 1 1 .  Lane 1 :  9-year-old field 
buds; Lane 2: the 9-year-old buds cultured on BA-containing medium for 3 d: 
Lane 3 :  the 9-year-old field buds cultured on cytokinin-free medium for 3 d; 
Lane 4: the 9-year-old field buds cultured on BA-containing medium for 25 d; 
Lane 5: the 9-year-old field buds cultured on cytokinin-free medium for 25 d; 
Lane 6: the 9-year-old field buds cultured on cytokinin-free medium for 20 d 
following 25-d culture on BA-containing medium; Lane 7: l -year-old seedling 
buds. 
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Table 4.3. Chlorophyll contents in different types of needles of P. radiata. Fully 
developed primary needles were collected from shoot regions below terminal buds and 
the fully developed secondary needles were collected from the axils of these primary 
needles. Chlorophyll was determined by the method described by Moran and Porath 
( 1 980) and Moran ( 1982). The figures shown in the table were derived from triplicate 
samples (mglkg FW). 

Needle type Chla Chlb Total chlorophyll 

Seedling primary needles 1034. 1 35 1 .0 1 384.7±1 06.9 

Primary needles from 2.5-yr trees 507.0 174.6 68 1 .4±140.5 

Seedling secondary needles 7 1 1 .5 232.5 943.8±128.0 

Secondary needles from 2.5-yr trees 955.2 3 1 5 . 1  1269.9±1 1 4. 1 

4.4 Discussion 

4.4.1. Nucleic acid isolation 

4.4. 1 . 1  RNA extraction: RNA extraction fr:om coniferous species such as Pinus radiata 

has always been found to be difficult due to the high levels of polyphenols, 

polysaccharides and other unidentified compounds (Chang et aI . ,  1 993;  Dong and 

Dunstan, 1 996). Many successful methods used for RNA isolation from other species 

have been shown to be unsuitable for Pinus species (Baker et al , 1 990; Chang et al . ,  

1 993; Bahloul and Burcard, 1 993). Further, the levels of polysaccarides and 

polyphenolics, as well as RNase activity are even higher in cultured tissues (Dong and 

Dunstan, 1 996). Initially, the protocol published by Chang et al. ( 1 993) was evaluated 

for isolating total RNA from field and tissue-cultured buds of P. radiata in this work. 

Unfortunately, both yield and quality were unacceptable (Section 4.3 . 1 ) .  Consequently, 

an extraction protocol based on the method described by Chang et al. ( 1 993) was further 

developed. The criteria of ( 1 )  removing polysaccharides, (2) eliminating polyphenolics, 

(3) destroying endogenous RNase activities, as well as (4) maintaining intact and 

functional mRNA molecules were always considered when the RNA extraction strategy 

was designed in this project. Quick and multiple sample preparation capacity was also a 

priority in developing the RNA isolation procedure. 
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It was found that modification to the original extraction buffer (Chang et aI. ,  1 993), by 

addition of extra 2.0% SDS, reduction of soluble PVP from 2% to 1 % and elimination . 

of spermidine, gave reproducibly good RNA quantity and quality (Section 4.3. 1 ,  Table 

4. 1 ,  Figure 4. 1 and 4.2) compared to other extraction buffers tested. It was vital that �­

mercaptoethanol was added in the extraction buffer just before use. �-mercaptoethanol 

worked as an antioxidant to prevent the oxidation of phenolics and other compounds 

which, after oxidation, can irreversibly bind to and co-precipitate with RNA (Katterman 

and Shuttack, 1 983; Schneiderbauer et aI. ,  199 1 ). 

The high concentration of the detergents hexadecyltrimethylammonium bromide 

(CT AB) and sodium dodecyl sulfate (SDS) in the extraction buffer (Section 4.2.2) 

obviously denatured all proteins including RNases, which were then removed by 

chloroform partitioning. The use of aurintricarboxylic acid, an RNase inhibitor 

(Lewinsohn et al . ,  1994), in the extraction buffer led to very similar results in terms of 

quality or quantity of RNA. This indicated that RNase activity was destroyed by the 

optimised extraction buffer alone. In the meantime, the high concentration of salts 

contained in the extraction buffer effectively eliminated the contamination of the RNA 

preparation by polysaccharides. This observation was in agreement with other work 

published previously «Fang et aI . ,  1992). 

Polyvinylpyrrolidone (PVP) has the capacity to retain phenolics and has been used to 

remove polyphenolic compounds during RNA and DNA extractions (Chairgwin and 

John, 1 992; Pich and Schubert, 1 993). However, Dong and Dunstan ( 1 996) found that 

the yield of total RNA might be dramatically reduced if the PVP content in the 

extraction buffer exceeded 1 .0%. Therefore, 1 .0 % soluble PVP was used in the 

modified RNA extraction to maximise the PVP-binding ability and minimise the 

negative impact on the yield of total RNA. 

Heat treatment was found to be an important step in increasing the yield of total RNA. 

This may be due to the combined effect of heat (55°C), increased detergents as well as 

chloroform, which was harsh enough to both kill RNases and to release RNA molecules 

from any complexes containing RNA molecules. 



Obviously, the critical point of isolating total RNA is to gain functional mRNA. The 

results obtained from reverse transcription (Section 4.3.2) and Northern analyses 

(Section 4.3.9) indicate that the total RNA isolated with the optimised procedure 

contained functional mRNA molecules. 
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It was found unnecessary to use diethylpyrocarbonate (DEPC), a mutagen, to eliminate 

RNAase from solutions as long as the water used was collected directly from the M illi Q 

water system and autoclaved for 20 min. It was possible that the multiple ion exchange 

columns used in the Milli Q system efficiently removed most, if not all,' RNase from the 

passing water. 

4.4. 1 .2 DNA extraction: As the problems associated with DNA extraction from pine 

species are similar to those for RNA extraction, the RNA extraction buffer was also 

used to isolate genomic DNA (Section 4.2.3). To avoid mechanical shearing of long 

DNA molecules, violent vortexing was never applied during DNA extraction. After 

partitioning against chloroform, the genomic DNA was easily precipitated with 0.5 

volumes of 100% ethanol from the aqueous phase. The quality of the DNA isolated 

with such simple steps was excellent, having a typical UV light absorbance spectrum 

identical to that of pure nucleic acid and good solubility in water. The DNA isolated 

was easily digested with restriction enzymes (Fig. 4. 15) and hybridised with DNA 

probes (Figs. 4. 1 6, 4. 17  and 4. 18). 

Although it was recommended to use 0.35 volumes of 100% ethanol to remove 

polysaccharides in nucleic acid extraction (Dong and Dunstan, 1996), extreme care 

should be taken as different components of the extraction buffer can significantly alter 

the precipitation behaviour of nucleic acid in a solution. For instance, the DNA in our 

extraction buffer, which contains high levels of organic and inorganic salts, can be 

precipitated by adding as little as 0.3 volumes of 100% ethanol. On the other hand, if 

too much ethanol is used, for example 1 volume, salts in the solution start to precipitate. 

It was found in this thesis that 0.5 volume of 100% ethanol gave high quality of 

genomic DNA preparation using the extraction buffer described in this thesis. 
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4.4. 1 .3 Simultaneous isolation of total RNA and genomic DNA: It is quite often that 

plant samples are very limited, so the simultaneous isolation of RNA and DNA is 

sometimes required. In this thesis, the simultaneous isolation of RNA and DNA can be 

achieved by lithium chloride precipitation for RNA, followed by 0.5 volume of 100% 

ethanol precipitation for DNA from the supematant left by the RNA extraction. In this 

case, vigorous shaking must be avoided when RNA extraction steps were carried out to 

prevent mechanical shearing of DNA. 

4.4.2 Strategy for isolating differentially expressed gene cDNAs 

A lack of suitable techniques has been the major barrier in studying the regulatory 

mechanisms of cytokinins on plant development. Although cytokinins have been widely 

used in plant proliferation and regeneration since the first demonstration that cytokinins, 

along with auxin, control the proliferation and regeneration of stem-pith tissue from 

Nicotiana tabacum in culture (Skoog and :tYtiller 1 957), our knowledge on how 

cytokinins regulate this process is still not resolved. Therefore, development and/or 

application of new techniques will be a great help in advancing our understanding of the 

regulatory effects of cytokinins. 

In order to investigate how cytokinins regulate the "rejuvenation" process of mature 

buds induced in vitro by exogenous cytokinin, it is crucial to identify and isolate those 

genes whose expression is responsible for the changes in morphological development 

and which are also responsive to applied cytokinins. To try to explore a way to reach 

this goal, a modified procedure was developed based on the principles of the mRNA 

differential display technique which was developed to detect and characterise altered 

gene expression in eukaryotic cells (Liang and Pardee, 1 992, Liang et al., 1 993). Instead 

of using t o-mer random primers during PCR and a sequencing gel to separate amplified 

cDNA species, in this thesis, a 14-mer degenerate primer designed from the conserved 

region of MADS box genes was used as the random primer which resulted in 

substantially fewer bands than using to-mer primers. The PCR was followed by 1 .5% 

agarose gel electrophoresis which can fraction ate much longer sequences (636 bp, Fig .  
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4.3 and 923 bp, Fig. 4.4) than a denaturing polyacrylamide gel does (below 500 bp, 

Liang and Pardee, 1 992). Thus, the cDNA sequences isolated using the modified 

protocol gave a greater chance of isolating cDNA sequences having much longer coding 

regions and entire 3' untranslated regions of the corresponding genes. In contrast, 

cDNAs isolated from sequencing gels usually have much less information on coding 

regions, which increases the difficulty of identifying a cloned sequence. 

By using the modified technique, RNA extracted from plant samples which had been 

subjected to five different treatments (Section 4.2. 1 .2 (I) ) was used to amplify cDNA 

sequences. Because of the relatively high endogenous cytokinin contents in the bud 

tissues of P. radiata (see Chapter 3), the bands displaying different of brightness 

intensities among the different cytokinin treatments were selected. 

The advantage of the differential display technique is that it allows simultaneous 

identification of genes that are up- or down-regulated under different developmental or 

environmental conditions. However, the technique also suffers from two main 

drawbacks (Shoham et aI., 1996) . First, the bands excised from the display gel are often 

associated with non-specific background and the second drawback stems from the fact 

that quite often more than one cDNA species is present in one chosen band. Therefore, 

while those clones containing contaminated cDNA inserts can be easily discriminated 

by comparing their sizes (Figs. 4.6 and 4.7), the clones containing cDNA inserts of the 

same size shown in Fig. 4.6 or Fig. 4.7 could be different in sequences. To avoid 

missing out some cDNA species by randomly picking up clones, Shoham et al. ( 1996) 

recommended all clones be grouped by their fingerprinting profiles of digested plasmid 

DNA by a tetra-nucleotide recognition site enzyme, Sau3AI. In an attempt to increase 

the sensitivities in this thesis, the clones having the same cDNA insert sizes were treated 

with two restriction enzymes (Section 4.3 .4). As shown in figure 4.8 A, all Prcr5 

cDNA sequences cloned are very likely to have the same sequence while the profiles of 

the clones from a unidentified band displayed in Fig .  4.8B had different groups of 

sequences. This indicates that all clones from the Prcr5 band had the same sequence 

and that the clones from the unidentified band belonged to different sequence groups. 

This was later confirmed by sequencing data. 
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4.4.3 Prcr5 gene 

4.4.3. 1 Prcr5 gene may code a protein relating to RNases: Originally, a degenerate 

primer coding for the RQVTF amino acid motif in MADS box genes (Wang, 1 995; 

Tandre et al. ,  1 995) was used to try to increase the chance of picking up MADS box ' 

related gene cDNAs that were responsive to cytokinin treatment. However, no MADS 

box genes were obtained. This may be because mRNA differential displays were 

carried out only using a combination of two sets of the random primer and the polyT 

anchor primer. Nevertheless, it was also the goal of this part of the project to clone 

other gene cDNA species responsive to cytokinin treatment. To achieve this, advantage 

was taken of the fact that the oligonucleotide coding for RQVTF was short enough to 

work as a random primer, especially when used in combination with a non-specific 

poly(T12) primer. As a result, one of the cDNAs cloned (Prcr5) coded for a transcript 

with a predicted gene product (Fig. 4.9) homologous to a group of pathogenesis-related 

proteins (Table 4.2; Fig. 4. 1 1 ). These proteins have been found to share a degree of 

structural similarity with gingseng RNases and the pollen allergen Bet v I  (Moieyev et 

al. ,  1 994, 1 997 and Fig. 4. 1 1 ) .  According to the nomenclature for PR proteins 

suggested by van Loon et al. ( 1 994), this class of proteins is now referred to as PR- l 0 

(Pinto and Ricardo, 1 995). Based on evolutionary analysis (Moiseyev et al ., 1997) and 

the fact that the PR-1 0  proteins have been found in both dicotyledonous and 

monocotyledonous species, PR- IO  proteins were thought to have evolved from a 

common ancestor and to have similar function (Pinto and Ricardo, 1 995, Moiseyev et  

al., 1 997). According to the results of searching the GenBank, SwissProt and PIR 

protein databases carried out on November 1 2  1997, Prcr5 is the first cDNA cloned 

from a gymnosperm that encodes a protein structurally homologous to the PR- 1 0 

proteins, although its isoelectronic point is more basic (PI 8.08) than those of the related 

PR- l O  proteins. However, to support the hypothesis that PR- l O  proteins have a 

common function as a RNase, there needs as yet to be experimental evidence to 

demonstrate that the other members of the PR- l 0 proteins do show the ribonuclease 

activity displayed by the Ginseng RNases. 
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Structurally, the members of PR - 1 0, PrCR5 and Bet v 1 shown in Fig 4. 1 1  have no 

similarity with the three-dimensional structures of other groups of ribonucleases from 

higher plants (Green, 1 994). However, it has recently been demonstrated that purified 

Bet v I allergen extracts from pollens and recombinant Bet v 1 protein from E. coli do 

have ribonuclease activity, but no activity on single or double DNA substrates (Bufe et 

aI. ,  1 996; Swoboda et aI. ,  1 996). 

The recently published structures of Bet v I  protein determined with X-ray and NMR 

shows that a P-Ioop structure with the sequence GXGGXGXXK (Gajhede et al., 1 996) 

is present in the Bet vi ' three-dimensional structure, which (nucleotide binding motif) 

may be a site for binding a phosphate group of RNA (Moiseyev, et al . ,  1997). From the 

primary structures of the peptides shown in Figure 4. 1 1 , it can be deduced that, in 
common with the other proteins, PrCR5 also has a conserved GXGGXGXIK. common 

three-dimensional loop site. In contrast to Bet v I ,  lysine is replaced by an arginine 

residue in the putative P-Ioop of PrCR5 and as well as in related proteins from the 

monocotyledonous species A. officina lis. In addition, other (conserved) amino acid 

residues also exist along the PreR5 sequence and other related sequences in a conserved 

pattern (Fig. 4. 1 1 ). These common features of the protein sequences make it very likely 

, that the PrCR5 protein and the other PR- I 0  proteins (Moiseyev, et aI., 1 997) have 

RNase activity. 

PR- lO  gene members belong to a large gene family (Moiseyev et al, 1 997) and 

muItigene copies are usually present in an individual plant. The Prcr5 gene also 

belongs to mUltigene family (Fig. 4. 1 6). Interestingly, it was found in this thesis that 

gene copy number differs among individual trees. 

4.4.3.2 The expression of Prcr5 gene is regulated by cytokinins: The induction of the 

gene expression of PR- tO  proteins is usually associated with fungus infections 

(Somssich et aI. ,  1988; WaIter et aI. ,  1 990; Pinto and Ricardo, 1 995) or wounding 

responses (Matton and Brisson, 1989; Warner et aI . ,  1 992, 1 993). Therefore, these 

genes are believed to be involved in plant defence against pathogen attacks. However, 

more detailed research revealed that these genes are also developmentally regulated 
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(Warner et al . ,  1 994; Walter et aI . ,  1 996), as are other PR proteins (Mayer et aI . ,  1 996). 

Through the analyses of endogenous AoPR1 (PR- tO protein) gene expression in 

asparagus and AoPRl transgenic tobacco, Warner et al. ( 1 994) found that AoPRl 

promoter activity was localised to cells producing phenylpropanoid derivatives in 

developing flowers and the AoPR1 -GUS expression was greatly up-regulated in 

developing seeds. Very recently, Yeo et al. ( 1 996) reported that a 17 kDa acidic protein 

(PR - 10),  to which PrCR5 has the highest sequence similarity, was highly associated 

with induced early flowering in Asparagus seedlings. High transcript expression of PR-

1 0  protein was also observed in developing pea seeds (Barratt and Clark, 199 1 )  and 

during the development of xylem and phloem as well as the onset of leave senescence in 

bean (WaIter et aI ., 1996). These experiments clearly indicated that PR- t O  proteins may 

have a role to play in normal piant development and in response to environmental 

stimuli. 

The investigation on the relationship between PR- 10 gene expression and cytokinins has 

not been reported yet, while the gene expression of the other types of PR proteins has 

been observed to be enhanced by both exogenous cytokinin (Sano et aI . ,  1 996) and 

elevated endogenous cytokinins (Memelink et aI . ,  1 987). Futher, it has been reported 

that a soybean pollen allergen gene mRNA accumulation was greatly up-regulated by 

cytokinin in suspension-cultured soybean cells (Crowell et aI . ,  1 990; Crowell, 1 994). 

In this thesis, the transcription of the Prcr5 gene has been found to be promoted by 

exogenous cytokinin. The Prcr5 gene transcription enhancement by cytokinin treatment 

was in a dose-dependent manner and iPA was more effective than BA (Fig. 4.2 1 ). This 

indicates that the Prcr5 gene expression may be modulated by cytokinin in the same 

way as cytokinin regulates mRNA accumulation of other PR protein genes (Sano et al, 

1 996), nitrate reductase in etiolated barley leaves (Lu et aI. ,  1990, 1992), 

hydroxypyruvate reductase (HPR) gene expression in etiolated pumpkin cotyledons 

(Anderson et aI ., 1 996) and a gene (related to ATP-synthase) specific mRNA (L-22) 

accumulation in pea leaves (McDaniel and Lightfoot, 1 997) .  It was noted, in this thesis, 

that the same accumulation patterns but different accumulation strength obtained from 

cytokinin-treated and non-cytokinin treated mature buds in culture during time-course 
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studies (Fig. 4. 19 and 4.20) clearly indicated that the modulation by exogenous 

cytokinin of Prcr5 gene expression is simply to increase the net accumulation of the 

Prcr5 rnRNA. The low expression of Prcr5 gene expression in the mature buds 

cultured on cytokinin-free media may be due to the lower endogenous cytokinin content 

of the buds. However, the endogenous cytokinins alone in the mature buds seem not 

effective enough to raise the Prcr5 gene expression to a high enough level while the 

exogenous cytokinin (20 J.1.M) not only promotes but also maintains the gene expression 

over a long period of time (Fig. 4. 1 9  and 4.20). This long-term expression of the Prcr5 

gene differs from the other cytokinin-inducible gene expression reported in angiospenn 

plants. In pea leaves, the expression level of the cytokinin-inducible gene (L-22) 

returned to the level of non-treated leaves after 24 h (McDaniel and Lightfoot, 1 997) 

and after 35 h the HPR transcripts in pumpkin cotyledons enhanced by 10-4 M BA began 

to decrease (Anderson et al ., 1 996). The authors reasoned that was due a decreasing 

amount of available BA as a result of catabolism although no cytokinin analyses were 

carried out (Anderson et al. ,  1 996; McDaniel and Lightfoot, 1997).  However, the data 

on BA metabolism in this thesis showed that the cultured bud fragments of P. radiata 

still maintain very high level of BA and BA riboside even after 25 d culture on 

cytokinin-containing media (Fig. 3 . 1 3, Chaper 3). This is in agreement with the Prcr5 

gene expression time course, supporting that the Prcr5 gene expression is regulated by 

cytokinin. 

The cytokinin-promoted increase in steady-state levels of rnRNA could be the result of 

transcriptional and/or post-transcriptional events (Anderson et al ., 1996) . However, the 

two extra bands with higher molecular masses revealed by the Northern analysis as 

shown in Fig. 4.20A indicate that the more likely effect of the cytokinin treatment is to 

increase the Prcr5 gene expression activity at the transcriptional level. The two extra 

bands may be pre-mRNAs of Prcr5 gene transcripts. 

Interestingly, the Prcr5 gene expression level remained very high in the 4-year-old bud 

fragments 20 d after the withdrawal of cytokinin from the media while the expression 

level in the 9-year-old bud fragments decreased dramatically when cytokinin was 

withdrawn. Moreover, the endogenous cytokinin analyses showed that although BA and 
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BA riboside contents in cultured 9-year-old buds had started to decline 20 d after 

withdrawal of exogenous cytokinin, they still had relatively high concentrations. 

Putting these two lines of evidence together, an interpretation of the data might be that 

the more juvenile buds have higher sensitivity to cytokinin in the regulation of Prcr5 

gene transcription than the more mature buds. However, it is also possible that the 

different sensitivity to cytokinin is due to the different genotypes of the' individual trees 

used for juvenile and mature materials. 

4.4.3.3. Possible function of Prcr5 gene in the resetting of needle development in the 

buds of P radiata during culture: The requirement of cytokinin for the mature bud 

fragments to be rejuvenated into juvenile-looking buds producing primary needles is. 

about 14 d (Horgan, 1987). This is in accordance with the finding that cytokinin must 

be present during the first 3 d in culture for any shoot formation to occur; however, it is 

needed for 2 1  d for optimum shoot formation (Biondi and Thorpe 1 982; Villalobos et 

aI. ,  1 984). This morphological time course fits well with the Prcr5 gene expression 

time course and its ability to remain high over a long time period in the presence of 

exogenous cytokinin. If the product of Prcr5 gene indeed harbours RNase activity, as 

shown for the �ngseng RNases and Bet v I  allergens, this gene family may act as a 

down stream step of signal sensing and transduction systems as well as a global 

regulator of RNA metabolism (Glund and Goldstein 1 993), which would lead to an 

alteration at the molecular and physiological levels of the plant cell. As a result, 

morphological changes would follow. 

Anatomically, when the mature bud fragments were cultured without cytokinin 

treatment, the secondary needle primordia developed very rapidly to form bundles of 

three secondary needles. Meanwhile, the fascicle meristem sitting in the base of the 

three secondary needle primordia were not able to enlarge during the period of the 

growth and development of the secondary needles (Fig.3 .3B, D, F,H and 1). However, 

when the bud fragments were cultured with exogenous cytokinin (20 flM), the 

development of the secondary needle primordia was inhibited and the primordia 

gradually degraded. Instead, the fascicle meristems underwent enlargement with 

primary needle primordia being initiated (Fig.3 .3A, C, E, G and I). Over this 
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corresponding period, the Prcr5-coded protein may be working as a RNase to 

specifically destroy the existing "state" of some RNA populations which are crucial to 

determine certain features in the mature meristem such as secondary needle 

development and/or bud scales development in P. radiata. The Prcr5 gene product, 

therefore, could be involved in resetting the development of mature meristems and/or 

the primordia to that of the juvenile developmental programme in terms of primary 

needle production. In particular, high levels of the protein encoded by Prcr5 gene may 

be toxic to secondary needle primordia but not to the primary needle primordia, because, 

when exogenous cytokinin is present (20 �) - a condition leading to high Prcr5 gene 

expression - all the secondary needle primordia underwent degradation while primary 

needle primordia were being vigorously initiated (Fig. 3 .2). As a low level of Prcr5 

expression was also observed in the cultured mature buds, the regulation of the apical 

meristem and/or its flanking primordia by the Prcr5 gene product during "rejuvenation" 

appears to be a quantitative response, a threshold of Prcr5 expression may be required 

for "rejuvenating" the mature meristem in culture. It has recently been reported that the 

LEAFY gene regulates the transition from the vegetative to the floral phase in a 

quantitative way in some species (Blazquez et al. ,  1997; Hempel et aI ., 1 997). 

Although there has not been sufficient experimental evidence to draw a conclusive 

picture, this hypothesis may be endorsed by some other lines of evidence on the 

biological function of RNases in normal plant development. Firstly ,  RNases, similar to 

fungal RNase T2, has been found to be responsible for self-incompatibility (McClure 

et al. ,  1 989; Kao and Huang, 1994; Kao and McCubbin 1997) . The products of the S­

locus in pistils are basic proteins with RNase activity (Kao and McCubbin, 1997; Kao 

and Huang, 1994). Molecular and physiological analyses with mutants revealed that 

deletion of RNase activity from S-proteins led to failure to reject self pollen (Sassa et 

aI ., 1997; Huang et al, 1994). More recently, it was found that exchanging sequence 

domains without reducing RNase activity also disrupted pollen recognition (Zurek et aI., 

1 997), indicating that the specificity and the RNase activity in S-proteins are both 

essential for the recognition function of S-proteins. Secondly, Bet v I  allergen also 

possesses RNase activity and may also be involved in the recognition interaction 

between pollen tube growth and female reproductive tissue (Swoboda et aI. ,  1 996). 
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Thirdly, the expression of some PR- I D  genes is associated with special developmental 

events such as EFP (PR- l O  protein) in Asparagus with flowering (Yeo et al. ,  1996), 

Asparagus AoPRl (PR- l O  protein) with developing seeds and pollen (Warner et al., 

1993, 1994) and potato wun l (PR- lO) with anther and pollen (Siebertz et aI, 1 989). A 

recent study showed that the expression of a bean ribonuclease-like PR- ID was 

developmentaliy associated with developing xylem, phloem, flowers and the onset of 

leaf senescence (WaIter et al. ,  1996). 

Interestingly in P. radiata, the effect of cytokinin on rejuvenation is not permanent and 

shoots displaying the juvenile form are able to revert to the mature form after they are 

rooted and placed out in the nursery bed (Horgan, 1987). This fits well with the finding 

in this thesis that the concentration of cytokinins and the expression activity of Prcr5 in 

the rejuvenated buds both gradually declined after the buds were removed from 

cytokinin-containing medium (Fig. 3. 1 3B and Fig. 4.20B). All of these lines of 

information point to the fact that, if PR- lO proteins indeed have RNase activity as their 

structures indicate, RNase activity may be the general biological function for these 

proteins. With their respective structural specificity (both primary and secondary 

structures) and tissue or cell-specific expression, these proteins, encoded by the PR- l O  

homologous genes, may then regulate different developmental processes. 

4.4.4 Prcab gene 
4.4.4. 1 The cloned sequences are chlorophyll a/b binding protein cDNA : The cloned 

cDNA sequences of Prcab from P. radiata have a very high homology with other 

chlorophyll a and b binding protein genes (cab) (Fig.  4. 14). Southern analyses indicated 

that the Prcab gene may belong to a multi gene family in P. radiata. 

4.4.4.2 Prcab gene can be expressed in the cultured buds of P. radiata in the complete 

dark without requirement of exogenous cytokinin: Through the comparison of cDNA 

libraries made from RNA extracted from juvenile and mature phase foliage, Hutchison 

et al. ( 1988) and Hackett et al. ( 1992) found that the expression of most genes studied is 

mostly same between juvenile and mature phase foliage in both larch and English ivy. 

However, in both larch and English ivy, they found that the expression of the 
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chlorophyll a/b binding protein (cab) gene decreased in mature leaves (Hutchison et aI . ,  

1990; Woo et al, 1994) . 

The expression of the cab gene in most angiosperms is normally up-regulated by light 

(Chory et al. ,  1994). Rec.ently, cytokinins have also been reported to modulate the 

expression of the cab gene in angiosperm species (Teyssendier de la Serve et al. 1985;  

Flores and Tobin 1988; Kusnetsov et al . 1994; Chin-Atkins et al. 1996). ' Therefore, the. 

cloned partial cDNA of cab gene from P. radiata (designated as Prcab) was used as a 

prohe to investigate how cytokinin modulates Prcab gene expression and how the 

expression of the gene is related to phase change in field grown trees and in rejuvenated 

and mature buds of P. radiata cultured in vitro. ' 

, In contrast to the angiospenn species studied, increasing concentrations of either BA or 

iPA had iitt1e effect on the steady state accumulation of Prcab gene transcripts in the 

cultured bud fragments either in the light or in the dark (Fig. 4.23 and 4.24). An appl ied 

concentrations of cytokinin gave similar Prcab transcript accumulation as did the 

contro1. The results indicate that, in P. radiata bud fragments, the accumulation of 
Prcab transcripts is light-independent and does not require an exogenous suppJy of 

cytokinin. This is further supported by the time-course analyses (Fig. 4.23) .  In figure 

4.23, it can be clearly seen that light treatments did not increase the accumulation of 

Prcab transcripts. Moreover, cytokinin treatments did not enhance gene expression at 

aB, if anything expression was reduced (Fig. 4.25). This is completely different from 

what has been reported in other species (Flores and Tobin, 1 986, Kusnetso.v et aI . ,  

1 994), but in agreement with the phenomena that pine seedlings growing in complete 

darkness have normal morphology and synthesise chlorophyll (Drumrn-Herrel and 

Mohr, 1 994; Ou and Adomson; 1 995, Raskin and Marder, 1 997). Therefore, some 

endogenous factor(s) must be responsible for triggering and maintaining the gene 

expression in the cultured bud fragments in P. radiata. Flores and Tobin ( 1 986) found 

that application of BA to Lemna gibba plants kept in total darkness resulted in an 

increase in level of cab mRNA. Strong induction by cytokinin of cab gene steady state 

mRNA accumulation has also been observed in Lupinus luteus cotyledons in complete 

darkness (Kusnetsov et aI . ,  1 994). Therefore, it seems that cytokinin can replace the 
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effect of light to activate cab gene expression. Indeed, this is strongly supported by a 

recent finding that an Arapidopsis mutant (ampl-l) which has raised level of 

endogenous cytokinin also accumulate cab gene transcripts in darkness (Chin-Atkins et 

aI. ,  1 996). Therefore, the high expression of Prcab gene in the cultured bud fragments 

in darkness is very likely due to the relatively high concentration of active endogenous 

cytokinins shown to be in the buds (Fig. 3 .4). Tne fact that the Prcr5 gene maintains a 

low level of expression in mature buds in culture in the absence of exogenous cytokinin 

endorses this explanation. 

Furthermore, Prcab and Prcr5 genes may have different sensitivities to cytokinins, 

because an increase in exogenous cytokinin supply promoted the expression of the 

Prcr5 gene but did not impact on Prcab gene expression, meaning that endogenous 

cytokinins might already have reached a favourable level for Prcab gene expression but 

not for the expression of Prcr5 gene in mature buds of P. radiata. 

It has been observed in this thesis that the Prcab was constitutively expressed in field 

grown mature buds (Fig. 4.23). However, when the buds were first put on tissue culture 

media, the Prcab gene expression was down-regulated to a extremely low level within 

1 2  h but then quickly up-regulated after 24 h (Fig. 4.23). This fluctuation may be due to 

the circadian rhythm that has been reported in Arabidopsis (Millar and Kay, 1996) and 

in Chlamydomonas reinhardtii (Jacobshagen et aI . ,  1996). Such oscillations might have 

remained valid for a period of time after the buds were excised from the trees and put on 

culture media. 

4.4.4.3 Prcab gene is not differentially expressed between mature and juvenile tissues: 

Seedling trees and trees of 2.5 years of age were used to provide both primary and 

secondary needles in this thesis. Although trees of 2.5 years of age were believed stil l  to 

be at a juvenile stage, their terminal buds were developing mature characteristics at the 

time of sampling such as sealed buds, but the branches were still carrying both primary 

and secondary needles. From both the seedling trees and the trees of 2.5 years of age, 

fully developed primary needles and the fully developed secondary needles which were 

produced in the axils of the primary needles on the stem below the terminal buds were 



collected separately and used in comparison of chlorophyU levels and the Prcab gene 

expression. 
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The measurements of chlorophyll content showed that on seedling plants chlorophyll a 

and b levels were much higher in the primary needles than in the secondary needles 

(Table 4.3). However, when the trees reached only 2.5-year-old, the chlorophyll 

distribution patterns between the primary and secondary needles of the trees have been 

reversed, with the secondary needles having twice the level of chlorophyll a and 

chlorophyll b as than the primary needles in the same trees (Table 4.3). Therefore, the 

data indicate that primary needles are very important for seedlings in term of 

photosynthesis, but that their importance rapidly declines as trees mature because their 

chlorophyll content decreases from 1 384.7 mg/kg in seedlings to 68 1 .4 mg/kg in 2.5-

year-old trees. Furthermore, when P. radiata trees reached full maturity, such as the 9-

year-old trees, the trees do not produce any primary needles at all .  In contrast to the 

primary needles, as trees mature, secondary needles become more important in 

photosynthesis and finally become the sole photosynthetic organs when trees have 

completely matured. This is in agreement with the chlorophyll levels measured in 

secondary needles in this thesis and the chlorophyll data obtained in larch by 

Greenwood et al . ( 1 989) and Hutchison et al. ( 1990). This indicates that, as the trees 

mature, the secondary needles gradually replace the role which primary needles played 

in terms of photosynthesis. 

Surprisingly, unlike chlorophyll a and b, Prcab gene expression did not show any 

significant difference between the primary and secondary needles in both seedlings and 

2.5-year-old trees (Fig. 4.22). Even though the primary needles from the 2.5-year-old 

trees had only half the content of chlorophyll a and b as that in the primary needles of 

seedlings, they expressed the Prcab gene as strongly as seedling primary needles did. In 

addition, there was no difference of Prcab gene expression observed between the 9 year­

old field grown mature buds and seedling buds (Fig. 4.25). These results also differed 

from the results reported in other species. In both larch and English ivy, the expression 

of the cab gene was higher in juvenile foliage than in mature (Hutchison et al. ,  1 990; 

Woo et al. ,  1 994). 
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On tissue culture, the mature buds undergoing "rejuvenation" expressed slightly less 

Prcab than the buds continuing mature phase development (Fig. 4.25) . However, when 

the rejuvenated buds were transplanted onto cytokinin-free culture media, the Prcab 

gene expression in rejuvenated buds started to catch up with the mature buds in culture 

and the rejuvenated plantlets had expression similar to the mature buds in culture (Fig 

4.25). A slightly lower expression of the Prcab gene in the cultured buds which were 

undergoing rejuvenation may be due to the inhibition of the secondary needle 

development by exogenous cytokinin. 

4.4.5 Summary 

The molecular work described in this chapter has shown that the protocols established in 

this thesis for isolating RNA and DNA from tissue-cultured materials and field buds of 

P. radiata is efficient and reliable, producing functional RNA and DNA readily cut by 

restriction enzymes. The mRNA differential display technique is a fast and efficient 

approach to identifying and cloning plant hormone responsive- and developmental 

event-related genes. 

The cloned Prcr5 cDNA sequences may belong to a multi gene family in P. radiata 

according to Southern analyses. The coding regions of the Prcr5 cDNA sequences are 

homologous to PR- IQ genes whose translation products may harbour RNase activity. 

The Prcr5 gene may act as a RNase to participate in the reseUing of the mature bud 

meristems by cytokinin in vitro through modifying existing RNA species in the mature 

buds. Northern analyses confirmed that cytokinin strongly promotes Prcr5 gene 

transcription. 

In contrast to the situation in angiosperm species, the expression of chlorophyll a and b 

binding gene in P. radiata (Prcab) can occur in complete darkness; light and exogenous 

cytokinin do not promote its expression in vitro. There was no significant difference in 

the Prcab gene expression in the primary and secondary needles obtained from the trees 

of different maturation state, although the content of chlorophyll a and b in these needles 

is quite different. The down regulation of the chlorophyll level in primary needles as the 



tree matures may be responsible for the elimination of the juvenile feature - primary 

needles - during natural maturation. 

1 99 
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Chapter 5 Final Discussion and Conclusion 

In this study a multiple-faceted approach, utilising morphological, physiological and 

molecular techniques, W3B taken to investigate the involvement of cytokinins in phase 

change in Pinus radiata. 

The basis for the study was the observation by Horgan ( 1987) that, in vitro, the 

cytokinin, 6-benzylaminopurine, caused an apparent "rejuvenation" of mature buds. 

Morphologically, the most striking feature during phase change in Pinus radiata is the 

change in bud morphology. The production of photosynthetically functional primary 

needles is confined to the juvenile phase while dried membranous bud scales are 

characteristic of mature buds (Fig. 3 . lA, B ,  C and D). Therefore, the primary needles 

can be used as a morphological marker for the juvenile phase. Critical to this choice of 

marker is the fact that both the primary needles and bud scales derive from the same 

source foliar primordia. This conversion from the development of primary needles to 

the production of bud scales during phase change is likely to be a common feature in 

Pinus - a similar conversion of bud morphology was also reported recently in Pinus 

banksiana (Browne, 1 995). 

While the mature characteristics in P. radiata are very stable under both in vivo and in 

vitro (without exogenous cytokinin) conditions (Fig. 3 . 1 E  and 3.2C), the cytokinin BA 

can effectively induce mature buds in  culture to initiate primary needles (Horgan, 1 987; 

Fig. 3 .2A, B and D). Detailed examination using light microscopy revealed that 

cytokinin may induce the transition from mature to juvenile morphology through 

resetting the fate of meristems and/or foliar primordia. Evidence to support this 

supposition is the fact that cytokinin inhibits the development of the secondary needles 

while inducing the initiation of primary needles (Fig. 3 . 1A and C). Secondly, the apical 

meristems of mature buds treated with BA are morphologically similar to the apical 

meristems of seedling shoots (Fig. 3.31; Riding, 1972), while the mature buds cultured 

in vitro in the absence of exogenous cytokinin eventually produce only very small 

meristems (Fig. 3 .3J). Thirdly, cytokinin treatment of mature buds prevented 
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accumulation of safranine-stainable substances in the epidermal cells of the foliar 

primordia (Fig. 3.31) which subsequently developed into primary needles. In contrast, 

without cytokinin treatment in vitro, the epidermal cells of the primordia initiated from 

mature buds accumulated safranine-stainable substances. These primordia eventually 

developed into bud scales. 

In summary, the morphological analyses support the contention that cytokinins may play 

a key role in the regulation of phase change. Thus, detailed studies on the changes in 

endogenous cytokinins in buds during phase change, and on the metabolism of 

exogenous cytokinin and the impact of exogenous cytokinin on the endogenous 

cytokinin in the buds undergoing "rejuvenation" was undertaken. 

To analyse the cytokinins, extracts from buds, both from the field and those in vitro 

were subjected to extensive purification and separation using PVPP, DE52, C18  columns 

linked in series, as well as normal and reverse phase HPLC, prior to quantification using 

RIAs (Fig. 2. 1 ). A fast and efficient immunoaffinity purification procedure was also 

developed to purify cytokinin samples before ES MSIMS (Fig. 2.2) .  As a result of using 

these techniques, a wide range of endogenous cytokinins was detected from the buds of 

P. radiata, including not only the traditional free base, riboside and nucleotide forms of 

cytokinins (Fig. 2. 1 1A and B), but also several novel cytokinin glucosides and their 

corresponding phosphorylated forms (Fig. 2. 1 1B and C). Although ZR and the ZR-G 

form had been identified previously in the buds of P. radiata (Taylor et al. ,  1 984), this is 

the first report of the presence of the traditional cytokinins iP, iPA, DZR, iPNT, ZNT, 

DZNT in the tissues of P. radiata and the first report of the novel cytokinin glucosides 

iPA-G and DZR-G (Fig. 2. 17), and of the novel phosphorylated cytokinin glucosides 

iPA-G-P, ZR-G-P and DZR-G-P (Fig. 2. 1 7) in any species. 

The identification of the metabolites of exogenous cytokinin from the buds cultured on 

the medium containing BA revealed a wide spectrum of BA metabolites, including BA, 

BAR, B A9G, BAR-G, BANT and BAR-G-P (Figs. 3. 1 3  and 3. 1 1 ). A lack of the 9-

glucosides of endogenous cytokinin in the buds of P. radiata implies that the BA9G 

may be an inactivation or detoxification form when a high concentration of exogenous 
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BA is present (Van Staden and Crouch, 1996). The novel glucoside of BA (BAR-G) 

isolated in this thesis is most likely to be the same compound as identified previously by 

other researchers (Horgan, 1985; B lakesley et al. ,  1 990; Auer and Cohen, 1 993;  Auer et 

al., 1 992). However, the phosphorylated form of the novel glucoside (BAR-G-P) has 

not been reported before in any species. Although the novel glucosides were relatively 

abundant in both the field and tissue-cultured buds, no traditional O-glucosides were 

detected in the buds of P. radiata. This indicates that the enzymes responsible for the 

formation of the novel glucosides are different from those responsible for the formation 

of O-glucosides. 

Although qualitative analyses revealed no difference in the cytokinin species between 

the mature and the juvenile buds, differences in cytokinin concentration were detected 

between the juvenile and mature buds of the field trees. A general trend of seedling 

buds > juvenile (14) buds > mature (M4) buds > mature (M8) buds for the combined 

concentration of free base and riboside cytokinins was revealed in P. radiata (Fig. 

3 .4A). This trend is in accordance with the results obtained in other species (Hendry et 

aI . ,  1 982; Galoch, 1985; Day et al . ,  1 995 ; Perrin et al . ,  1 997). For P. radiata, within the 

free base and ribosides, maintaining a threshold concentration of iP appears critical for 

the development of juvenile buds (Fig. 3 .4D). 

A notable feature with respect to the phosphorylated cytokinins is the difference in 

concentration between the juvenile and mature buds (Fig. 3 .5). The concentrations of 

all the phosphorylated cytokinins detected were significantly lower in seedling and 

juvenile buds (14) than in the mature buds (M4 and M8). The results here strongly 

demonstrate the importance of including phosphorylated cytokinins in cytokinin 

analysis .  Despite the significant differences in the concentrations, the relative levels of 

the individual phosphorylated cytokinins in the juvenile and mature buds were similar, 

indicating that metabolism pathways for these cytokinins in the juvenile and mature 

buds may be similar but that the general rates are very different. Although it shows that 

a low concentration of phosphorylated cytokinins is associated with juvenile buds and a 

high concentration with mature buds in vivo, the actively growing mature buds in 

culture also displayed an extremely low concentration of phosphorylated cytokinins, 
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indicating that a low level of phosphorylated cytokinins alone may be more associated 

with growth processes regardless of the phase of the material. 

The novel glucosides ZR-G, DZR-G and iPA-G were the most abundant cytokinins in 

both juvenile and mature buds. It appears that a lower concentration of ZR-G and DZR­

G and a higher concentration of iPA-G are associated with juvenile buds from the field 

trees (Table 3. 1 ). However, the actively growing mature buds in vitro also displayed 

similar patterns (Fig. 3 . 16), again indicating a possible involvement in the growth 

process. 

Overall, the balance among the different forms of cytokinins may be more important 

than individual cytokinins in the regulation of phase change in vivo in P. radiata. A 

high concentration of the free base and ribosides (particularly iP) and iP A-G, and a low 

concentration of phosphorylated cytokinins, ZR-G and DZR-G is positively correlated 

with juvenile bud morphology: the opposite pattern is true for the mature buds. 

The investigation into BA metabolism revealed that the buds which und�rwent 

"rejuvenation" contained a relatively high abundance of BA, BAR and BAR-G and a 

relatively low abundance of phosphorylated BAR and BAR-G (Fig. 3 . 1 3). Although 

previous reports in other species showed exogenous cytokinin induces increases in 

endogenous cytokinin concentration (Kuiper et aI. ,  1 989; Kataeva et aI. ,  199 1 ;  Vankova 

et al . ,  1 99 1 ;  Feito etal . ,  1994), the data (Fig. 3 . 14) obtained from this study shows a 

decline in endogenous cytokinin concentration in the buds treated with BA, indicating 

that the BA acts 'per se' and not through endogenous cytokinins. This finding is 

supported by the data obtained from kiwifruit treated with CPPU (Lewis et al. 1 996). 

Since different lines of information all point to an involvement of cytokinin in the 

regulation of phase change, the next phase of the project was an attempt to isolate and 

identify cytokinin-responsive genes in order to investigate the role of cytokinins in 

phase change at the molecular level. To achieve this goal, an efficient and fast protocol 

for simultaneous isolation of RNA and DNA from pine tree material and a modified 

mRNA differential display approach were developed in this study. The modified 
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approach allowed me to quickly identify and isolate differentially expressed gene cDNA 

sequences with their coding regions. The traditional differential display technique often 

leads to the isolation of cDNA sequences without their coding regions, which can make 

gene identification and characterisation difficult. 

The deduced amino sequence of one of the isolated cDNA sequences in this study, 

designated as Prcr5 (Fig. 4.9), was found to be homologous to ginseng RNases, pollen 

allergen Bet v I  (which has been shown to possess RNase activity) and some PR- I Q  

proteins. In common with all the homologous sequences obtained from GenBank,. 

PrCR5 has a P-Ioop phosphate-binding motif GxGGXGXXR. Therefore, the Prcr5 

gene most likely encodes a RNase. Southern analyses revealed that this gene may 

belong to a small gene family (Fig. 4. 16) .  Northern analyses showed that the expression 

of the Prcr5 gene in the cultured buds is highly regulated by cytokinins (Fig.  4.20, 4.2 1 

and 4.22), and that the regulation most likely occurs at the transcriptional level (Fig. 

4.2 1 ) .  As gene expression was not observed in the fully developed primary or 

secondary needles, I deduce that Prcr5 must be expressing in the meristem and/or its 

flanking foliar primordia promoted by cytokinin. It is proposed that, if Prcr5 is indeed a 

RNase, high level expression of Prcr5 induced by cytokinin may be involved in 

resetting the fate of the meristems and/or primordia during rejuvenation of the mature 

buds in culture. 

Another isolated cDNA sequence, designated as Prcab, encodes a chlorophyll a/b 
binding protein. Although expression of the cab gene decreases in the mature leaves in 

other species (Hutchison et aI . ,  1 990; Woo et aI . ,  1 994), no such changes were observed 

in P. radiata (Fig. 4.23). 

Generally, the results obtained in this thesis support the models of phase change 

proposed by Poethig ( 1 990) and Hackett and Murray ( 1 996). Poethig ( 1 990) proposed 

that phase-related characteristics are specified by independently regulated programmes 

in shoot apical meristem. The results from the morphological, cytokinin and molecular 

analyses in this thesis indicate that the effects of cytokinins on phase-related 

characteristics in P. radiata may be through modulating independently regulated 
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programmes which detennine the fate of the foliar primordia and/or meristem. This 

explanation is also in agreement with the model suggested by Hackett and Murray 

( 1 996) which emphasises that phase change is not a single 'master-switch' process but a 

composite of a number of processes or programmes (Fig. 1 .2). These models fit well 

with the fact that cytokinin treatment does not affect all phase-related traits equally, with 

primary needles being the most sensitive characteristic. 

Greenwood ( 1 995) suggested that rejuvenation of woody plants derives from juvenile 

cells conserved within the meristems of mature buds. However, this does not appear to 

be the case in P. radiata, because rejuvenated shoots tend to revert to the mature form 

more quickly than true juvenile trees following rooting and placement in the nursery bed 

(Horgan, 1 987). This again indicates that cytokinin regulates particular programmes, 

such as those determining primary needles, but not all programmes. Therefore, in this 

context, rejuvenated characteristics are able to mature more quickly when the influence 

of the cytokinin is removed. 

Overall ,  this project has provided new information on the relationship between 

cytokinins and phase change in P. radiata. Investigations of the biological function(s) 

of the novel cytokinins is required to clarify the role of cytokinin metabolism in the 

regulation of phase change. Molecular approaches such as using the modified mRNA 

differential display will be useful tools in further searches for cytokinin-regulated genes 

which may be involved in phase change. Further study of the Prcr5 gene using in situ 

hybridisation to determine the spatial pattern of its expression, and gene transformation 

techniques to elucidate its function will help towards an understanding of the role of 

cytokinins in phase change. 
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Appendix A - Cross reactivity of antibodies with cytokinins 

Cross reactivity of the clone 12 and the clone 16 used in this thesis, with various fonns 
of cytokinins are presented in the table below. The values were determined by Dr D. 
Lewis. 

% Cross Reactivity 
Cytokinin clone 16 clone 12 
ZR 1 00  2.4 
Z 34 1 .7 
DZR 30 -* 
DZ 1 4  -

Z9G 39 -

DZ9G 8 -

Z7G 0 -

ZOG 0 -

ZROG 0 -

DZOG 0 -

DZROG 0 -

iPA 0.9 100 
iP 0 93 
iP9G - 1 3 1  

*- = not tested. 

Appendix B - Tissue culture medium 
LP medium: Modified LP basic media contained 1 800 mg KN03, 360 mg 

MgS04·7H20, 400 mg N�03, 270 mg KH2P04, 1200 mg Ca(N03h.4H20, 27.8 mg 

FeS04.7H20, 37.3 mg Na2EDTA.2H20, 1 mg MnS04.4H20, 6.2 mg H3B03, 8.6 mg 

ZnS04.7H20, 0.08 mg KI, 0.025 mg CuS04.5H20, 0.25 mg Na2Mo04.2H20, 0.025 mg 

CoCh.6H20, 0.4 mg Thiamine.HC}, 1000 mg inositol, 30 g sucrose and the pH was 

adjusted to 5 .7.  Eight grams of Difco Bacto agar was added in one litre medium to 

solidify the media. 

LP5 medium: basic LP medium plus 5 mg/L BA. 

LPCH medium: basic LP medium plus 5 g/L charcoal. 



Addendum 

I .  For al l the figures in t h i s  thesis,  the bars represent standard deviat ions of the means. 

2 .  'L iang et a l .  ( 1 992), i n  the text  shou l d  be replaced b y  'Liang and Pardee ( 1 992) ' .  
3 .  ' H ackett et  aI . ,  1 995' on page x v  should b e  replaced b y  'Hac kett and MUlTay, 1 996'. 
-J. . ' S i mi larity '  shou ld repl ace the term 'homology' in the text. 

5 .  Last l i ne on page 6 " . . .  , w hich i s  invo lved i n  upstream DFR i n  anthocyanin biosynthe is . "  

should  read: ' . . .  , which  is  invol ved i n  anthocyanin biosynthesis upstream of DFR.' .  
6 .  For Table 3 . 1 ,  DE rep resen ts standard deviation of the mean . 
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