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Abstract

It would be desirable to have dwarfed bittersweet apple cultivars that could be grafted 

onto semi-vigorous rootstocks, without needing supplementary applications o f  chemical 

growth retardants that inhibit gibberellin (GA) biosynthesis. Therefore studies were 

undertaken in order to manipulate gibberellin biosynthesis in Greensleeves apple and a 

protocol was developed for genetic transformation o f  M ichelin, a bittersweet variety. 

Two hom ologous GA 20-oxidase sequences (94% nucleotide identity) were isolated by  

RACE from Greensleeves shoot tip m RNA using primers based on a 20-oxidase gene 

fragment (named 2 0 o x l)  previously obtained by degenerate PCR. These sequences 

named MdGA20oxlA and MdGA20oxlB are highly expressed in developing embryo, at 

lower levels in shoot tips and young leaves, and at very low  levels in ovaries 5 days 

after pollination. MdGA20oxlA is almost identical to a cD N A  previously isolated from 

Fuji apple (A B07114). Both MdGA20oxlA and MdGA20oxlB were demonstrated to 

encode enzymes with GA 20-oxidase activity by heterologous expression in 

Escherichia coli and incubation with [14C]G Ai2. U sing primers based on another 

fragment isolated by degenerate PCR, a separate G A 20-oxidase cD N A  named 

MdGA20ox2 w as obtained b y  a combination o f  genom e walking and RACE from 

unpollinated ovary cDN A. It shares 67% and 68% amino acid identity to 

MdGA20oxlA/B and is expressed in stamens and less so in sepals and unpollinated 

ovary. Transcripts for a hom ologous gene were found in unpollinated and pollinated 

parthenocarpic W ellington Bloom less ovaries 5 days after anthesis. Anti-sense and co

suppression using the original 2 0ox l fragment driven by  the CaM V35S promoter 

produced dwarf Greensleeves plants. The main effects were reduced intemode length 

and number. In shoot tissues o f  one dwarf line the concentration o f  GAi was lower, and 

that o f  the precursor G A19 higher compared to the control. These results show that it 

should be feasible to engineer a dwarf habit in bittersweet apple cultivars in the near 

future.
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1.1 General Introduction

Bittersweet apple trees grow to be large if  grown on their own roots, larger than many 

o f the dessert apple varieties in cultivation. The emphasis o f  production is on yield 

because the apples are o f low value, with gross return for fruit less than dessert apples. 

Fruit size and skin Finish are unimportant because the apples are grown for juice  

predominantly used to make cider. Therefore high yield and efficient harvesting are 

important to profitability.

Over time orcharding methods have changed from the traditional low tree density 

planting with large trees on seedling rootstocks, to higher intensity plantings on semi- 

vigorous, precocious (promote earlier flowering) clonal rootstocks (e.g. MM 106, 

M M 111, M 25 and som e M 26) (Figure 1.1). In many respects this has follow ed trends in 

dessert apple growing systems. Using precocious sem i-vigorous rootstocks allows 

earlier returns and higher density planting which results in increased overall yield per 

land area cultivated. Higher density smaller trees have allowed increased mechanisation 

o f  the harvesting process. In the UK bittersweet apples are harvested by mechanical 

shaking and sweeping (Figure 1), this is the most cost effective and efficient method 

available. The larger a tree is, the greater the shaking force required. Shaking can 

damage trees, especially root systems, and therefore controlling the vegetative growth, 

particularly in the early years o f  an orchard life span is an important facet o f  orchard 

management for econom ic production.
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Figure 1.1: Bittersweet apple growing has dramatically changed since the early twentieth century.
Low intensity high labour orchards have given way to more intensive planting with more compact trees 
and increased mechanisation. Pictures courtesy of the National Cider Makers Association: 
www.cideruk.com

1
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Tw o main methods are used to control vigour o f bittersweet apples: grafting onto a 

sem i-vigorous rootstock and the application o f chemical growth retardants. Growth 

retardants reduce the amount o f pruning required, which is a costly process and 

excessive pruning o f  growth on vigorous rootstocks tends to increase vegetative rather 

than reproductive growth (W estwood 1978). There are many rootstocks available that 

range in the degree o f growth control conferred, but the choice o f  a rootstock is not 

solely based on this as other factors such as disease resistance, anchorage, and 

suitability to soil type also need to be considered before planting. The most widely used 

rootstocks for bittersweet apple trees are M M 106, M M 111, M 25 and som e M 26. Out o f  

the rootstocks available, these give the best balance between tree vigour, cropping 

(tonnes o f  apple per acre) and anchorage (T. Epps, pers. comm .). However, there is 

insufficient control o f vigour because the inherently vigorous natures o f bittersweet 

varieties carry through, and so growth retardants are applied. More dwarfing rootstocks 

are not used because they have brittle roots and therefore require a support system for 

the whole o f their lives, which interferes with the use o f  a trunk shaker.

It would be desirable to graft a dwarfed scion variety onto a sem i-vigorous rootstock. 

This would result in a compact tree with all the advantages o f dwarfing rootstocks such 

as ease o f  spraying, pruning and intensive harvest densities, but with good anchorage 

and no need to use growth retardants.

3
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Gibberellin (GA) biosynthesis and factors affecting the levels o f GAs in plants

Growth retardants are used in addition to rootstocks to control excessive vegetative 

growth. They act by inhibiting the biosynthesis o f  GA, a plant hormone. GAs mediate 

environmental and developmental signals acting through the regulation o f  cellular 

processes such as cell elongation and division. These processes manifest themselves in 

aspects o f plant growth and development such as stem and root extension, flowering 

(promotion and inhibition), fruit set, and seed development and germination. G As also 

influence other processes either directly or indirectly such as anthocyanin biosynthesis 

(W eiss et al. 1992). Furthermore, other plant hormones such as auxin influence 

gibberellin metabolism (van Huizen et al. 1997, Ross et al. 2000).

At present 126 different m olecules with GA like structures (tetracyclic diterpenoid 

carboxylic acids) have been identified from plants or fungi (see www.plant- 

hormones.bbsrc.ac.uk) but only relatively few  show biological activity (e.g. G A i, GA4, 

G A3, and G A7). Many o f the others are biosynthesis intermediates or exotic oxidation 

products. The early stages o f  GA biosynthesis is in proplastids in young growing tissues 

(Aach et al. 1995), where the general diterpenoid precursor trans-geranylgeranyl 

diphosphate undergoes two cyclization reactions catalysed by ent-CPP synthase and ent- 

kaurene synthase (Duncan and W est 1981) to form eni-kaurene. This is m odified by ent- 

kaurene oxidase, believed to be located in the plastid envelope, via enf-kaurenol and 

¿nt-kaurenal to form eni-kaurenoic acid (Graebe 1982, Hedden 1999, H elliwell 2001a). 

A  microsomal NADPH-dependent P450-m onooxygenase called kaurenoic acid oxidase 

(KAO) catalyses three successive oxidations on enf-kaurenoic acid to form G A12, via 

enf-7a-hydroxykaurenoic acid and GA 12-aldehyde, in the endoplasmic reticulum

4
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(Helliwell et al. 2001b). There also exists in pumpkin a soluble 2-oxoglutarate 

dioxygenase with 7-oxidase (G A i2-aldehyde to G A12) activity but this has not been 

found in other species and may be unique to cucurbits (A.L. Phillips, pers. comm.). 

M onooxygenase and/or dioxygenase enzym es with 13-hydroxylase activity may then 

act on G A12 (preferred substrate) to form GA53 (Kamiya and Graebe 1983, Hedden et al. 

1984, Gilmour et al. 1986, Grosselindemann et al. 1992, Lange et al. 1993). It appears 

that the level, location o f expression o f these enzym es and substrate specificities o f  

downstream dioxygenases determine the relative levels o f GAi and GA4 in different 

tissues and species (Hedden and Phillips 2000).

The final steps o f biosynthesis and then deactivation are catalysed by soluble 2- 

oxoglutarate-dependent dioxygenases (Hedden 1997). This part o f  the biosynthetic 

pathway will be focused on here, in particular the GA 20-oxidases. Further information 

about the early stages o f and general GA biosynthesis can be found in reviews by 

Hedden (1997), Hedden and Kamiya (1997), M acMillan (1997), Sun and Kamiya 

(1997), Lange (1998), and Hedden (1999).

In many species including Arabidopsis G A12 and GA53 accumulate in vegetative tissues, 

indicating that conversion to C19 GAs is a limiting step o f  GA biosynthesis (Hedden et 

al. 1998, Talon et al. 1990). In apple shoots and xylem  exudates the most abundant GA  

is G A19 (Looney et al. 1988, M otosugi et al. 1996) but there is evidence that this can 

vary depending on the type o f  rootstock. X ylem  exudates o f  scions on invigorating 

rootstocks had higher GA-like activity in polar fractions (G A19/1 are exam ples) and 

flowered less compared to scions on dwarfing rootstocks, where higher GA-like 

bioactivity was found in less polar fractions (GA24/4 are exam ples) (Gao et al. 1992,

5
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M otosugi et al. 1996). Interestingly G A4 is implicated in the promotion of flowering 

while G A3 and GA7 (more polar) have been implicated in inhibition o f flowering during 

flower initiation (Pharis and King 1985 and references cited therein). Lockard and 

Schneider (1981) postulated that GA synthesised in the shoot or leaves might be 

translocated to the roots, m odified and then re-circulated to the shoot.

The conversion to C19 GAs is the penultimate step before the formation o f  bioactive GA  

and is performed by GA 20-oxidases enzym es (Figure 1.2). These enzym es perform 3 

successive oxidations on carbon-20 from a methyl to an alcohol and then to an aldehyde 

which is then lost as CO2 to give 19-carbon G A20 or GA9 (Hedden 1997). There is 

evidence o f  enzym es that have different affinities for the intermediates in the GA 20- 

oxidase catalysed reaction (Gilmour et al. 1987). Bioactive GA4 and GAi are created 

via 3P-hydroxylation o f GA9/20 by 3-oxidase enzym es, with G A7 and G A3 thought to be 

formed through side reactions o f 3-oxidases via 2,3-didehydro GA9 and GA5 

respectively (de Bottini et al. 1987, Albone et al. 1990, Spray et al. 1996). Inactivation 

o f bioactive GA is important for regulating levels o f  bioactive GA, this final step is 

catalysed by 2-oxidase enzym es which hydroxylate at C-2(3 to give biologically inactive 

products.

M ost o f  the genes involved in GA biosynthesis and inactivation, except 13- 

hydroxylases have been cloned and in general single genes encode the early stages o f  

biosynthesis in Arabidopsis thaliana. An exception is KAO, which is encoded by two 

genes (H elliwell et. al. 2001b). In contrast the dioxygenase genes are encoded by small 

multiple genes families in all species examined. In Arabidopsis there are at least five

6
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\ 20-oxidase

20-oxidase
OH

OCH

GA19

20-oxidase 
OH

> ^ s''^ C 02H
co2h 

GA,17
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C02H
co2h

1 | ° O v =

GA5
^ co2h J
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OH
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H o ^ y ^ ^ c O jH  ho^ Y ^ ^ co.h
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Figure 1.2: The late stages of the GA biosynthetic pathway to bioactive GA14.3.7 - adapted with
modifications with kind permission from Peter Hedden (reference: Hedden 1997). Both the non 13- 
hydroxylation pathway and the 13-hydroxylation pathway can occur in a particular species but one or the 
other may predominate. GA17 and GA23 tend to occur as minor by-products and have no apparent 
biological activity. However a GA 20-oxidase from pumpkin seed produces these as major products 
(Lange el at. 1994). The GA 20-oxidase, 3-oxidase and 2-oxidase genes exist as multiple gene families in 
species analysed so far. These dioxygenase enzymes utilise 2-oxoglutarate as a co-substrate, require Fe2+ 
and are stimulated by ascorbate (Hedden et at. 1998).
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GA 20-oxidase gene family members (Phillips et a l  1995; Xu et al. 1995; Hedden et al. 

2002). Each show tissue specific patterns o f m RNA accumulation (depending on 

endogenous and exogenous signals- discussed later) during vegetative and reproductive 

phases o f  growth (Phillips et al. 1995). This holds true for GA 20-oxidase families in 

many other species, for example potato, tomato and wheat (Carrera et al. 1999, Rebers 

et al. 1999, N . Appleford - unpublished). The 3-oxidases and 2-oxidases also exist as 

multi-gene families with 4  and 5 members respectively in Arabidopsis. Like GA 20- 

oxidases they show a range o f tissue specific expression during vegetative and 

reproductive phases o f growth (Martin et al. 1997, Toyom asu et al. 1998, Yamaguchi et 

al. 1998, Thomas et al. 1999, Lester et al. 1999).

Low endogenous levels o f GA up-regulate many G A 20-oxidase and 3-oxidase genes, 

for exam ple in GA deficient mutants (Xu et al. 1995, Cowling et al. 1998), and are 

down regulated by the application o f bioactive GA (Hedden and Croker 1992, Phillips 

et al. 1995, Chiang et al. 1995, Martin et al. 1996, Toyom asu et al. 1997). It was 

suggested that this feedback loop operates as a homeostatic mechanism to maintain 

bioactive GA levels (Hedden and Croker 1992). There are exceptions such as the 

GA3ox2 (GA4H) gene, which is expressed in germinating Arabidopsis seeds and is not 

subject to feedback regulation (Yamaguchi et al. 1998). L ikew ise at least two 2-oxidase 

genes are subject to feed forward regulation by the presence o f  bioactive GA (Thomas 

et al. 1999, Elliot et al. 2001).

Light quality and photoperiod also influence GA 20-oxidase and GA 3-oxidase 

expression. After induction by long days certain GA 20-oxidases are up regulated in 

rosette plants such as Arabidopsis (Xu et al. 1997) and spinach (Wu et al. 1996), which
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results in the elongated stem phenotype associated with flowering. In potato leaves, 

expression o f  a GA 20-oxidase shows a diurnal cycle, increasing during the light period 

and decreasing during the dark period (Carrera et al. 1999, Jackson et al. 2000).

This was also observed for a GA 20-oxidase and a 3-oxidase in pea (Ait-Ali et al. 

1999). Phytochrome B (PhyB) has been shown to mediate the photoperiodic control o f  

the expression of a potato GA 20-oxidase in leaf tissues because levels were elevated in 

transgenic anti-sense PhyB plants that had reduced levels o f phytochrome B. The 

expression o f  this gene in wild type plants was also induced by blue light, indicating 

that a blue light receptor may be involved in the control o f  this gene by light (Jackson et 

al. 2000). During red light induced seed germination, phytochromes were also shown to 

mediate the induction o f 3-oxidases by red light in imbibed lettuce and Arabidopsis 

seeds (Toyomasu et al. 1998, Yamaguchi et al. 1998). Red light did not induce the 

expression o f GA 20-oxidases however (Toyomasu et al. 1998). The expression of  

certain G A 20-oxidase and 3-oxidase genes appears to be influenced by light quality in 

pea. Transcript levels o f a pea GA 20-oxidase were higher in light grown seedlings than 

dark grown seedlings whereas the opposite was true for a 3-oxidase. During de

etiolation by white light both transcripts for both genes were increased (Ait-Ali et al.

1999) . Another study in pea also found increased expression o f  GA 20-oxidase and 3- 

oxidase genes during de-etiolation, but a rapid decrease in GAj. Red and far-red 

irradiation also increased GA 20-oxidase but not 3-oxidase expression implicating 

control o f  expression by different light receptors. The decreased levels o f  G A t were 

accompanied by increased levels o f GAg indicating that 2P-hydroxylation by a 2- 

oxidase may be the cause o f  reduced GAi during de-etiolation (Gil and Garcia-Martinez

2000)  .
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Other growth regulators such as auxin influence the expression o f  the dioxygenase 

genes. A  GA 20-oxidase gene was up regulated in de-seeded pea ovaries by auxin (4- 

chloroindole-acetic acid [4-C1-IAA]) application (van Huizen et al. 1997). This reaction 

was specific to 4-C1-IAA as application with 2,4-D  (synthetic auxin) had little effect 

(Garcia-Martinez et al. 1997). Likewise 3-oxidase expression was increased and 2- 

oxidase activity was decreased by auxin (indole-3-acetic acid [IAA]) application to 

decapitated pea plants (Ross et al. 2000). The authors suggested that in intact pea plants, 

auxin from the apical bud m oves into elongating intem odes where it directly or 

indirectly maintains 3-oxidase levels and consequently GAj biosynthesis.

Developm entally related genes are also implicated in controlling GA 20-oxidase 

expression. Over expressed KNOTTED-type homeobox genes from tobacco (Tanaka- 

Ueguchi et al. 1998) or rice (Kusaba et al. 1998) reduced G A 20-oxidase expression and 

produced dwarfism in transgenic tobacco. More recently the tobacco KNOX  

homeodomain protein (NTH15) was shown by Sakamoto et al. (2001) to bind to a 5bp 

dyad symmetric sequence, GTGAC, in the first intron o f  a tobacco GA 20-oxidase gene 

in vitro, resulting in suppression o f expression. Mutation o f  the binding sequence 

abolished repression. Transcript for this suppresser was shown to be present in corpus 

cells o f the shoot apical meristem, and transcript for the GA 20-oxidase gene was 

observed in the leaf primordia and rib meristem but not in the corpus. The authors 

suggested that NTH 15 represses GA biosynthesis in the corpus o f the shoot apical 

meristem to maintain the indeterminate state o f  corpus cells. The suppression o f  NTH 15 

at the flanks o f  the shoot apical meristem allows GA biosynthesis, which promotes 

organised cell division and consequently induces determination o f  cell fate.
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Growth retardants

Four different types o f  plant growth retardants are known and act by inhibiting GA  

biosynthesis. These are onium compounds that block copalyl-diphosphate synthase and 

ent-kaurene synthase, compounds with a N-containing heterocycle that block 

cytochrome P450-dependent m onooxygenases, acylcyclohexanediones (structural 

m im ics o f  2-oxoglutarate), and 16, 17-dihydro-GAs and related structures that mimic 

GA precursors o f dioxygenases (Rademacher 2000 and references therein). The N- 

containing heterocycle compounds and structural m im ics o f 2-oxoglutarate will be 

focused on here because they are most relevant to apple (Figure 1.3).

The only chemical growth retardants that U K  bittersweet apple growers are permitted to 

use are paclobutrazol-containing formulations (e.g. Cultar™, Zeneca Ltd.). 

Paclobutrazol (Lever et al. 1982), is an N-containing heterocyclic compound o f  low  

acute toxicity in formulations that are used and causes reduced intemode lengths o f  new  

shoots and earlier formation o f terminal buds (Stinchcom be et a l  1984, W ieland and 

Wample 1984, Steffens 1988, Prive et a l  1989). These effects improve crop yield and 

reduce pruning costs, with reductions in pruning time in one four-year study reduced by 

23-70% (Greene 1991). In the case o f  Cultar it is claimed that moderate suppression of  

apple scab and powdery m ildew is conferred in addition to growth control (Cultar 

Pocket Guide, Zeneca Crop Protection). On the other hand formulations containing 

paclobutrazol are relatively expensive and reduce margins for low  value crops such as 

bittersweet apples. In own-rooted Golden D elicious trees, paclobutrazol treatment was 

also found to reduce fruit yield on a per tree basis and trees went into biennial bearing 

as readily as untreated trees after a heavy fruit load season (Steffens 1991),
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Figure 1.3: Sites of inhibition points of growth retardants on gibberellin biosynthesis. The (2S3R)
enantiomer found in commercial paclobutrazol formulations is structurally similar to ew-kaurene and acts 
as competitor substrate for the endomembrane bound monooxygenase enzymes that convert e/ir-kaurene 
to e/i/-kaurenoic acid (Rademacher 2000). It is thought that the lone electron pair on the sp2 hybridised 
nitrogen of the heterocyclic ring located at the periphery of the molecule displace oxygen from its binding 
site at the protoheme iron (Coolbaugh et al. 1978, Rademacher 2000), thus inactivating the enzyme. 
GGPP: geranylgeranyl diphosphate; CDP: e/ir-copalyl diphosphate. GA 20-oxidase: catalyse the oxidative 
removal oi carbon-20 as CO2 to torm 19 carbon GA20 and GAq. These are subsequently hydroxylated by 
3-oxidases to form bioactive GAs (GAlt GA4, GAj and GA7). 2-oxidase enzymes inactivate bioactive 
GAs.
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therefore extra fruit thinning may be required to discourage this. Paclobutrazol can 

persist in the soil environment for periods o f  months to years because it binds tightly 

(but reversibly) to soil constituents. A s a result it is difficult to apply and the cessation 

o f  application has to be planned years in advance to avoid follow  on effect on crops 

planted in grubbed orchards. For instance, product instructions recommend the 

minimum period between last spray and planting apple and pears to be 1 year, 2 years 

for beans, peas and onions, 3 years for stone fruit, 4  years for cereals, grass, oilseed rape 

and carrots, 6 years for market brassicae and seven years for potatoes and other crops 

control (Cultar Pocket Guide, Zeneca Crop Protection). Approval for use o f  

paclobutrazol in Europe is limited to the UK and there is uncertainty about future 

availability (A. Webster, pers. comm.).

Another growth retardant that is likely to be available in the future in the UK (A. 

Webster and P. Hedden, pers. comm .) is prohexadione-calcium (Nakayama et al. 1990). 

It is an example o f  an acylcyclohexanedione and acts largely by competing with the 2- 

oxoglutarate active site in 2-O D D enzym es (Griggs et a l  1991, Hedden 1991). W hile 

all steps after G A i2-aldehyde are inhibited by prohexadione-calcium (Rademacher 2000, 

and references therein), 2(3- and 3(3-hydroxylation (2-oxidases and 3-oxidases) tend to 

be inhibited predominantly because GAi and GAg are reduced and G A20 and its 

precursors are increased in treated plants (Rademacher 2000, and references therein). 

Therefore depending on the timing o f application, shoot growth may actually be 

increased due to blocking o f 2(3-hydroxylation (Hisamatsu et al. 1998). This was seen in 

shoots o f young Golden D elicious trees treated with prohexadione-calcium where 

vegetative growth, carbohydrate concentration and nitrogen levels were significantly 

increased (Owens and Stover 1999). Excluding these occurrences, the general effects o f
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prohexadione are reduced overall shoot length, intem ode length, leaf formation, and 

earlier terminal bud set (Owens and Stover 1999, Unrath et al. 1999). The same was 

found in potted M 26 plants and in addition specific leaf weight, root dry weight and root 

to shoot ratio was increased (Guak et al. 2001). A  significant side effect o f  

prohexadione-calcium is increased protection against fireblight (Winkler 1997, Yoder et 

al. 1999, Costa et al. 2001) and apple scab (Rademacher 2000). It is presumed that this 

effect is due to changes in levels o f flavonoids or phenylpropanoids (Rademacher et al. 

1998, Rommelt et al. 1999, Rademacher 2000).

Novel ways to control vigour

Breeding more compact varieties is one option to control vigour but the time scale, 

resources required, and the possibility o f adverse changes to fruit characteristics do not 

justify the end in a crop such as bittersweet apples (James 1987). Similar considerations 

apply to the development o f  new rootstocks.

A strategy could be to control scion vigour independently o f  the rootstock, without 

using a chemical growth retardant. This should increase the number o f  rootstocks 

available for use, allowing better utilisation o f disease resistance and tailoring to soil 

and environmental conditions o f particular localities. It may also be feasible to grow 

certain varieties on their own roots, thus reducing planting costs. M any species have 

now been dwarfed by modification o f  genes involved in gibberellin biosynthesis, 

inactivation or signal transduction. There are indeed many other w ays to engineer 

dwarfism but the approaches described above w ill be dealt with here.
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Over-expression o f a pumpkin GA 20-oxidase that predominantly produces inactive 

G A25 and G A17 (Lange et al. 1994) in Arabidopsis resulted in slightly reduced stem  

height with no other apparent morphological effects (Xu et al. 1999). In the transgenic 

plants C20 intermediates and GA4 were reduced, GAi (slight increase), G A25 and G A n  

were increased. The authors demonstrated that in the transgenic dwarf plants GAS (GA  

20-oxidase) and GA4 (3-oxidase) transcripts were greatly increased to compensate for 

the effects o f  the transgene by feed-back regulation, suggesting that this accounted for 

the small reduction in stem height. When over-expressed in Solanum dulcamara the 

same gene caused semi-dwarfism with smaller, deep green leaves and highly pigmented 

stems compared to wild-type (Curtis et al. 2000). The levels o f  13-hydroxylated GAs 

including GAi (except G A n) were reduced in the leaves and more so in stems however 

the levels o f the non-13-hydroxylated GAs GA4 and G A34 were not consistently 

reduced, leading the authors to suggest that the effects o f  expressing this enzym e may 

not be predictable. A s in Arabidopsis, transcript abundance for a native GA 20-oxidase 

gene was shown to be higher in leaves and stems o f plants transformed with the 

pumpkin GA 20-oxidase than in wild-type (Curtis et al. 2000).

Downregulation by anti-sense o f  three Arabidopsis GA 20-oxidase genes showed a 

range o f responses. Anti-sense AtGA20oxl had shorter hypocotyls, reduced rates o f  

stem elongation and lower levels o f  GA4 in rosettes and shoot tips. In anti-sense 

AtGA20ox2 lines there was no apparent effect in long days but stem growth was reduced 

in short days by 20%. AtGA20ox3 down-regulated lines showed no apparent effects 

(Coles et al. 1999). Dow n regulation o f  a potato GA 20-oxidase normally expressed in 

leaves and shoots resulted in shorter stems, decreased intem ode length, earlier
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tuberization and showed increased yields (Carrera et al. 2000). There was no apparent 

effect on tuber dormancy.

Over-expression o f  a Phaseolus GA 2-oxidase enzym e under the control o f  35S and 

maize ubiquitin promoters resulted in severe dwarfism in both Arabidopsis and wheat 

respectively (Thomas et a l , W ilkinson et a l  unpublished data).

A  gene involved in signal transduction named GA1 has been shown to cause dwarfism  

when expressed in transgenic plants. The gai mutant o f  Arabidopsis is dwarfed and is 

not reversed by GA application (K oom eef et a l 1985, Peng and Harberd 1993, Peng 

and Harberd 1997a, 1997b, W ilson and Som merville 1995). The gai mutation was 

cloned by insertional mutagenesis and was shown to have a small N-terminal deletion 

compared to the wild-type allele GAI (Peng et a l 1997). GAI belongs to the GRAS 

family o f putative transcriptional regulators and was proposed to act as a de-repressible 

repressor o f plant growth (Harberd et al 1998, Peng et a l  1997). Expression o f both 

Arabidopsis gai and GAI in rice produced dwarfism (Peng et a l  1999, Fu et a l  2001). 

In GAI transformed plants the level o f GAI transcript corresponded to the degree o f  

dwarfism conferred, and low ly to moderately dwarfed plants were able to respond to 

exogenous GA (Fu et a l  2001).

This project aimed to dwarf apple trees by down regulating the expression o f an apple 

GA 20-oxidase gene and by over-expressing a Phaseolus 2-oxidase gene (Thomas et a l 

1999). It was thought that at least one o f  these strategies would reduce the content o f  

bioactive gibberellin and cause dwarfism. A  314bp long fragment o f  an apple GA 20- 

oxidase gene (named 2 0 o x l)  had been previously isolated by RT-PCR from immature
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fruit cD N A  (up to 1cm stage) with degenerate primers (courtesy Fiona W ilson). This 

fragment was used in transformation experiments. A  further aim was to isolate as many 

different Greensleeves GA 20-oxidase genes as possible and characterise their 

expression patterns in order to evaluate their utility for future control o f plant growth. 

This was borne out o f the situation found in Arabidopsis by Coles et al. (1999), where 

there was little or no effect on vegetative growth for two out o f  the three GA 20- 

oxidases down regulated. At that stage there was little information whether that would 

be the case with 2 0 o x l. It was also o f interest to try to predict what the effect(s) o f  

down regulating the endogenous gene corresponding to 20o x l  would be, particularly in 

terms o f  flowering and fruit development because there was little information on the 

effects o f  genetic manipulation o f GA biosynthesis on fruit growth in the literature. 

There was also an interest in the expression o f GA 20-oxidases in parthenocarpic apple 

varieties (e.g. W ellington B loom less) as GA application had been shown to induce fruit 

set (forming seedless fruit) when applied to unpollinated flowers in non-parthenocarpic 

cultivars (Davison 1960, Luckwill 1960). Fos et al. (2000) showed that G A20 was 

higher in parthenocarpic genotypes o f  near-isogenic tomato lines with two different 

genetic backgrounds. Furthermore they showed that both w ild type and parthenocarpic 

fruit development was negated by paclobutrazol and paclobutrazol inhibition was 

counteracted by G A3.

In this study the dessert apple cultivar “G reensleeves” was used as a model because 

transformation protocols for bittersweet apple varieties were not available. Therefore 

studies into developing a transformation protocol for one or more o f the bittersweet 

varieties named M ichelin, E llis Bitter and Chisel Jersey were undertaken with the hope
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that if  dwarfing was successfully engineered in Greensleeves the same strategy could be 

applied to them.

If an alternative to chemical growth retardants could be developed the projected benefits 

could include reduced pesticide application, lower costs to growers, and a reduction in 

overall pollution (paclobutrazol and exogenously applied GA are included in the broad 

classification o f pesticides). This would be achieved through a number o f ways, firstly 

there would be less fuel consumption due to less tractor usage as w ell as reduced costs 

to growers. Secondly, by increasing the number o f  rootstocks available there is the 

potential for reducing pesticide application by better deployment o f  disease and pest 

resistance. Again, reductions in pesticide application would have knock on effects in 

terms o f tractor and fuel usage, pollution, and costs.
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2.1 Isolation of Malus Gibberellin 20-oxidase gene sequences

2.2 Introduction

Isolation o f  the first GA 20-oxidase gene sequence was reported by Lange et al. (1994) 

and since then 20-oxidase genes have been isolated from many different plant species. 

A  number o f methods were used to isolate these genes and these were considered for 

use here. Lange et al. (1994) took a functional screening approach in which mRNA  

from developing pumpkin cotyledons and endosperm was translated separately in vitro 

using rabbit reticulocyte lysates. The translated protein was then incubated with 

[14C]G Ai2 and cofactors in order to select (by HPLC o f the products) the tissue with the 

appropriate enzymatic activities. Cotyledon tissue was selected for screening a 

recombinant E. coli expression library with a rabbit antibody raised to a synthetic 

peptide, the sequence o f  which was based on a peptide purified from tryptic digestion o f  

a previously purified pumpkin 20-oxidase (Lange 1994). A  plasmid harbouring a 

positive clone was rescued, sequenced and the recombinant protein from that clone was 

shown to have 20-oxidase activity by incubation with 14C-labelled substrates, followed  

by HPLC separation o f products and their identification by GC-M S. The authors aligned 

the derived amino-acid sequence with other plant dioxygenases and showed that certain 

residues and short stretches o f  residues were conserved between genes. This approach 

had the advantage o f  allowing the isolation o f  cD N A s that encode functional proteins 

but required prior knowledge o f some target enzym e sequence. Once this first sequence 

had been isolated it widened the number o f  approaches available to isolate other 20- 

oxidase gene sequences.
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The second 20-oxidase sequence reported in the literature was isolated from 

Arabidopsis by Phillips et al. (1995) and Xu et al. (1995). A  number o f GA-responsive 

dwarf mutants had been isolated previously (K oom eef and van der Veen 1980) and one 

carrying the ga5 mutation had reduced levels o f C iq-G A s as well as increased levels o f  

C20-GAS (Talon et al. 1990), indicating that the GA5 locus may encode a 20-oxidase. 

Xu et al. (1995) used the pumpkin cD N A  (isolated from endosperm) to probe an 

Arabidopsis genom ic library. One 20-oxidase-like sequence sharing 60% nucleotide 

identity with the pumpkin 20-oxidase sequence was selected. The cD N A  sequence was 

then obtained by RT-PCR and shown to encode a functional 20-oxidase enzyme by 

heterologous expression in E. coli. Chromosome walking confirmed that the isolated 

sequence corresponded to GAS. The ga5 allele was cloned from the hom ozygous gaS 

mutant in Landsberg erecta and the mutation was found to be the result o f a single base 

change causing premature termination o f translation.

At around the same time, Phillips et al. (1995) reported the isolation o f three 

Arabidopsis 20-oxidase cD N A s. One o f these was identical to the GA5 gene cloned by 

Xu et al. (1995) and the other two were novel. The approach taken was to use 

degenerate oligonucleotide primers based on conserved amino acid regions in the 

dioxygenase superfamily (Lange et al. 1994). Six different dioxygenase gene fragments 

were amplified by PCR from Arabidopsis genom ic D N A . One was used as a probe to 

isolate two different full-length cD N A  sequences from a shoot cD N A  library o f  the GA- 

deficient Arabidopsis mutant gal-2, which was chosen because a Northern blot had 

shown elevated levels o f the target transcript. The third cD N A  was identified by 

hom ology searches with the predicted N-terminal amino acid sequences o f  the two
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isolated cD N A  sequences in the Database o f Expressed Sequence Tags. The three 

isolated cD N A s were confirmed as encoding 20-oxidases by heterologous expression as 

described previously.

The final approach used was a functional screen o f  an expression library from pumpkin 

endosperm (Lange, 1997). m RNA from endosperm at different developmental stages 

was screened for 20-oxidase activity by in vitro translation using rabbit reticulocyte 

lysate. A  X expression library was prepared with m RNA from the chosen tissue and an 

aliquot o f  the amplified library was converted in vivo to expression plasmids, which 

were transformed into E. coli. The transformed E. coli were subdivided and induced to 

produce recombinant protein. Aliquots were incubated with labelled substrate and 

cofactors and the non-protein fractions were screened for 20-oxidase activity by HPLC. 

The original subdivided aliquot that showed enzym e activity was then further 

subdivided and screened as before. The aliquots showing activity were then plated out 

and plasmid was isolated from the resultant colonies. Sequencing o f  a selection of 

isolated plasmids showed a 20-oxidase-like sequence, which was subsequently 

confirmed by heterologous expression as described previously. This method has the 

advantage that no prior knowledge o f target sequence or antibody preparation is 

required. It is an alternative method for situations where there is limited availability o f  

specific probes or where the target has suspected low hom ology to available probes.

O f all the approaches discussed above, the PCR based strategy has been used most 

frequently to isolate 20-oxidase genes from many different plant species. Examples 

include Arabidopsis (Phillips et al. 1995), spinach (W u et al. 1996), pea (van Huizen et 

al. 1997), rice (Toyomasu et al. 1997), and tobacco (Tanaka-Ueguchi et al. 1998).

Sean Bulley 2002 Isolation of Malus Gibberellin 20-oxidase Gene Sequences
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Therefore this approach was taken to isolate 20-oxidase sequences from the apple 

cultivar Greensleeves. A  314bp D N A  sequence with hom ology to 20-oxidases named 

20o x l  was obtained from immature apple fruit (less than 1cm in diameter) using 

degenerate primers (F. W ilson unpublished data). Data presented here show the 

isolation o f  a full-length cD N A  sequence corresponding to this fragment from 

Greensleeves shoot tips and subsequent confirmation o f 20-oxidase activity for the 

recombinant protein. At the time this full-length cD N A  sequence was obtained, the 

isolation o f  an apple 20-oxidase gene from the cultivar Fuji was reported by Kusaba et 

al. (2001). The cD N A  sequence is almost identical to the cD N A  sequence isolated from 

Greensleeves, although the authors did not test it for 20-oxidase activity.

In addition, data are also presented o f the isolation o f a different GA 20-oxidase  

sequence by PCR with degenerate primers and subsequent cloning o f a longer length 

sequence from unpollinated ovaries. Finally, the expression patterns o f  both genes in 

different Greensleeves tissues are presented and compared with expression o f those 

genes during the early stages o f fruit set in the parthenocarpic (seedless) variety 

W ellington Bloom less.

Sean Bulley 2002 Isolation of Malus Gibberellin 20-oxidase Gene Sequences
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2.3 Results

2.3.1 C loning apple 20-oxidase gene fragm ents by PC R

In order to clone apple GA 20-oxidase genes, PCR was performed with different 

combinations o f  degenerate primers. These included five twenty base long degenerate 

primers named NEJA1, NEJA2, NEJA3, NEJA6 and NEJA7 (a gift from Nigel 

Appleford, IACR Long Ashton), as well as four other degenerate oligonucleotides 

named SM W B5, SM W B8, SM W B9 and SM W B10. A ll the degenerate oligonucleotides 

are complementary to D N A  sequences encoding conserved GA 20-oxidase amino acid 

sequences (Figure 2.1).

The first reactions used Greensleeves genom ic D N A  as template with NEJA1 and 

NEJA7, NEJA1 and NEJA3, and NEJA2 and NEJA7. All combinations produced single 

to multiple bands o f  varying size less than lkb  (Figure 2.2). An aliquot o f each PCR 

reaction was cloned into the sequencing vector pCR2.1-TOPO (Invitrogen Life 

Technologies) and a range o f  insert sizes were selected by colony PCR because the 

primers spanned intron sequences. The plasmids were purified and sequenced. Out of 

all cloning reactions from genomic D N A  a total o f 5 fragments showed similarity to 20- 

oxidase sequences. Tw o o f  these (G F1 and GF2, genom ic fragment) were identical to 

the original 2 0 o x l sequence (2 0 o x l) , while the other three (GF3, GF4 and GF5) were 

identical to each other and encoded sequence down stream from 20o x l .
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There were repeated attempts to clone more fragments from different 20-oxidase genes 

by degenerate PCR with genomic D N A  but no novel sequences were found. Therefore, 

degenerate RT-PCR on RNA from shoot tips (from Greensleeves seedlings, open 

pollinated) and Greensleeves young leaf (Figure 2.3) was attempted using primer 

combinations NEJA 1 and NEJA7, NEJA2 and NEJA7, NEJA1 and NEJA6, and 

NEJA1 and NEJA3. The entire reactions were cloned into a sequencing vector and 

inserts around the expected size range were selected by colony PCR for sequencing. The 

reaction on seedling shoot tips returned fragments matching 2 0 o x l, whereas the RT- 

PCR reaction on young leaf RNA produced a novel 20-oxidase sequence referred to as 

20ox2, as w ell as sequences matching 2 0 o x l. Inspection o f  the sequences derived from 

young leaf cD N A  showed that they all contained intron sequence and therefore arose 

from D N A  carried over from the RNA extraction (in this case the sample had not been 

D N A se treated).

In addition, cD N A  was synthesised from approximately lOOng root tips, seed 70 days 

after pollination (DAP), whole fruit 28 D A P, un-pollinated ovaries, and stamen mRNA. 

Primary PCR with degenerate primer combinations NEJA1 and NEJA7, and NEJA2 

with NEJA6 were performed using lA volume o f the synthesised cD N A . An aliquot was 

then used as template in nested PCR with different combinations o f  NEJA primers as 

well as new ly designed oligonucleotides named SM W B5 and SM W B8 (Table 2.1). 

Cycling parameters were essentially the same as the primary reaction, except for 

annealing temperature, which was increased for greater specificity. The secondary 

reaction with the best amplification o f  the expected fragment size (denoted with asterisk 

in Table 2.1) was cloned into the pCR II-TOPO vector (TOPO-TA Cloning kit, 

Invitrogen Life Technologies). An exception was reaction 2A , which was cloned instead
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o f reaction 2B because the amplified fragment was larger in size at 180bp. Inserts o f  

expected size were selected by colony PCR, purified and sequenced as before.

Table 2.1: Primer combinations used on cD N A  from different tissues in RT-PCR

Tissue L ab el

P rim ary
rea ctio n
prim ers

S e c o n d a r y  n e s te d  P C R  
p rim er c o m b i n a t i o n s

N u m b e r  o f  
products  

s e q u e n c e d

R o o t  tip
1A N E J A  1-7 N E J A 2  w i th  N E J A 6 * 4
IB N E J A  1-7 N E J A 1  w i th  S M W B 5

7 0  D A P  s e e d
2 A
2B

N E J A  1-7 
N E J A 2 - 6

N E J A l  w i t h  S M W B 5 *  
N E J A 2  w i th  S M W B 8

4

28  D A P  fruit
3 A N E J A  1-7 N E J A 2  w i th  N E J A 6 * 3
3B N E J A  1-7 N E J A l  w i th  S M W B 5

U n p o l l i n a t e d 4 A N E J A  1-7 N E J A 2  w i th  N E J A 6 * 2
o v a r y  ( late 4 B N E J A  1-7 N E J A l  w i th  S M W B 5
S t a m e n s  ( late 5 A N E J A  1-7 N E J A 2  w i th  N E J A 6 * 1
b a l lo o n  s tage ) 5B N E J A  1-7 N E J A l  w i th  S M W B 5

* cloned reactions

Reaction products from root tips (NEJA2 and NEJA6) and 70  D A P seed (NEJA1 and 

SM W B5) returned GA 20-oxidase fragments, which appeared to be identical with 

2 0 o x l.
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Figure 2.2: Degenerate PCR on apple genomic DNA. Lane 1= 1KB ladder, 2= NEJA1 and m fi a  7

2(K)xidase m a t c h ^ g m e T 5= N E M 2  Sh° W bands « X
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600bp
500bp
400bp
300bp
200bp

100bp

Figure 2.3: RT-PCR with degenerate primers on young leaf total RNA. Lane 1: NEJA1 with
NEJA7 (expected size = 527bp). Lane 2: NEJA2 with NEJA7 (expected size = 239bp). Lane 3: NEJA1 
with NEJA6 (expected size = 488). Lane 4: NEJA1 with NEJA3 (expected size = 306bp). Ladder is 100 
bp DNA Ladder (Invitrogen Life Technologies). Bands that were cloned are marked with green arrows. 
Expected sizes are marked with white arrows. The fragment cloned from lane 2 contained novel 20- 
oxidase sequence.
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2.3.2 Hybridisation of cloned fragments to Greensleeves DNA

To investigate the relationship o f the cloned gene fragments 2 0 o x l, 20ox2, and GF3 

(identical to GF4 and GF5), a PCR using a 5 ’ sense primer for 2 0 o x l and 3 ’ anti-sense 

primer for GF3 was performed with Greensleeves D N A  as template. This gave a 

product o f  the expected size o f  (714bp), indicating that 2 0 o x l and GF3 encode parts o f  

the same gene. To test this, DIG -11-UTP labelled D N A  probes for 2 0 o x l and GF3 were 

hybridised overnight at low  stringency (40°C) to separate D N A  blots containing lOpg 

per lane o f  Pstl, Hindlll, EcoRl, and Bglll digested G reensleeves D N A  (both fragments 

contained EcoRl sites). At 40°C  hybridisation stringency 2 0 o x l and GF3 hybridised to 

the same two bands in each lane with equal intensity (Figure 2.4). The hybridisation 

was repeated on a replicate blot at very high stringency (43°C) overnight with higher 

stringency post-hybridisation washing. When the hybridisation temperature was 

increased to 43°C the probes show preferential binding to one band in each lane (Figure 

2.5). This indicated that 2 0 o x l and GF3 were most probably fragments o f separate 

alleles o f  the same gene. Apple (Malus x domestica Borkh.) tends to be very 

heterozygous due to self-incompatibility although there are self-com patible mutants 

(e.g. Queen Cox Clone 18). Another possibility is that they are orthologues from the 

component genom es o f  apple, as apple is believed to be allotetraploid (Sax 1931 and 

1932, Stebbins 1950, Dickson e ta l  1992).

To test the relationship between 2 0 o x l and 20ox2, a different D N A  blot was probed 

with 2 0 o x l at high stringency (42°C), then stripped and re-probed with 20ox2. Different
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banding patterns resulted when the different probes were used, indicating that the two 

sequences could be encoded at separate loci (Figure 2.6). For all lanes except BglU. 

probed with 2 0 o x l there were two bands compared to just one. The absence o f the 

larger fragment in the Bglll lane probed with 2 0 o x l can probably be ascribed to high 

stringency (as seen at 43°C hybridisation) coupled with poor transfer at the blotting 

stage.

Sean Bulley 2002 Isolation ofMalus Gibberellin 20-oxidase Gene Sequences
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Figure 2.5: Alignment of
bands from separate DNA blots 
probed with 20ox 1 and GF3 probes 
hybridised at 43°C overnight. 
EcoR\ lane not shown. Note: The 
slight discrepancy in alignment is 
due to separate gels and blotting. 
Post-hybridisation washes: two 5 
min washes in 2xSSC, 0.1% SDS 
(v/v) at room temperature, two 15 
min washes in 0.5xSSC, 0 .1%SDS 
(v/v) at 68°C, and one 15 min wash 
in O.lxSSC, 0.1%SDS (v/v) at 
68°C.

Figure 2.4: Alignment o f separate DNA blots
probed with 20oxl and GF3 probes at 40°C. L= 1 Kb 
DNA Ladder (Invitrogen Life Technologies). Note: gels 
are slightly different due to separate blotting. Note: Both 
20oxl and GF3 have £coRl cut sites. Post hybridisation 
washes: two 5 min washes in 2xSSC, 0.1% SDS at room 
temperature, and two 15 min washes in 0.5xSSC, 
0.1%SDS (v/v) at 68°C.
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DINA DIOt WithFigure 2.6. ................. «nu m m nn ingested u s  d n a  n a m  „ ,
hybridised with 2 0 o x l probe (A), then stripped and hybridised with 2 0 o x 2 pr ,b e ( 8 ) T v k Dwic 
DNA Ladder (Invitrogen Life Technologies) stained with eth.dium bromide on geUrm r

* £ ■  -  °-5*s s c - ° ‘* SDS < * » «
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2.3.3 C loning o f  full length sequence by R A C E  and G enom e w alking: MdGA20oxl 
and MdGA20ox2

Cloning MdGA20oxl

From the original internal fragment 20oxl, the full-length cD N A  sequence for 

MdGA20oxl (Malus domestica GA 20-oxidase gene I )  was obtained using the RACE  

technique (SM ART RACE Kit, Clontech). The SM ART (Switch M echanism At the 5 

prime end o f  RNA Transcript) RACE technique takes advantage o f  an intrinsic terminal 

transferase activity o f  M M LV reverse transcriptases, which add a stretch o f  3 to 5 

cytosines upon reaching the end o f  the m RNA template (Zhu et al. 2001). In this 

technique reverse transcription is primed with a specialised oligo (dT) primer (3 ’CDS) 

and another oligonucleotide (SM ART II™ Oligo) is included in the reaction that has 

three guanine residues at the 3 ’ end. Once the reverse transcriptase completes 

transcription the three guanine residues o f the SM ART II™ oligonucleotide hybridise to 

the terminal cytosines providing an extended template for reverse transcription, and, 

thus, known primer sequence is incorporated at both ends o f  the cD N A . Then target 

sequences can be selected using gene specific primers together with either o f the 

terminal primer sequences. Thus the sequences o f the 5 ’ and 3 ’ ends o f  the target gene 

can be obtained, allowing new gene specific primers complementary to the 5 ’ and 3 ’ 

ends o f  the target gene (a GA 20-oxidase in this case) to be designed and used to 

amplify full-length cDNA.

Approximately lg  o f  Greensleeves shoot tips was harvested from actively growing 

potted Greensleeves plants (rooted from tissue culture) at the middle o f  a 16 hour light

Sean Bulley 2002 Isolation ofMalus Gibberellin 20-oxidase Gene Sequences
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period. Total R N A  was extracted by the Coen method (Materials and M ethods) and 

m RNA was purified using oligo (dT) beads. A  300ng amount o f  shoot tip m RNA was 

used as template for 5 ’ and 3 ’ RACE ‘library’ synthesis. PCR was performed using the 

5 ’ or 3 ’ RACE library as template with the Universal Primer M ix UPM  and one o f two 

gene-specific primers, designated F5R (anti-sense) or F3R (sense), to amplify the 5, and 

3 ’ cD N A  ends, respectively. The primers were designed such that the final 5 ’ and 3 ’ 

fragments would overlap and also to provide an internal control for the cloning process 

to verify that there was template to clone from. Running 1/5 o f  each reaction on an 

agarose gel showed weak amplification o f the 3 ’ cD N A  end (approximately 1 kb) and 

no amplification o f  the 5 ’ cD N A  end. The expected size was estimated using published 

Arabidopsis cD N A  sequences (Phillips et al. 1995). An aliquot (4^1) o f  the 3 ’ RACE  

reaction was cloned into pCR®-Blunt II-TOPO® vector (Invitrogen Life Technologies) 

as before and colonies containing inserts o f  the expected size were selected for plasmid 

preparation by colony PCR. The isolated plasmids were then sequenced in both 

directions allowing a consensus for the 3 ’ end sequence to be obtained.

A second 5 ’ RACE library was synthesised using 600ng shoot tip m RNA because there 

were no products from the first library. Cloning the 5 ’ end o f the cD N A  can be more 

difficult due to incomplete reverse transcription from m RNA templates caused by 

degraded R N A or RNA with extensive secondary structure. The 5 ’ cloning reaction was 

repeated and gave an amplified product in the expected size range o f  approximately lkb  

that was cloned and sequenced as before. It was found that for both 5 ’ and 3 ’ RACE, 

nested PCR was unnecessary because both primary PCR gave clean products o f  

expected size.

Sean Bulley 2002 Isolation ofMalus Gibberellin 20-oxidase Gene Sequences

34



W hen the 5 ’ half o f  the sequence had been cloned it was verified to match the 3 ’ end by 

alignment. W hen all cloned products were aligned it became clear that two distinct but 

very hom ologous sequences for MdGA20oxl exist. They w ill be referred to as 

MdGA20oxlA and MdGA20oxlB. GF3, which was isolated from Greensleeves genomic 

D N A , is identical with MdGA20oxlA, whereas 2 0 o x l, which was isolated from 

immature Greensleeves fruit cD N A  is identical to MdGA20oxlB. The sequence o f  

MdGA20oxlA is extremely similar to A B 037114 (isolated from the apple cultivar Fuji 

by Kusaba et al. 2001) with 99% identity at the protein and nucleotide levels. 

MdGA20oxlB shares 94% and 93% sequence identity at nucleotide and protein levels, 

respectively.

U sing the sequence information obtained for the cD N A  termini a 5 ’ sense primer was 

designed. The primer incorporated the transcription start codon and a BaniHl site 

(upstream from the start codon) so that ligation into the BamHl cloning site o f  the 

expression vector pET32b (+) (Novagen) would result in an in-frame fusion, thus 

allowing correct protein translation in E. coli for GA 20-oxidase activity studies. 

Likew ise, an anti-sense primer was designed to anneal to the stop codon and 

incorporated a Hindlll site at the 5 ’ end. Using these primers with the 5 ’ RACE library 

as template, the cD N A  sequence o f  MdGA20oxl was am plified on three separate 

occasions so that polymerase errors could be detected. T w o clones were sequenced in 

both directions for each allele. Clones named B1 and C l were chosen as representative 

o f MdGA20oxlA and MdGA20oxlB, respectively, because they contained few est PCR 

errors. H owever when checking the sequences an error was found in the 3 ’ anti-sense 

primer, which contained no Hindlll site. A  new primer was ordered and the HindlU site 

was inserted by PCR using B1 as template for MdGA20oxlA and C l as template for

Sean Bulley 2002 Isolation ofMalus Gibberellin 20-oxidase Gene Sequences
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MdGA20oxlB because further attempts to amplify the sequence from shoot tip 5 ’ 

RACE libraries failed. The amplified products were re-inserted into pCR®-Blunt II- 

TOPO® vector (Invitrogen Life Technologies) and the corrected clones from each were 

re-sequenced. One clone for each o f MdGA20oxlA and MdGA20oxlBwas digested with 

BamHl and Hindlll and ligated into BamHl/HindUl digested pET32b(+) vector. An 

alignment o f the translated protein sequences for the corrected clones, named B1C and 

C1C, against their respective MdGA20oxlA and MdGA20oxlB consensus sequences 

showed two and one amino acid differences, respectively. It is unlikely that the changed 

residues would alter enzym e activity drastically as they reside in relatively unconserved 

regions (Figure 2.7). In this particular alignment one lysine (K) residue at position 148 

that is changed to arginine (R) in B1C appears to be highly conserved but in alignments 

containing more sequences it is less conserved and arginine is one o f the alternative 

residues found (e.g. wheat 20-oxidase 1).
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* 20 * 40
MdGA20oxlA 
MdGA20oxlB 
MdGA20ox2 
AtGA20oxl 
AtGA20ox2 
AtGA20ox3 
CsGA20oxl 
FsGA20oxl 
PtGA20oxl
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MdGA20oxlB
MdGA20ox2
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AtGA20ox2
AtGA20ox3
CsGA2 Ooxl
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PtGA20oxl
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NPVAAVE0S

MdGA20oxlA
MdGA20oxlB
MdGA20ox2
AtGA20oxl
AtGA20ox2
AtGA20ox3
CsGA20oxl
FsGA20oxl
PtGA20oxl

120
In — kH  
JN--TLI 
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ISEELFTIS
ses l i a f t: 
¡d e s l l s f t:
SSFTJLr

[DD--KLIAHSJQYI 
IFTGVDKTLIAhH

140 160

MdGA2 OoxlA
MdGA2 OoxlB
MdGA20ox2
AtGA20oxl
AtGA20ox2
AtGA20ox3
CsGA20oxl
FsGA20oxl
PtGA20oxl

180 * 200
îEfgKE

SYgAEK-- GSINIIQgftFCNKiTfflEEaKE
RYgADN-- QSS- -VNfflFVNvfflEDgRD
r f c d d m-sft r s k s v q^ fcd alShgHq p !
QFHNDN-SGS FTRTVqS jFS DTLfflQEgEQ
kfBp ee kihf tsqtv kJfvskkjS dgy ed 
RY§AEKFTSLSNNIVEfcLLNT®DEgKQ
RSgAQ PDSSNI VQifflLCNTij
RFTY-KAEENSSKHIEEgjFHNR*

220

Figure 2.7: Alignment of MdGA20oxlA  and M dGA20oxlB  predicted amino acid 
sequence consensi against Arabidopsis 20-oxidases and GA 20-oxidases from trees The 
residues different to their respective consensus in clones B 1C and C1C are indicated bv 
a red box and •  B1C: two Lysines (K) changed to Arginines (R) and C1C: Asparagine 
(N) changed to Aspartic acid (D). CsGA20oxl: Citrus sinensus x Poncirus trifoUata

n f f  h ° d ': E t f î  p tGA20oxl: xBlack shadmg: 100% ,dent,cal res,dues. Dark grey shading: 80-99% ,den,leal residues'
Grey shading: 60-79% identical residues. ’
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MdGA20oxlA
MdGA20oxlB
MdGA20ox2
AtGA20oxl
AtGA20ox2
AtGA20ox3
CsGA20oxl
FsGA20oxl
PtGA2 Ooxl

240 260 280

MdGA20oxlA
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seJv d t y f t s s p-®
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Figure 2.7 continued.
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Cloning M dG A 20ox2

For the new ly discovered fragment 20ox2, cloning by genom e walking (The Universal 

GenomeWalker™ Kit, Clontech Laboratories Inc.) was undertaken because it was 

unknown in which tissues the gene is expressed. F ive GenomeW alker libraries were 

constructed by digesting 2pg Greensleeves D N A  separately with D ral, EcoRV, Stul, 

Pvull, and Seal. To these an adapter was ligated and PCR was performed using each 

library as template with one o f two 20ox2 specific primers, named L5R (anti-sense) and 

L3R (sense), together with an outer adapter primer (A P I). Reactions with L5R  

am plified an upstream gene fragment (from L5R) while reactions with L3R amplified a 

downstream gene fragment (from L3R). The product o f this initial reaction was used as 

template for nested PCR with new NL5R or NL3R primers together with a nested 

adapter primer (AP2). Sequences corresponding to the NL5R and NL3R primers lie  

upstream or downstream from L5R and L3R, respectively. Products o f  between 0.9 and 

2.5kb were cloned into pCR®-Blunt II-TOPO® vector. Resultant colonies were screened 

by colony PCR and the reaction products were sequenced in both directions. A  fragment 

was not amplified from every library because the distance between the gene specific 

primer and the upstream or down stream restriction site (with ligated adapter) was 

greater than the capability o f  the system. Nevertheless a 5 ’ ‘w alk’ fragment (=2.5kb) 

was cloned from the Dral library and two 3 ’ ‘w alk’ fragments (=0.9 and 1.2kb) were 

cloned from the D ral and EcoKV libraries. When the sequence obtained was aligned to 

the original 20ox2 fragment it showed only 90.1% nucleotide similarity. The intron 

sequences were also found to be different so it appeared that the sequence obtained by 

genom e walking was probably allelic or orthologous to the original cloned fragment 

20ox2. The genom e walk sequence shall be referred to as MdGA20ox2.

39



Sean Bulley 2002 Isolation ofMalus Gibberellin 20-oxidase Gene Sequences

Further genom e walking was not attempted because RT-PCR experiments using primers 

specific to MdGA20ox2 and 20ox2 showed that they were both expressed in stamen and 

ovary tissues (results presented in section 2.3.5). Therefore 5 ’ cD N A  sequence was 

obtained for MdGA20ox2 from unpollinated late balloon stage ovary m RNA by the 

same method used for MdGA20oxl (5 ’ RACE). A  20ox2 primer that was 

complementary to both 20ox2 and MdGA20ox2 was used in 5 ’ RACE but good  

sequence data were only obtained for two cloned sequences because one clone had a 

truncated 5 ’ untranslated region. More sequences need to be obtained for the 5 ’ end o f  

the cD N A  to be sure o f  this region. These sequences aligned to exon sequences obtained 

by genom e walking with 100% identity and so  they were used to create a MdGA20ox2 

consensus sequence. It must be noted, however, that amplification o f  the complete 

cD N A  has not been performed with ovary m RNA using oligonucleotide primers 

complementary to each end o f  the MdGA20ox2 consensus sequence.

In an alignment o f  translated open reading frames (Figure 2.8), the MdGA20ox2 

consensus showed 67% and 68% amino acid identity, respectively, with MdGA20oxlA 

and MdGAlOoxlB and 95.5% amino acid identity to the predicted translation product o f  

the 20ox2 fragment. The predicted amino acid sequences for all three cD N A s contained 

three histidine residues for binding Fe2+ (Roach et a l  1995), the LPWKET m otif 

proposed for binding the G A substrate (Xu et al. 1995) and the 2-oxoglutarate binding 

m otif N Y Y PX C X X P (Xu et al. 1995)
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2.3.4 H eterologous expression o f  MdGA20oxlA and B in Escherichia coli to  
confirm  GA 20-oxidase activity

To confirm that the cloned MdGA20oxlA and MdGA20oxlB cD N A s encode functional 

GA 20-oxidases, recombinant protein was produced in E. coli for subsequent incubation 

with labelled G A i2 substrate. There are many reports showing that E. coli can produce 

functional eukaryotic enzymes including GA 20-oxidases provided that they are not 

involved in the metabolism or are toxic to E. coli (Gold 1990, Lange et al. 1994, Xu et 

al. 1995, Phillips etal. 1995, Makrides 1996, Lange 1997).

The previously described pET32(b+) vectors (Novagen) containing MdGA20oxlA and 

MdGA20oxlB (cloned into the multiple cloning site) were transformed into the E. coli 

strain BL21(D E3) (Novagen). The multiple cloning site in pET32(b+) (Novagen) is just 

downstream from a bacteriophage T7 promoter. The corresponding T7 RNA  

polymerase gene is under the control o f  a lacUVS promoter (inducible with IPTG) and 

is encoded in the XDE3 lysogen, present as a chromosomal copy in the E. coli bacterial 

strain BL21(D E3). This allows high levels o f the target protein to be produced when 

induced with IPTG (in a dose dependent manner). One transformant for each o f  

MdGA20oxlA and MdGA20oxlB were grown in 2xY T growth medium and induced by 

adding IPTG to 0.4m M  final concentration and incubating at 37°C  for 3 hours with 

shaking. After cell lysis and removal o f cell debris by centrifugation an aliquot o f  

supernatant was incubated at 30°C for 2 hours with [,4C ]G A I2 and an enzym e cofactor 

m ix containing 2-oxoxglutarate, ascorbate, F e S 0 4 and catalase. The supernatant was 

transferred to a clean tube and separated by HPLC with on-line radiocounting. The 

retention times o f  products from both MdGA20oxlA and B showed that they had 

converted G A ,2 (Figure 2.9). The fractions containing products were collected and

Sean Bulley 2002 Isolation ofMalus Gibberellin 20-oxidase Gene Sequences
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analysed by GC-MS (courtesy Peter Hedden and Steve Croker, IACR Long Ashton). 

MdGA20oxlA gave a  mixture o f  GA9, G A i5, G A24 and G A25 while MdGA20oxlB gave 

only GAis as product (Figure 2.10).
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MdGA20ox1A enzyme

Retention time (mins)

MdGA20ox1 B enzvme

g a 12

Retention time (mins)
Figure 2.9: HPLC radiochromatograms of incubations of I Mr  in  a ,„;,u „ . •
coli that express recombinant MdGA20ox 1A and MdGA">0ox IR nr '|2 u h prolem extracts from E. 
mi„ ,  bn, the peek a, this retention iitne ta n , the S i t a l E Ä C  ° A“  d u te  »' 32 
for subsequent analysis by GC-MS. The products elutine -it mnr ■ . ~!,B y J was not collected
shown by GC-MS to contain l4C-labelled GA9, GA,, GA and a™ !™ 118 WerC co,,ected and
MdGA20oxlB. 9 ,5’ ‘4 Jnd GA”  (MdGA20oxlA) but only GA I5 for
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Figure 2.10: Mass spectra of the products (GA9 and GA15) from the incubation of MdGA20oxlA
with [14C]GAu . The top spectrum for each is o f the radioactive product while the lower spectrum is that 
of a corresponding non-radioactive GA standard, which is two mass units less than the radioactive 
fraction.
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Figure 2.10 continued: Mass spectra of the products (GA24 and GA25) from the incubation [l4CJGA|2 
with MdGA20oxl A (continued from previous page) and with MdGA20oxlB.
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2.3 .5  A nalysis o f  MdGA20oxl and MdGA20ox2 expression  in apple

The expression o f  both genes was analysed in a wide variety o f  Greensleeves tissue 

types to ascertain their role in both vegetative and reproductive growth and 

development. The expression o f  MdGA20oxl, particularly in flow ers and fruit was o f  

interest because transgenic plant populations containing T-D N A  incorporating the 

fragment 20oxl had just been produced in order to suppress expression o f  this gene. 

G As are required for flower development and during early stages o f  fruit development 

and, as it was likely that the transgenic plants would take several years to flower it was 

o f  interest to determine whether reducing MdGA20oxl gene expression was likely to 

affect reproduction. It was also o f  interest to see where MdGA20ox2 w as expressed and 

i f  it could have any compensatory effects in transgenic plants down-regulated for 

MdGA20oxl or if  it could be used in novel applications.

In order to screen the expression o f  MdGA20oxl and MdGA20ox2, non-quantitative RT- 

PCR was performed on Greensleeves vegetative, flower, fruit and seed tissues with 

primer pairs 2 0 o x l, 20ox2, Q R T 20oxl, and Q RT20ox2 (see Materials and M ethods). 

T w o primer pairs, 2 0 o x l and 20ox2, had been designed previously to amplify the 

original 20oxl and 20ox2 fragments. The Q R T 20oxl primer pair amplifies both 

MdGA20oxlA and IB  sequences, whereas the 2 0 o x l primer pair preferentially amplifies 

MdGA20oxlB. Both 20ox2 and Q RT20ox2 primer pairs am plify MdGA20ox2.

The vegetative tissues tested were shoot tip, young leaf, and root tip. Shoot tips and 

young leaves were sampled at 3 different times o f  the day (2  hours pre dawn, 2  hours 

post dawn, and at midday- 8 hours into the 16 hour light period) to ascertain whether
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there is a diurnal rhythm o f expression. Transcripts for MdGA20ox2 were not detected 

in any vegetative tissues while MdGA20oxl transcripts were detected in shoot tips, 

young leaves, and root tips (Figure 2.11). Expression in root tips was detected with 

2 0 o x l primers only and was seen as a weak band. A  R N A  blot probed with DIG- 

labelled D N A  probe complementary to MdGA20oxl confirmed expression in young 

leaves and shoot tips and showed increased accumulation o f MdGA20oxl transcript 

between 2 hours before dawn and 8 hours into a 16 hour light period (Figure 2.12). The 

levels o f  MdGA20oxl transcript were higher in shoot tips than young leaves for each 

time point.

Many different reproductive tissues were tested at different times o f  development. 

Flower tissues assayed were sepal, petal, stamens, stigma and style, and ovary at the late 

balloon stage. Ovary and stigma and style tissues were also sampled 5 days after 

pollination. Fruit tissues tested were w hole fruit (15 and 28 D A P), and cortex and peel 

(40, 55, 70, 85 and 102 DA P). In addition, both whole seeds (40, 55, 70, 85 and 102 

D A P) and seed parts such as embryo and testa (69, 86 and 100 D A P) were tested. 

Transcripts for MdGA20oxl were not detected in any fruit cortex or skin samples but 

were detected in all developing embryo samples by RT-PCR (Figure 2.13) and this was 

confirmed by ribonucléase protection assay (RPA) (Figure 2.14). Expression was 

detected by RT-PCR in other flower parts such as ovary, stigma and style at 5 DAP as 

well as unpollinated stigma and style tissue, and a very faint band was amplified from 

stamen cD N A  after 35 cycles o f  amplification (Figure 2.13). This was confirmed by 

RPA but the signal was barely detectable (Figure 2.16).

Sean Bulley 2002 Isolation o f Malus Gibberellin 20-oxidase Gene Sequences
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In terms o f the amount o f expression, MdGA20oxl transcript accumulation was highest 

in embryo tissue, with lower expression in shoot tips, less still in young leaves and 

barely detectable expression in flower parts. This is in agreement with data presented by 

Kusaba et al. (2001) for the near identical Fuji 20-oxidase, although they did not detect 

transcript in whole mature flowers.

The same vegetative and reproductive tissues were screened for MdGA20ox2 

expression. MdGA20ox2 transcript was detected by RT-PCR in unpollinated flower 

parts such as stamens and unpollinated ovaries (Figure 2.15) and was confirmed in those 

tissues, as well as in sepals, stigmas and styles by RPA (Figure 2.17). Highest 

expression was found in stamens, with lower expression in unpollinated ovaries and 

sepals and barely detectable expression in stigmas and styles. Transcripts were not 

detected in vegetative tissues or in fruit cortex or peel samples.

Sean Bulley 2002 Isolation ofMalus Gibberellin 20-oxidase Gene Sequences

The expression patterns o f both MdGA20oxl and 2 are summarised in Table 2.2.

Table 2.2: Overview o f  the expression o f MdGA20oxl and MdGA20ox2 in the apple 
m ltivar G reensleeves. ____________________________________________________________
Tissue type MdGA20oxl (A and B) MdGA20ox2
Veeetative Shoot tips + -
w Q--------------------

Young leaves + -
Roots + / - -

Flowers Petals - -
Sepals - +
Stamens + / - +
Stigmas and styles + +
Ovary + +

Seed Endosperm - -
Testa - -
Embryo + -

+/-: Detected by RT-PCR only
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Figure 2.11: RT-PCR on cDNA from different tissues with primers complementarv to
MdGA20oxlA and B (20oxl primers) after 30 cycles of amplification (35pl loaded out of 50u| mml 
volume). 20oxl primers amplify a 261bp fragment and span 1 intron, henœ the larger amnhfkafion 
product with GS DNA product (50pg Greensleeves DNA were used). Ladder: lKb+ DNA ladder 
(Invitrogen Life Technologies™).

MdGA20ox1

malate dehydrogenase

Figure 2.12: RNA blot of shoot tip (ST) and young leaf total RNA firstly hvhriH- ^
labeIled MdGA20oxl DNA probe, then stripped and re-hybridised with DIG tb e lle d  t^ '
dehydrogenase DNA probe as a loading control. Forty pg o f total RNA were In-, t .h , ma ate 
1.35 Kb band below the malate dehydrogenase band (1.8-2Kb) is riboscfmal RN \  Th hT ane , Note 1: 
MdGA20oxl was exposed to film for 15 mins compared to 5 mms for L a t e  dehv? W'th
hybridisation washes: two 15 min washes at room temperature in ^XSSC 0 Post'
washes at 68°C in 0.5XSSC, 0.1% SDS (v/v). “ U  ° ' 1% SDS (v/v)>two 15 min
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Figure 2.15: MdGA20ox2 expression assayed by RT-PCR with 20ox2 and QRT20ox2 primers using
cDNA from various sources (after 35 cycles of amplification). 20ox2 primers amplify a 232bp fragment 
while QRT20ox2 primers amplify a 456bp fragment. Both primer pairs span one intron so larger 
fragments are the result o f DNA contamination. cDNA was synthesised from 3|ig total RNA, with l/10,h 
o f the volume used as template for RT-PCR. Ladders: lKb+ DNA Ladder (Invitrogen Life 
Technologies™), and lOObp DNA Ladder (Invitrogen Life Technologies™).
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Figure 2.16: RPA comparing expression of MdGA20oxI (Md20oxl-1 probe, Materials and
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2.3.6 Parthenocarpic apple variety Wellington Bloomless: expression of a 
MdGA20oxl or 2 homologue during flowering and early fruit development

G As can induce parthenocarpic fruit development in many plant species. The single 

recessive mutation called Mdpi that causes parthenocarpy in apple has recently been 

characterised by Yao et al. (2001). It is caused by insertion o f a transposon into an 

intron o f  a M ADS box transcription factor so abolishing normal expression patterns 

resulting in seedless fruit. It was o f  interest to see if  GA 20-oxidase gene expression 

patterns were altered in the parthenocarpic apple cultivar W ellington B loom less, which 

contains the same recessive mutation (Yao et al. 2001). Fruit tissues from early stages 

o f  development were assayed for MdGA20oxl and MdGA20ox2 expression; the tissues 

screened were unpollinated ovary, stigma and styles, ovary at 5 days after pollination 

(DAP) unpollinated ovary at 5 days after anthesis, and ovary at 15 DAP and 

unpollinated ovary at 15 days after anthesis. Expression was compared with that in 

equivalent tissues from Greensleeves.

Transcripts hom ologous to MdGA20ox2 were detected in a RPA, but the W ellington 

B loom less hom ologue must be different to some degree at the nucleotide level because 

the transcripts were undetected by RT-PCR with MdGA20ox2 (QRT20ox2) and 

MdGA20oxl primers (Q R T 20oxl). Transcripts o f the W ellington Bloom less 20-oxidase 

hom ologue were present in stigma and style tissues as well as in pollinated and 

unpollinated ovaries 5 days after anthesis (Figure 2.18). This was different from  

G reensleeves where MdGA20ox2 transcript was present in unpollinated ovary but not at 

5 days after pollination. In Greensleeves, MdGA20oxl transcripts were detected in 

ovary tissue 5 DAP by RT-PCR but accumulate at a very low  levels, as they were not 

detected by RPA. Stigma and style tissue was not assayed, but it was previously shown
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that MdGA20oxl is expressed at very low levels in these tissues in Greensleeves while 

MdGA20ox2 is not expressed in these tissues. Therefore it appears that GA 20-oxidase 

gene expression may be up-regulated as a result o f  the recessive Mdpi mutation because 

expression after pollination could be detected by RPA for parthenocarpic W ellington 

Bloom less but not for non-parthenocarpic Greensleeves.

Sean Bulley 2002 Isolation of Malus Gibberellin 20-oxidase Gene Sequences
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2.4 Discussion

At the beginning o f  this study a 314bp 20-oxidase fragment (2 0 o x l)  with sequence 

hom ology to GA 20-oxidases had been obtained from early (up to 1cm stage) 

G reensleeves fruit by PCR with degenerate primers (courtesy Fiona W ilson, HRI-EM). 

Work in other plant species has shown that 20-oxidase genes exist as multiple gene 

fam ilies (Phillips et al. 1995, Carrera et al. 1999, Rebers et al. 1999). The largest family 

number at present is five genes and has been found in Arabidopsis thaliana (Hedden et 

a l  2001). Therefore it is likely that apple has at least this number o f  genes, and the 

situation is complicated by the polyploid nature o f the apple genome. Apples are 

believed to be allotetraploid, the result o f  an inter-specific hybridisation between a 

primitive amygdaloid (jc =8) and a primitive spiraeoid (x =9) species (Sax 1931 and 

1932, Stebbins 1950, Challice 1974 and 1981, Phipps et al. 1991, Dickson et a l  1992). 

Thus there should be at least two 20-oxidase hom oeologous gene fam ilies in apple, one 

for each genome. Furthermore, apple cultivars tend to be heterozygous so that two 

alleles o f  each gene may be present.

PCR with degenerate primers on Greensleeves D N A  returned sequences matching the 

original isolated fragment 20o x l  and another apparently distinct but highly hom ologous 

sequence (GF3). H owever no other new fam ily members were found. This was most 

probably due to preferential amplification o f  2 0 o x l and to a lesser extent GF3 with the 

primers available. Southern blots o f genom ic D N A  with 2 0 o x l and GF3 probes showed  

that they hybridise to the same two bands at lower stringency but each preferentially 

bound to a different band under stringent blotting conditions. Therefore GF3 and 2 0 o x l  

are m ost probably alleles o f one locus, which was named MdGA20oxl. It is also
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possible that 2 0 o x l and GF3 are hom oeologues from the two component genom es o f  

apple. Further analysis such as mapping or fluorescent in-situ hybridisation on 

chromosom e squashes would answer this question.

In an attempt to isolate further GA 20-oxidase genes from tissues in which MdGA20oxl 

may not be expressed, RT-PCR reactions were performed on cD N A  synthesised from  

various tissues, such shoot tips, young leaves, root tips, developing fruit (28 DAP) and 

developing seed (70 DAP). Shoot tips were chosen to find a candidate gene that might 

be suppressed in order to cause dwarfing. Young leaves, which are undergoing 

expansion, are also active for GA biosynthesis. Root tips were chosen because they 

undergo cell division and elongation and are thus a potential site o f  GA biosynthesis, as 

are fruit 28 days post pollination, at the stage when cell division ceases and cell 

expansion begins (W estwood, 1978). Seeds are a rich source o f  GAs and seed 70 D A P  

has a peak o f  GA4, which was found to occur between 65-75 days after anthesis in cv. 

Sunset (Hedden and Hoad, 1984).

A  novel sequence named 20ox2 was obtained when young leaf RNA was used as 

template in RT-PCR. However, the product was found to contain an intron and so must 

have been amplified from D N A  carried over in the R N A  preparation. The 20ox2  

sequence shared low  sequence identity with MdGA20oxlA and B  with 65 and 66% 

nucleotide identity, respectively. Southern blots o f  genom ic D N A  probed with 2 0 o x l  

and 20ox2 probes showed hybridisation to different G reensleeves D N A  fragments. 

Therefore it is likely that they are separate gene fam ily members rather than 

hom oeologues or different alleles o f the same gene. Other 20-oxidase sequences were 

am plified from root and seed samples, but at this stage it cannot be stated whether or not
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they are novel because o f the short length o f sequence obtained. Sequences matching 

20o x l  were found in shoot tips and young leaves and it is likely from expression 

analysis work (to be discussed later) that the sequence derived from seeds at 70 D A P is 

in fact MdGA20oxl.

A full-length sequence for the MdGA20oxl coding region was obtained using the 

RACE technique. Using 5 ’ and 3 ’ end primers designed from the RACE products, two 

clones spanning the transcription start to stop sites were com pletely sequenced for each 

o f  three separate PCRs using a Greensleeves shoot tip cD N A  ‘library’ as template. Tw o  

out o f  the six  contained identical sequences to the fragment GF3 and were designated 

MdGA20oxlA and the rest were identical to 2 0ox l and were designated MdGA20oxlB. 

At the time when both cD N A s were isolated, the sequence for an apple 20-oxidase  

cloned from cv. Fuji was reported by Kusaba et al. (2001). This gene (accession number 

A B 037114) matches the MdGA20oxlA consensus very closely  with only one predicted 

amino acid difference (99% identity) and 99% nucleotide identity between open reading 

frames. The sequence for MdGA20oxlB shows 94% nucleotide identity and 93% amino 

acid identity to both MdGA20oxlA and A B037114.

Both MdGA20oxlA and MdGA20oxlB were introduced into an expression vector for 

heterologous expression in order to confirm that they encoded functional GA 20- 

oxidases. Unfortunately none o f the amplified clones was 100% identical with the 

predicted translation products o f the consensus sequences for MdGA20oxlA and 

MdGA20oxlB (due to polymerase error) so the least different clones for each were 

cloned into an expression vector. This meant there were 2 amino acid differences from  

the consensus for MdGA20oxlA and one amino acid difference from the consensus for
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MdGA20oxlB. It is unlikely that the altered amino acids would significantly change 

enzym e activity as all the changes lie in unconserved regions and none o f  the new  

codons would result in premature termination o f  translation (Figure 1.7). Both 

sequences were cloned into an expression vector and expressed in E. coli. The translated 

enzym e was isolated as a crude cell lysate and, when incubated with labelled G A i2 and 

cofactors, both alleles showed 20-oxidase activity. M dG A 20oxlA  produced GA9, G A15, 

G A24 and G A 2s while M dG A 20oxlB  enzyme produced just G A15, which is only one 

step from G A12. The reason for the difference between the two is most likely to be a 

difference in expression efficiency. Lange et al. (1994) demonstrated that using 

different volumes o f  extract caused a difference in the ratios o f  reaction products. This 

was not tested for M dG A 20oxlB  however. For several 20-oxidases it has been found 

that G Ais is not further converted until most o f  the G A12 has been metabolised (P. 

Hedden, pers. comm .). This may be what happened to the M dG A 20oxlB  extract where 

there was still a large amount o f  G A12 left over and only G A)5 was produced. From 

these experiments it is concluded that the expressed sequences encode functional 20- 

oxidase enzym es and it could be assumed that while not matching exactly, so do the 

apple gene alleles MdGA20oxlA and B.

Coding sequence for MdGA20ox2 was obtained by genom e walking because it was not 

known where the gene was expressed. At the same time som e RT-PCR screening had 

shown MdGA20ox2 expression in stamens and ovaries. Therefore, attempts were made 

to isolate the complete cD N A  from ovary RACE libraries, as with MdGA20oxl. 

Cloning the 5 ’ half o f the gene proved more difficult than the 3 ’ half. Tw o 5 ’ sequences 

were obtained but did not align well at the 5 ’ end with one appearing to have a truncated 

5 ’ leader sequence. More clones o f  the 5 ’ cD N A  end are needed to be sure o f  the actual
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sequence to allow the open reading frame to be am plified and sequenced completely. In 

addition the 5 ’ and 3 ’ RACE products did not overlap so a com plete contig could only 

be assem bled using the predicted exon sequence isolated by genom e walking. When the 

original 20ox2 was compared to this consensus there was only 90.1% nucleotide 

identity. This could be a similar situation to MdGA20xlA and B. A  D N A  blot probed 

with 20ox2 (Figure 2.6) showed hybridisation to two bands so it is possible that the 

MdGA20ox2 consensus and the original 20ox2 sequence are allelic or may even reside 

at separate loci. Aligning the intron sequence o f  the 20ox2 fragment to the 

corresponding intron sequence obtained by genome walking showed that they are 

indeed separate sequences. N o further attempts have been made to obtain more 

sequences and more work is needed to clarify the situation.
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MdGA20oxl expression

Analysis o f  MdGA20oxl (both A and B) expression in a selection o f vegetative and 

reproductive tissues showed that this gene is expressed in the developing embryo, shoot 

tip, young leaf, stigma and/or style, stamens and root tips. The expression data 

presented here are in agreement with data presented for the Fuji cultivar (Kusaba et a l  

2001) and shows expression in tissues not assayed previously as w ell as expression at 

different stages o f  tissue development.

Highest expression was found in developing embryos, apparently peaking between 60  

to 70  D A P and then dropping to a lower level by 86 D A P and continuing at a steady 

level to 100 DAP. Interestingly, the fresh weight o f  apple fruit begins to increase 

rapidly at approximately 70 days after full bloom  (D A B ) and reaches a maximum
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between 90  to 110 D A B  (W estwood 1978). In Sunset and Cox apple cultivars, the peak 

in relative growth rate (mg/day/g) occurred at approximately 25 to 35 D A B, then 

dropped o ff  quickly to about 15% o f  the highest rate by 60  D A B , before increasing 

again to a smaller peak (approximately 20% o f  the highest rate) at 70  D A B  (Hedden and 

Hoad 1984). Growth rates were closely linked to the relative concentration o f GA4 in 

the seed o f  both cultivars. GA4 concentrations in seeds were highest at approximately 

25 D A B and then decreased to about 20% o f  this level before increasing again to a 

second peak between 60 and 65 D A B (approximately 30% o f  the highest concentration 

at 25 D A B ) after which it almost disappeared. G Ai concentrations in Sunset seeds 

peaked at around 50 days after full bloom  (D A B ) at an approximately 3 fold lower 

concentration than the second smaller GA4 peak and then decreased to zero by 60 D A B. 

Data presented by Kusaba et al. (2001) for Greensleeves fruit showed that increase in 

fruit diameter was highest between 11 and 42  D A B , then decreased slightly and 

remained at a relatively constant level until 108 DA B after which it gradually decreased 

to zero. Assum ing that GA4 levels in Greensleeves seeds follow  a similar pattern as 

Sunset and Cox the peak o f highest MdGA20oxl expression data presented here occurs 

around the same time as the second smaller peak o f  GA4 demonstrated by Hedden and 

Hoad (1984). N o expression was detected by RT-PCR or RPA for 15 and 28 DAP  

w hole fruit therefore it is tempting to postulate that this particular 20-oxidase m ay not 

be responsible for the production o f  GAs at that stage o f  fruit development. H owever it 

should be noted that for those stages RN A was extracted from whole fruit and not 

embryo so that MdGA20oxl transcript may have been present but was not detected 

because o f  dilution. Garcia-Martinez et al. (1997) detected transcript for a GA 20- 

oxidase gene in seeds o f young peas up to 4 days after anthesis that is also expressed in
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pod, shoot, and leaf tissues, whereas a different GA 20-oxidase gene is expressed in 

embryos o f  older seeds (Ai-Ali et al. 1996).

In field grown plants MdGA20oxl expression in shoot tips and young leaves is lower 

and has a diurnal pattern o f  expression with transcript levels increasing between 2 hours 

before dawn and the middle o f  the day. Expression after midday and into the night was 

not tested. It is likely that it reaches a peak around the middle o f  the day to later in the 

afternoon and then drops down to pre dawn levels. A  similar pattern o f  expression was 

seen in potato leaves (Jackson et al. 2000). It has been demonstrated that GA levels 

fluctuate throughout the day (Talon et al. 1991, Foster and Morgan 1995, Lee et al. 

1998). In short-day sorghum plants it was demonstrated by Lee et al. (1998) that levels 

o f  G A20 (in addition to other G As) increase from the beginning o f  the light period, 

peaking approximately 7 hours after lights on (in both short and long days) and then 

decrease in the dark period.

The MdGA20oxl gene is expressed at very low levels in the stigma and style, and at 

lower levels still in ovaries and stamens. On the basis o f  RT-PCR, expression in stigmas 

and styles was barely detectable while it was detected in one R N A  sample from ovary 

and was not detected in another. Expression in stigmas and styles and ovaries was 

undetectable when 20|xg total RNA was used in a RPA and only just detectable when 

30^g total RNA was used. From these experiments it cannot be determined whether 

there is a diurnal pattern o f  expression as seen in shoot tips and young leaves because 

transcripts levels in 30|xg total RNA are at the limit o f  detection. Expression was also 

detected by RT-PCR 5 days after pollination in stigma and/or style and ovary tissue.

Sean Bulley 2002 Isolation ofMalus Gibberellin 20-oxidase Gene Sequences

65



Expression in the stamen was detectable only by RT-PCR, and only after 35 cycles o f  

amplification - a previous reaction with 25 cycles did not return any product. This 

cannot be false positive from genomic D N A  contamination because the primers used 

(Q R T 20oxl) spanned two introns and the sense primer spanned an intron splice site. 

Therefore, barring plasmid contamination o f  the water used (water control was 

negative) or the R N A sample, it appears that MdGA20oxl is expressed at a very low  

level in stamen tissues.
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MdGA20ox2 expression

MdGA20ox2 expression was found by RT-PCR and RPA in stamens, ovary, stigmas 

and/or style, sepal, and early fertilised w hole fruit (5 days post pollination). Highest 

expression was found in stamens, then to a lesser degree ovaries and sepals. Expression 

in the stigma and style was barely detectable in a RPA using 20pg total R N A per 

sample. It is important to note that the probes were synthesised from template derived 

from RACE and thus hybrids with sequences corresponding to 20ox2 (the original 

cloned fragment) might not survive RN Ase digestion in a RPA. T1 R N A se, which scans 

R N A  from the 3 prime end and cleaves unpaired G residue, was used to digest the 

hybridised RNA. Close inspection o f aligned probe and 20ox2 sequence showed that 

there are a few  mismatches but they occur as single base pairs. Therefore it is likely that 

som e 20ox2-probe hybrids would be detected (at the R N A se concentration used) 

because T1 RN Ase is less efficient at cleaving single base mismatches compared to 

longer stretches o f  mismatch. The QRT20ox2 forward primer used in RT-PCR is 

sufficiently different from the 20ox2 sequence that it should not amplify sequences 

corresponding to 20ox2. The 20ox2 primers will am plify both 20ox2 and MdGA20ox2
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sequences so  it is unknown whether the detected transcripts in the RT-PCR with stamen 

R N A  using 20ox2 primers (Figure 2.16) are 20ox2 or MdGA20ox2 or both. It appears 

that the transcripts detected in ovaries is 20ox2 because they were not detected with 

Q RT20ox2 primers.

The roles ofMdGA20oxl and MdGA20ox2

It is tempting to speculate about the roles that MdGA20oxl and 2  play in growth and 

development o f  Greensleeves. From the expression data it is proposed that MdGA20oxl 

is expressed in growing tissues that are or will be undergoing cell expansion and or 

division. In shoots, young leaves and root tips, it would provide substrate for further 

m odification into bioactive GA that positively regulate the processes o f  cell elongation 

and division. In the embryo it would provide a pool o f C iq-G A s for further conversion 

into bioactive G As by the action o f  3-oxidases either for the growth o f the embryo, for 

export to fruit to promote expansion or to promote growth during seed germination, or 

possibly all o f  these. The unpollinated flowers used were at the late balloon stage and, 

as such, the component parts such as filaments and carpels may still have been 

undergoing final expansion before petal opening. It is also possible that stigmas and 

styles accumulate some GA to promote pollen tube growth, although pollen is a rich 

source o f  G A in itself (Barendese et al. 1970; Murofushi et al. 1991). After pollination 

the embryo begins to develop and grow and it is proposed that these cells are the source 

o f  transcripts detected in ovaries at 5 DAP.

The expression o f  MdGA20oxl and 2  was compared between G reensleeves and the 

parthenocarpic variety W ellington Bloom less during flowering and fruit growth up to
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15 days post pollination. Transcripts hom ologous to MdGA20ox2 were detected in a 

RPA, but the W ellington Bloom less homologue must be different to som e degree at the 

nucleotide level because the transcripts were undetected in RT-PCR reactions with 

MdGA20ox2 (QRT20ox2) and MdGA20oxl (Q R T 20oxl) primers. Transcripts o f  the 

W ellington Bloom less 20-oxidase hom ologue were present in pollinated and 

unpollinated ovaries 5 days after anthesis. This was different from Greensleeves, in 

which the MdGA20ox2 transcript was present in unpollinated ovaries but not at 5 and 15 

DAP. The W ellington Bloom less gene could be a hom ologue o f  Greensleeves 

MdGA20oxl whose expression was detected by RT-PCR after pollination. In 

unpollinated ovaries o f parthenocarpic tomato cultivars with the recessive mutation pat- 

2, there are higher concentrations o f GA20 and lower concentrations o f G A19, indicating 

increased GA 20-oxidase activity (Fos et al. 2000). Mutation in the single recessive 

gene Mdpi, a hom ologue o f the Arabidopsis pistillata (PI) gene, causes parthenocarpy in 

apple. MdPl is a M ADS-box transcription factor. Y ao et al. (2001) cloned Mdpi and 

showed that normal MdPl expression was abolished in parthenocarpic cultivars and the 

cause was shown to be an insertion o f  a retrotransposon into intron sequences. GA  

application has been shown to induce parthenocarpy in apple (Davison 1960, Luckwill 

1960) and G As are important for fruit set in pea and tomato (Swain et a l  1997, Rebers 

et al. 1999). Could an increase in 20-oxidase activity be an effect o f  the mutation Mdpi 

causing parthenocarpy in apple? Cloning and characterising the expression o f  the 

relevant 20-oxidase gene(s) in W ellington B loom less would answer this question.
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3.1 Genetic modification of gibberellin biosynthesis in apple cultivar 
Greensleeves

3.2 Introduction

The aim o f  this work was to silence the endogenous GA 20-oxidase gene MdGA20oxl 

that was characterised in the previous chapter, in order to establish its role in vegetative 

growth o f  apple. A  target was to evaluate the suitability o f  this strategy to control apple 

tree size and vigour. It was also hoped that any plants produced would flow er and so  

indicate the role o f  MdGA20oxl during flowering, fruit set and seed development. If 

silencing o f MdGA20oxl did not have any affect on apple tree stature a second strategy 

undertaken was to test the effects o f  overexpression o f  a G A 2-oxidase gene from bean 

(Phaseolus vulgaris). This enzyme inactivates bioactive GAi and GA4 (Thomas et al. 

1999) and should lead to reduced levels o f bioactive GAs. Ectopic expression o f the 

same 2-oxidase in other plant species such as Nicotiana sylvestris, Arabidopsis and 

wheat resulted in severe dwarfism (S. Thomas et. al., unpublished data; M. W ilkinson et 

al., unpublished data).

The phenomenon of gene silencing

Plant transformation allows the production o f plants with characteristics unable to be 

produced by conventional breeding alone by the introduction o f genes from unrelated 

species and across kingdoms. However it was found that the expression o f  introduced 

genes was not entirely predictable and in certain cases transgene transcripts did not 

accumulate, even where they were transcribed. In other cases when additional copies o f
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both the endogenous gene and transgene, an example being chalcone synthase 

reintroduced into petunia (Napoli et al. 1990). This phenomenon has com e to be known 

collectively as ‘gene silencing’ and in many respects far from being a nuisance for 

biotechnologists it has become an integral tool in the production o f useful genotypes, as 

w ell as providing an invaluable research tool.

Gene silencing has a number o f  causes but the mode o f action can be separated into two 

categories. The first, known as transcriptional gene silencing (TGS), is where gene 

transcription is impaired or blocked. The second, known as post transcriptional gene 

silencing (PTGS) and RNA interference (RNAi), is where m RNA is actively transcribed 

but then degraded.

TGS occurs in sequences integrated into the genom e and in all cases analysed the 

silenced transgenes were hypermethylated (Fagard and Vaucheret 2000). Methylated 

D N A  is typically transcriptionally silent (Martienssen and Richards 1995, Finnegan et 

a l  1998). In som e cases silenced transgenes have been reactivated when crossed into 

the methylation deficient mutant ddm2 or in plants expressing anti-sense MET1, 

encoding a methyl transferase enzyme (Mittelsten Scheid et a l 1998). The integration 

site is an important determinant in TGS, if  integration occurs in transcriptionally silent 

heterochromatin then the transgene adopts that structure and becom es silent (Prols and 

M eyer, 1992; Fagard and Vaucheret, 2000). Integration o f  the transgene into or next to 

repetitive sequences can destabilise transgene expression leading to variegation (ten 

Lohuis et a l 1995). Repetitive sequences are often methylated and it was suggested that 

the repetitive elem ent attracted repressive chromatin com plexes which then spreads into
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an endogenous gene were reintroduced there was reduced transcript accumulation of
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where the transgene integrated into a non-methylated area o f  the genom e but became 

silent, methylated and had a condensed chromatin structure (M eyer et al. 1993; van 

Blokland et at., 1997). Factors involved in similar events appeared to be a different GC 

level between the integrated sequences and the region integrated into (Meyer et al. 

1993; Elomaa et al. 1995) or integration o f  non T-D N A  plasmid backbone (Iglesias et 

al. 1997). It was suggested that the discrepancy between the integrated D N A  and the 

surrounding D N A  somehow caused a disorganisation o f local chromatin structure 

leading to the conversion from active to inactive chromatin structures (Meyer et al.

1993).

The particular arrangement o f  transgene repeats can also trigger TGS by promoting 

localised heterochomatin formation (Assaad et al. 1993; Y e and Signer, 1996). 

M ethylation o f the promoter sequence via PTGS can also cause TGS, this occurred 

when transgenic Nicotiana benthamiana plants containing green fluorescent protein 

driven by the CaM V35S (35S) promoter were inoculated with potato virus X  carrying 

the 35S sequence. It was suggested that hom ology based R N A  directed methylation was 

the cause (Jones et al. 1999). Methylation and silencing o f  unlinked hom ologous 

promoters occurred when aberrant promoter transcripts were produced (Mette et al. 

1999). Nuclear D N A  viruses can also cause TGS through PTGS resulting in silencing o f  

hom ologous promoter sequences driving transgenes (A l-K aff et a l  1998). Finally in 

som e cases TGS was transferred both within and between allelic or ectopic hom ologous 

loci through direct D N A  to D N A  pairing or protein mediated D N A -D N A  interactions 

(M eyer et al. 1993, Matzke et al. 1994, Thierry and Vaucheret 1996, Luff et al. 1999).

Sean Bulley 2002
Genetic modification of gibberellin biosynthesis in apple cultivar Greensleeves

the transgene (ten Lohuis et a l 1995; Fagard and Vaucheret, 2000). There are cases
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related across kingdoms. A  recent report showed transferral o f silenced status from a 

GFP transgene in transgenic tobacco to a non-silenced GFP transgene in Caenorhabtidis 

elegans by the injection o f tobacco RNA extracts (Boutla et al. 2002). PTGS has also 

been associated with coding region methylation in plants (Ingelbrecht et al. 1994, 

English et a l  1996, van Houdt et a l  1997). The PTGS response is sequence specific 

and so can result in silencing o f separate loci if  their sequences are hom ologous to the 

aberrant sequence. Many components o f  the PTGS mechanism have now been 

identified, however the initial determination o f  what makes a m RNA species aberrant is 

still uncertain. In plants, PTGS is a main defence against virus infection (Waterhouse et 

al. 2001, Voinnet 2001) and is triggered by the presence o f  double stranded RNA  

(dsRNA). This is consistent with work in animals where dsRN A is sufficient to trigger 

PTGS (Fire et a l  1998). dsRNA is implicated because 21 to 23 nucleotide sense RNA  

(short RN As), a by-product o f targeted RNA degradation accumulates in the same 

abundance as the same size anti-sense species, indicating cleavage o f  a dsRNA  

precursor (Hamilton and Baulcombe 1999). These short R N A s were demonstrated to 

mediate the PTGS response (Elbashir et al 2001).

In Drosophila, depletion o f an enzym e called Dicer impairs PTGS (Bernstein et al 

2001). D icer is a Drosophila RNAse-III-related protein that processes dsRNA but not 

single stranded (ss) RNA into short 21 to 23 long polynucleotides (short RNAs). In 

plants it is thought that when dsRNA is detected, D icer like enzym es cleave it, starting 

from the dsRNA termini, into short R N A s (Voinnet 2001). The short RN As, which act 

as guide templates, are incorporated into a RNA-induced silencing com plex (RISC) that 

is com posed o f  a helicase, a hom ology searching enzym e, an exonucleotic nuclease and
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PTGS is the second mode of silencing and the mechanisms involved appear to be
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RISC to hom ologous cellular m RNA by complementary base pairing which promptly 

cleaves the captured target around the area directed by the guide RNA. It is thought that 

the PTGS signal is propagated when short RNAs, hybridised to hom ologous ssRNA, 

prime dsRNA synthesis by a RNA dependent R N A polymerase (RdRP) which is 

subsequently cleaved by dicer like enzymes and so the process is repeated (Voinnet 

2001). In Arabidopsis a RdRP known as SDE1/SGS2 and a R N A helicase SGS3 were 

shown to be required for PTGS to occur (Dalmay et al. 2000, Mourrain et al. 2000, 

Dalm ay et a/.2001). H owever they may be redundant in virus infected plants where 

dsRN A would be produced by viral encoded RdRPs and RN A helicases under the form 

o f  replication intermediates (Voinnet 2001). Han and Grierson (2002) found that 

cleavage o f  an endogenous polygalacturonase gene m ainly occurred in regions 

complementary to the 3 ’end o f  the elicitor sequence, in this case a truncated transgene 

complementary to the 5 prime half o f  an endogenous polygalacturonase gene. They 

suggested that this occurred because dsRNA synthesis was prematurely terminated due 

to predicted tertiary structure o f  the elicitor RNA, and therefore cleavage was limited to 

this area. After cleavage the general RNA degradation machinery then presumably 

degrades the remaining fragments o f RNA transcript (Han and Grierson 2002).

W hile dsRNA triggers the degradative process it is still unclear how alien ssRN A such 

as virus RNA or a sense transcribed transgene is deem ed aberrant in the first place. It 

could be through the inadvertent production o f dsRNA. There are a number o f ways that 

dsRNA can arise. The genomes o f most plant viruses are encoded by R N A that when 

replicated form ‘sense’ and ‘anti-sense’ RNA that can form duplexes (Waterhouse et al. 

2001). Transgenes that integrate in an inverted repeat orientation can result in read
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an endonucleotic nuclease (Hammond et al. 2001). The guide RNA then directs the
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also show rearrangements, arising from either pre-integration plasmid-plasmid 

recombination or the integration process itself (Deroles and Gardner 1988, Register et 

al. 1994, Kohli et al. 1999). Indeed, the cauliflower m osaic virus 35S promoter was 

shown to have sequences prone to recombination, so called recombination ‘hotspots’ 

that resulted in illegitimate recombination o f  transforming plasmids (Kohli et al. 1999) 

Integration adjacent to or within an endogenous gene could theoretically result in 

production o f  self-complementary RNA, and gene sequences can have self- 

complementary regions that form double stranded hairpins. Indeed transgenes encoding 

dsRN A or R N A containing se lf complementary regions that form hairpins are very 

effective at inducing silencing (Hamilton et al. 1998, Smith et al. 2000, Chuang and 

M eyerowitz 2000). Peele et al. (2001) showed that extensive silencing o f endogenous 

genes could be obtained with less than lOObp o f hom ologous sequence. The lower 

incidence o f  silenced plants in transgenic populations transformed with fragments o f  

genes (in sense) or complete coding sequences is  possibly due to a low frequency o f  

transformation events that produce dsRNA. A very high frequency (up to 100%) o f  

silencing is seen with vectors specifically engineered to produce dsRN A transcripts 

(Smith et al. 2000).

The PTGS effect is mobile throughout the plant and appears to m ove uni-directionally 

from the source o f  induction to sink tissues (Waterhouse et al. 2001). Another 

remarkable feature is that the PTGS effect is also graft transmissible, indicating the 

existence o f  a translocated sequence specific signal (Palauqui et al. 1997, Voinnet and 

Baulcom be 1997). At present it is uncertain what this signal m ay be. Viruses have 

evolved  means o f  evading plant PTGS defences and the viral suppressor HC-Pro
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through transcription to form dsRNA (Wang and Waterhouse 2000). Transgenes can
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2001). In Arabidopsis the silencing signal is thought to be dsRNA com plexed with 

SD E1/SG S2, a RdRP (Voinnet 2001). Transmission o f  the graft signal allows the 

exciting opportunity o f controlling endogenous gene expression in a non-transgenic 

scion through a PTGS rootstock.
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blocked the accumulation of short RNAs but not the silencing signal (Mallory et al.

Strategies used to induce gene silencing in this project

At the start o f this project when constructs were being made the workings o f gene 

silencing were poorly understood. There were two strategies for engineering gene 

suppression. The first was transformation o f  a sense sequence with hom ology to the 

intended target driven by a strong promoter (Napoli et al. 1990, Smith et al. 1990, de 

Carvalho et al. 1992, Palauqui and Vaucheret 1995, English et al. 1996, Davies et al. 

1997). Although silencing was also seen with a weak promoter and even with 

promoterless sequences (Stam et al. 1998, van Blockland et al. 1994).

The second strategy was to introduce a sequence that when transcribed was anti-sense to 

the target sequence and would therefore hybridise to the target and inhibit normal 

function (Inouye 1988). It was thought that anti-sense transcripts interfere with 

translation by blocking ribosome binding and initiation (Bourque 1995) and it had also 

been observed that there was a reduction in target RN A levels that varied by several 

fold to being undetectable (Rothstein et al. 1987, Smith et al. 1988). Therefore it was 

postulated that dsRNA was being degraded and/or there was interference in 

transcription in the nucleus (Bourque 1995). In bacteria anti-sense suppression is a 

com m on form o f  controlling gene expression (Wagner and Sim ons 1994) and has been
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1988, reviewed by Bourque 1995). There were also reports that minimal amounts o f  

anti-sense R N A were required to inhibit abundantly expressed genes (Sim ons 1988, 

Robert et a l  1989).

In this chapter it is demonstrated that striking changes to apple tree stature can result by 

transforming apple plants with sense and anti-sense fragments o f  an endogenous GA  

20-oxidase gene, MdGA20oxl. Evidence for this is presented indicating that the cause 

o f  the dwarfism is due to the down regulation o f  that gene, which leads to reduced 

levels o f  bioactive GA. Furthermore it is demonstrated that these effects can be reversed 

by G A  application. It is also shown that GA levels in the cells o f  apple leaf explants can 

greatly affect the level o f  shoot regeneration.
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used effectively to knockout genes in plants (Rothstein et al. 1987, van der Krol et al.
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3.3 Results

3.3.1 Construct preparation: sense and anti-sense 20oxl fragment, GA 2-oxidase

T w o constructs (pSC V 1.2-20oxl-sense/anti-sense) were made containing an apple GA  

20-oxidase fragment, 314 base pairs long, in sense and anti-sense formation. This was 

derived from NEJA1 and NEJA3 degenerate primers and had been previously cloned  

(courtesy Fiona W ilson) into the vector pM OSBlue (Amersham). The fragment was 

excised by a SmallXbal double digest and blunt end ligated into to the Smal site o f  

pDH51 (Figure 3.1). Insertion into the multiple cloning site o f  pDH51 results in 

transcriptional fusion to the cauliflower mosaic virus 35S promoter and down stream 

from the multiple cloning site there is a CaM V polyA terminator sequence. The 

respective expression cassettes (35S-20ox 1-NOS) with the 2 0 o x l in sense and anti- 

sense were excised by Ncol/Hindlll digest and blunt ligated into the Smal site o f the 

pSC V 1.2 transformation vector (Figure 3.2, plasmid Shell Clean Vector 1.2, Gittins et. 

al. 2000). The appropriate final constructs were selected by restriction analysis with 

EcoKV and Kpnl, and later by PCR. Finally, one o f  each orientation (Figure 3.3) was 

selected and transformed into the Agrobacterium tumefaciens strain EHA101 by 

electroporation.

A s well as a GA 20-oxidase fragment, a functional Phaseolus coccineus GA 2-oxidase 

gene (Thomas et al 1999) under the control o f  the 35S promoter was excised by 

EcoRUPstl digestion from the vector pLARS120 (kindly provided by Dr. S. Thomas) 

and ligated to EcoRUPstl cut pSCV1.2. The appropriate ligation products were selected  

by EcoRl/Pstl digestion and confirmed by PCR using primers specific to the 2-oxidase  

gene as w ell as nptll.
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Figure 3.1: the pDH51 vector used to fuse the 20oxl fragment with 
the cauliflower mosaic virus 35S promoter.

Figure 3.2: pSCV1.2 binary vector (Gittins et al.2000). The
35S-20oxl-expression cassette was blunt ligated into the Smal site. 
The Phaseolus 2-oxidase expression cassette was inserted into 
Pst\/EcoRl cut pSCV1.2.
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Figure 3.3: pSCV1.2-20oxl construct T-DNA showing the 20oxl anti-sense (—») and sense 
(<—) expression cassette inserted into the Sma 1 site by blunt ligation. Note that 20oxl 
sequence contains two EcoRl sites. The BglU sites were used later for DNA blot analysis of 
transgenic plants. LB= left border sequence, RB= right border sequence.
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3.3.2 20oxl sense transformation

In one transformation o f 300 Greensleeves leaf disks with the 2 0 o x l sense construct, a 

total o f  69 separate lines regenerated. O f these, 15 were escapes and died under 

kanamycin selection when the shoots were transferred to A 17 media containing 

50mg.r* kanamycin. The rest were tested for the presence o f nptll and 2 0 o x l fragments 

by PCR. O f the remaining 54 lines, 39 tested positive for both nptll and 2 0 o x l to give a 

transformation frequency o f 13% while 15 tested positive for nptll only, nptll only lines 

are the result o f  incomplete T-D N A  transfer and are detected here because the nptll 

transgene (selectable marker) lies next to the right hand border (Figure 3.2), which is 

integrated first. Lines without the 2 0ox l transgene were not analysed any further.

A ll the lines that grew under selection were transferred to the greenhouse to look for 

altered phenotypes and seven lines showed dwarfed phenotypes o f  varying severity 

(Table 3.1, Figures 3.4 to 3.8).

Table 3.1: Summary o f dwarf lines produced by transformation with pSC V 1.2-20oxl- 
s e n s e . ____________________________________________________

Line
Dwarfing severity 

(lowest to highest, + to +++) PCR for nptll
PCR for 
20oxl

A01 ++ + +
A 10 ++ + +
D 04 + + +
E05 + + +
HOI ++ + +
P01 + + +
OOl +++ + +
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Confirmation o f transgene insertion and estimates o f copy number

D N A  was extracted from young leaves collected from individual plants from dwarf 

lines and digested with Bglll restriction enzyme. All the dwarf lines except D 04 and 

E05 were confirmed to contain the 2 0 o x l transgene by Southern blot o f  Bglll digested  

D N A  and were estimated for copy number (Table 3.2, Figure 3.9). BglU was used 

because it cuts within the NOS terminator sequence and at the right hand border o f the 

p S C V 1.2-20oxl transformation constructs (Figure 3.3). This allows an approximate 

estimate o f  copy number in transgenic plants to be made by counting the number o f  

bands because cleavage at this point in the integrated construct and outside in genomic 

D N A  results in different sized fragments depending where the transgene is inserted. 

H owever this cannot distinguish cases where there are no B glll sites between two 

unlinked transgenes integrated in opposite orientations. The same is true for multiple 

insertions in tandem or inverted tandem repeats so  these copy number estimates are 

approximate. Copy number was not investigated in any more detail.

Table 3.2: Estimated copy numbers o f 20ox 1-sense transgene transformed plants

Line Confirmation o f 20oxl transgene 
integration by DNA blot

Estimated copy number o f 
20oxl transgene

A01 yes 3

A 10 yes 1

D 04 not analysed

E05 not analysed
HOI 1 yes 1 or 2
P01 yes 5-8
0 0 1 yes 1

It is possible that the 6kb band seen for line HOI and Q01 is  due to a tandem inverted 

repeat. The length between the B g lll site in the NO S terminator and the left border is 

approximately 3kb. A  tandem inverted repeat would place the two 2 0 o x l transgenes in
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very close proximity, enough to allow dsRNA formation if  read through transcription

occurred.
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G S C E05 D04 A01

Figure 3.4: Comparison of GSC (non-transgenic control) to 20oxl 
D04 and A01 going from left to right. All plants are the same 
approximately nine months after weaning from tissue culture.

sense transgenic plants of lines E05, 
age and had grown continuously for
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GSC GSC A10

Figure 3.5: Comparison o f a plant from line A10 (20oxl sense transeenic on . u

s r s r An p,aras are ,he ■“
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F.gure 3.6. Plants trom line HOI (20oxl sense transgen,c, tour plants on the right) compared to tall 
and short examples of non-transgen,c Greensleeves plants. All plants are the same age and had 
approximately 6 months growth after weaning from tissue culture. Inset: Side view o f third HOI olam 
from left showing shorter internodes. 1 1

Figure 3.7: Plants from line Q01 (20oxl sense transgenic, three plants on the right) compared to tall
and short examples of non-transgenic Greensleeves plants. All plants are the same age and had 
approximately 6 months growth after weaning from tissue culture.
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GSC GSC P01 P01 P01 P01

Figure 3.8: Plants from line P01 (20oxl sense transgenic, four plants on the right) compared to tall
and short examples o f  non-transgenic Greensleeves plants. All the plants are the same age and had grown 
for one full season after weaning from tissue culture. b
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A01 A10 H01 P01 GSC

Figure 3.9: Alignments of lanes from DNA blots o f transgenic dwarf plants probed with n rr
labelled DNA corresponding to the 20oxl transgene. The two bands above l?L-h m °
control (GSC) are endogenous GA20-o»idase8CL ( l.b c lir w iS , a T O ^  "
fitoaiLSM g DNA from lines A01. A10, HOI P01 and non-transgenic Crecnslcevcs (GSC) was digested 
with BglII enzyme which cuts twice near the right hand border within the T-DNA o f each const I  
(Figure 2 3 ) .The lowermost bands lines AO, and P01 a, around 3kb in s L  c o ^ n d  ,o 7 e “ S  
fragment that would occur if two or more T-DNA copies were inserted in tandem

2 £ £ 2 S ° f ““  H 0'- 501 “ d ° SC I—  ^  WO W W  DNA
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Apart from a difference in height to non-transgenic controls, lines A 01, A 10, D 04, E05

and HOI appeared phenotypically normal. However, line P01 (Figure 3.8) had 

noticeably smaller leaves and line Q01, the most dwarfed o f  all, had thicker, more 

serrated and darker coloured green leaves than controls. Subsequent ploidy tests showed  

that Q01 was tetraploid and data from D N A  blots showed that Q01 had the same 

hybridisation pattern to line HOI (Figure 3.9). Line Q01 also regenerated from the same 

leaf disk as line HOI but at a later time. Therefore it appears that line Q01 is tetraploid 

line HOI, with polyploidisation probably induced by a long period in culture as callus 

tissue. Based on this phenotype it appeared that there were approximately four other 

lines from the 2 0 o x l sense transformation that could have been polyploid to some 

degree, although they were never tested as they did not appear dwarfed.

Growth analysis o f lines HOI, P01, and Q01

The phenotypes o f  lines HOI, Q 01, and P01 were studied in greater detail in 

experiments using controlled environment cabinets (Figure 3.10 for HOI and Q01 and 

Figure 3 .17  in section 3.3.3). P01 plants were studied in a separate experiment to HOI 

and Q01. After 12 weeks growth plant height, intem ode number (equivalent to leaf 

number in apple), intemode length, stem girth and leaf area were measured and 

compared to Greensleeves non-transgenic controls by A N O V A  (Table 3.3). Plant 

height, intem ode length and the number o f intem odes for all three lines were reduced 

compared to non-transgenic Greensleeves. Leaf areas o f  HOI and Q01 were not 

significantly different to the non-transgenic control whereas leaf area was reduced in 

line P01 compared to the control. Stem girth was reduced in line P01 but lines HOI and 

Q01 were not significantly different compared to the non-transgenic control.
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Greensleeves control Line H01 Line Q01
Figure 3.10: A line up of the shortest and tallest plants from lines HOI (middle) and OOI M„hn ■ 
non-transgemc controls after 12 weeks growth in controlled environment cabinets n „ ,u  ?  • ae(ams‘ 
transformation with the pSCVU-JOoxl sense eons,met. Line HO hT
betng more dwarfed and stowe, growing i, has d * £ .
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3.3.3 2 0 o x l anti-sense and GA 2-oxidase transform ation

Three separate transformations via Agrobacterium tumefaciens involving 724  leaf disks 

were attempted with the Phaseolus GA 2-oxidase construct. The first attempt at 

transformation using the Phaseolus 2-oxidase construct was characterised by little or no 

callus formation (Figure 3.11). This problem had been encountered in transformations 

with the bean 2-oxidase in other species and had been remedied by application o f  GA3 

(Dr. P. Hedden, personal communication). In the second transformation GA3 was 

included in the regeneration media at 1.5mg/l (4.3|xM) but no response was detected 

(Figures 3.11). A  transformation using the pSC V 1.2-20oxl anti-sense construct was 

performed at the same time and the same GA supplemented media was used. The 

response in this anti-sense transformation was very similar to that using the 2-oxidase 

construct with almost no callusing and no shoots (Figure 3.12).

Further transformations with the bean 2-oxidase and 2 0 o x l anti-sense constructs were 

performed but this time GA3 applied once per week. One to two drops o f a 67mg/l 

(193p.M) solution o f  G A3 containing 0.2% Tween 20® (v/v) as a wetting agent was 

applied to each leaf disk using a micropipette. One drop from a 200pl pipette tip equates 

to approximately 15p,l, therefore approximately 2.9 to 5.8nm ol G A3 was applied to each 

leaf disk per week. The result was that callusing was seen and shoots later regenerated 

in the transformation with 20o x l  anti-sense (Figure 3.13).

In the third and final transformation with the bean 2-oxidase construct two shoots did 

regenerate (directly from the centre o f  separate leaf disks) but later died under
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kanamycin selection. In general the response remained unchanged to that seen

previously and so no further attempts at transformation were made for this construct.

The leaf disk control under no selection but with GA3 application showed little or no 

callusing and produced very few  shoots. This was in stark contrast to the control that 

did not have GA3 applied, which was covered in shoots (Figures 3 .14 and 3.15).

Regenerated plants from transformations with 2 0 o x l anti-sense constructs

Out o f  225 leaf disks exposed in the second 2 0 o x l anti-sense transformation a total of 

16 lines regenerated. Five o f  the lines that grew under kanamycin selection were 

transferred to the greenhouse and three lines named A S3, A S 10 and A S 13 appeared to 

show  a dwarfed stature. D N A  was extracted from young leaves and analysed by 

Southern blot o f  BglTL digested D N A  (Figure 3.16). Lines A S3, AS 10 and AS 13 were 

later confirmed transgenic by D N A  blot, and were estimated to contain 1, 2, and 1 

copies o f the 2 0 o x l transgene respectively. The same rationale that was used for 

estimating copy number o f  20ox l-sen se  transgenic lines was used here because the only 

difference is the orientation o f the 2 0 o x l fragment, which does not contain any BgHl 

sites. Lines AS3 and AS 13 appeared moderately to slightly dwarfed while line AS 10 

appeared moderately to very dwarfed and are dealt with in greater detail later in the 

growth analysis section.
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Figure 3.11: Typical plates from the 1st,
2nd and 3rd (A, B, and C) transformations with 
the Phaseolus GA 2-oxidase construct. A: no 
GA3 applied or supplemented in media.
B: GA3 supplemented in media at 1.5g/l. 
(4.3p.M).
C: GA3 directly applied to leaf disks once per 
week at the approximate rate of 2.9 to 5.8nmol 
per leaf disk.
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Figure 3.12: A typical plate (media supplemented with 50mg/l kanamycin and 1.5mg/l [4 3uMI GA t 
from the first transformation with the anti-sense 20ox l construct showing leaf disks with little or nn 
callusing and no regenerated shoots.

Figure 3.13: Some plates from the second transformation with the 20oxl anti-sense construct where
GA, was directly applied to leaf disks once a week (2.9 to 5.8nmol per leaf disk). There was increased 
callus formation with direct GA, application compared to that on GA, supplemented in the media in the 
first transformation. In addition, shoots regenerated in the second transformation and some are shown 
here indicated by arrows.
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Figure 3.14: Untransformed Greensleeves leaf disks show.ng a much decreased level of callusine
and shoot regeneration after 6 weeks on BNZ 511 media with direct application of GA, (2 9 i n T S  
per leaf disk) in weekly intervals. ' onmo1

GUS, 35S-,y;///) constructs the degree of regeneration seen with kanamycin selection was beni ^  
and the regeneration shown in Figure 2.5. Normally shoots would be removed as they arise andThe" t 
do not brown and die as some shoots have in this picture. ■ y - nd thcrefori
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Figure 3.16: Separate DNA blots of lines AS3 (A), AS13 (B) and AS10 (C) probed with DIG
labelled DNA probe complementary to the 20oxl transgene.
Riot A and B: Each lane contains 5|ag flg/II digested DNA except lane marked L in blot B, which is 1Kb 
Plus ladder (Invitrogen Life Technologies). The faint band at the base of the ladder lane is the 1.65kb 
ladder fragment. The two bands in the non-transgenic control lane (GSC) are endogenous 20-oxidase 
genes (MdGA20oxlA and B) and indicated by arrows.
Blot C: 3|ag BglU digested DNA in each lane. Lane U is an unrelated transgenic plant and is shown to 
illustrate the endogenous 20-oxidase bands (two uppermost bands) because the DNA of the non- 
transgenic control was degraded. Line AS 10 shows no signal for the larger endogenous band, a weak 
signal for the smaller endogenous band and the transgene signal at approximately lOkb. The lack of the 
upper endogenous band (>15kb) is probably due to DNA degradation because the larger bands are lost 
first. Transgene insertion was confirmed by PCR with primers complementary to 20oxl (not shown).
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Growth analysis o f  lines AS10 and AS13

The three dwarf lines (AS3 from experiment 1 and AS 10 and AS 13 from experiment 2) 

were taken forward for growth analysis in controlled environment cabinets together 

with non-transgenic controls. In the middle o f  the growth period individual plants o f  

each line were tested by D N A  blot to confirm their identity. O nly one A S3 plant out o f  

seven was confirmed transgenic and so  that line was not analysed further. A  cause o f  

this may have been that line AS3 was a chimera o f  transgenic and non-transgenic cells. 

One plant out o f  seven AS 13 plants was non-transgenic and so was not used in further 

analyses and all AS 10 line plants in the trial were confirmed transgenic. Ploidy tests of 

all individual plants o f  each line showed that AS 10 was tetraploid. The phenotype was 

quite distinctive with plants having thicker, darker green coloured leaves that were more 

oval in shape compared to diploid non-transgenic controls and other diploid transgenic 

lines.

After 12 weeks o f  growth plant height, intem ode number (equivalent to leaf number in 

apple), intem ode length, stem girth and leaf area were measured. These were compared 

to the Greensleeves non-transgenic controls by analysis o f variance (ANO VA ). Both 

AS 10 and AS 13 lines appeared dwarfed (Figures 3.17 and 3 .18) and analysis confirmed 

that they had reduced height, intem ode length, intem ode number and leaf area 

compared to non-transgenic Greensleeves controls, with AS 10 having the greatest 

reduction (Table 3.4). The stem girth o f  AS 13 was slightly reduced compared to that o f  

the non-transgenic control. Plants were removed from their containers to look at overall 

root morphology and there did not appear to be any reduction in root growth compared
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to controls, although no measurements were taken. When rooting the shoots in vitro the

dwarf lines did not appear to be less amenable to rooting than controls.

Comparisons between growth experiments

When the reductions in intemode length and intem ode number o f  all dwarf lines from 

2 0 o x l sense and anti-sense were compared (Figure 3.19), lines HOI and P01 were very 

similar. However, the reduction in height compared to the respective control was greater 

in HOI at 54% as opposed to 73% in P01. This is due to a combination o f the greater 

variation seen in controls and transiently reduced growth o f the control plants in growth 

experiment 2 where P01, AS 10 and AS 13 were tested. In the middle o f this experiment 

(experiment 2) the plants were watered one day late and dried out sufficiently for 

growth o f the controls to slow . This could be seen in shortening of two to four 

intem odes in control lines (Figure 3.17). None o f  the dwarf lines was similarly affected 

and so the true reduction in height for lines P01, A S10 and AS13 compared to controls 

is probably higher than these results suggest.

A S13 was the only line from the anti-sense transformation analysed further for GA  

contents, transgene expression and for down regulation o f  the native MdGA20oxl-2 

gene.
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Figure 3.17: A comparison of the shortest and tallest plants from lines AS13 (middle) and P01
(right) against non-transgen.c controls after 12 weeks growth in a controlled environment cabinet 
(experiment 2). The transient slowing of growth o f the non-transgenic control line GSC (resulting in 
shortening of internodes) is indicated by the arrow (refer to text). Line P01 also shows a high level o f leaf- 
abscission. This has not been seen in greenhouse grown plants.
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F.gure 3.18: A comparison of the shortest and tallest plants from lines AS10 (right) against non
transgenic controls after 12 weeks growth in a controlled environment cabinet (experiment 2 The 
transient slowing of growth of the non-transgenic control line GSC (resulting in shortening of internodes) 
is indicated by the arrow (refer to text). 6 nuucs;
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Table 3.4: Analysis of variance on means of measurements of 20oxl anti-sense lines 
AS 10 and AS 13 compared to Greensleeves non-transgenic controls (from controlled 
environment cabinet experiment 2).

Experimental mean values

Measurement
AS10
mean

AS13
mean

Greensleeves 
control mean s.e.d. d.f.

Plant height (mm) 291** 415.71** 552.71 24.37 17
Intemode number 24** 33.75** 37.29 1.02 17

(mm) 8.17** 12.03** 19.27 0.78 314
Stem girth (mm) 8.56 8.15* 8.83 0.30 23
Leaf area (cm2) 45.82** 41.13** 55.04 1.21 122

s.e.d.: standard error of the differences of means 
d.f. : degrees of freedom
* Indicates probability that the mean is the same as the non-transgenic control mean (in 
bold type) is <0.05
** Indicates probability that the mean is the same as the non-transgenic control mean 
(in bold type) is <0.01

Comparing reductions in height, internode length 
and number of dwarf transgenic lines expressed as 
a percentage of the Greensleeves non-transgenic

control

T ransgenic dwarf line

□  Height glntemode length glntemode number

Figure 3.19: Comparison o f the performance of all dwarf lines in terms o f overall means of height,
internode length and internode number expressed as a percentage o f those of respective non-transgenic 
control.
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Expression o f  endogenous MdGA20oxl (both A and B) and the introduced 2 0 o x l and 

nptll transgenes were compared in young leaves and shoot tips o f  HOI, Q01 and 

Greensleeves non-transgenic control plants (all from the growth analysis experiment) by 

RPA o f 30pg total RNA per hybridisation (Figure 3.20). Although R N A se digestion 

was incomplete and transcript levels in the non-transgenic control were very low it 

appears that both lines HOI and Q01 have reduced levels o f  MdGA20oxlA and B 

transcript compared to the non-transgenic Greensleeves control. This is consistent 

between the two blots although nptll expression in Q01 could not be determined 

because o f  background. Expression o f the 20ox 1-transgene was reduced in shoot tips 

compared to young leaves in HOI and possibly Q01 plants.
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3.3.4 Analysis of transgene and endogenous MdGA20oxl gene expression

In order to investigate this further, m RNA was purified directly from young leaf and 

shoot tip samples from greenhouse grown HOI, Q01, P01 and non-transgenic 

G reensleeves plants, and growth room grown A S 13 and non-transgenic plants 

(described later in 3.3.6), by magnetic o ligo dT beads (Dynal). The samples were 

analysed by Northern blot probed with anti-sense 20oxl-transgene DIG-labelled RNA  

(Figure 3.21). Endogenous MdGA20oxl transcripts were not detected except possibly in 

P01 young leaf but 2 0 o x l transgene transcripts were detected for HOI and P01 in both 

tissues (nptll expression was not determined). Line HOI appeared to have lower 

expression o f  the 20oxl-transgene in shoot tips compared to young leaves. This was not 

true for P01, which appeared to have similar levels o f  20oxl-transgene expression in 

both tissues. Curiously transgene transcripts were not detected in a Q01 plant, this did 

not agree with RPA data.
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Complementary D N A  was synthesised with lOOng o f young leaf and shoot tip mRNA  

from the same samples used for the previously described Northern blot. Aliquots were 

used as template in 35 and 25 cycle PCRs with Q R T 20oxl primers that amplify 

endogenous MdGA20oxl transcripts, but not 20oxl-transgene transcripts. This 

confirmed that MdGA20oxl expression was present in all the lines including controls 

but did not give any evidence o f  reduced MdGA20oxl (A and B) expression in the dwarf 

plants (Figure 3.22).

Separate Northern blots were performed with 30pg total R N A per sample previously 

extracted using the Coen mini method from young leaves and shoot tips o f  untreated 

HOI, P01 and non-transgenic control, and G A treated non-transgenic control plants. The 

plants were originally used in G A rescue experiments (described in section 3.3.6). After 

probing with DIG-labelled 2 0 o x l anti-sense R N A  probe complementary to 2 0 o x l-  

transgene sequence, endogenous MdGA20oxl was not detected in any o f the samples, 

however, single bands o f  unpredicted size were detected in HOI and P01 samples 

(Figure 3.23). These bands were slightly different in size, HOI had a band 

approximately 0.95kb in length whereas the band for P01 was approximately 0.9kb.
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Undigested MdGA20ox1 probe 
(450bp)

Protected MdGA20ox1 transcript
(348bp)

20ox1 transcript 
(259bp)

Undigested MdGA20ox1 probe 
(450bp)
Protected MdGA20ox1 transcript 
(348bp)

nptll transcript 
(298bp)

Figure 3.20: RPAs (30pg total RNA per hybridisation) showing expression in young leaves (YL)
and shoot tips (ST) of the 20oxl (top) and nptll transgenes (bottom), and MdGA20oxl (A and B) 
endogenous gene (top and bottom) in HOI, Q01 and non-transgenic Greensleeves (GS) plants. The plants 
are the same used in the growth analysis experiments (section 3.3.2). Probes were labelled with DIG-11- 
UTP. 3pg of RNA per sample was separated on a denaturing formamide gel and ethidium bromide 
stained ribosomal RNA is shown as a loading control. RNAse digestion was not complete because there is 
still some undigested probe left in the probe negative control lane C(-). Nevertheless because the 
MdGA20oxl probe (Md20oxl-2 probe: Materials and Methods) contains alien spacer sequence, probe 
that hybridised to endogenous transcript can be distinguished from undigested probe because RNAse 
digests the single stranded tail consisting of alien sequence. This is not the case for 20oxl and nptll 
transgene probes because they were transcribed from template produced by PCR with gene specific 
probes and so the probe does not contain alien spacer sequence. A modified reverse primer was used that 
incorporated a T7 RNA polymerase promoter sequence at the 5 prime end. Therefore it can be concluded 
that the faint nptll band seen in GS ST is undigested probe and thus a false positive. The Q01 ST sample 
in the lower blot is masked by background signal. The 20oxl bands for the non-transgenic plants are 
hybrids to endogenous MdGA20oxl transcripts. MdGA20oxl and 20oxl probes hybridise to separate 
parts of MdGA20oxl transcript
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»

1.6 kb

20ox1 transgene 
(580bp approx.)-

*
GS H01 Q01 P01 GS H01 Q01 P01 GS2 AS13 GS2 AS13 
YL YL YL YL ST ST ST ST YL YL ST ST

Figure 3.21: Northern blot of young leaf (YL) and shoot tip (ST) mRNA probed with anti-sense
20oxl-transgene D I-ll-U T P labelled RNA probe. Samples were greenhouse grown HOI, Q01, P01 and 
non transgenic Greensleeves (GS) plants and young leaf and shoot tip mRNA from growth room grown 
AS 13 and non-transgenic Greensleeves (GS2) plants. For greenhouse plants 400ng mRNA was loaded 
per lane and for growth room grown plants 250ng mRNA was loaded per lane. The expected band size for 
endogenous MdGA20oxlA transcript is approximately 1.6 kb, predicted from sequences isolated by 
RACE.

Young leaf Shoot tip Young leaf

300bp

200bp

L GS H01 P01 Q01 GS H01 P01 Q01 GSAS13 C1 C2 C3 T ”
Figure 3.22: PCR reactions after 25 cycles with QRT20oxl primers usim, ■/. ,,r
synthesised from lOOng HOI, P01, Q01 and Greensleeves non-transgenic control iG S W o ^  
shoot tip mRNA. For AS13 and its Greensleeves control */4 o f the cDNA template sv n th L L T f b « n 
young leaf mRNA was used in the PCR. 4/5 of each PCR reaction w-. P j  .̂ esise£  ̂ r̂om 85ng 
0.5TBE gel. The QRT20oxl sen«, primer prime, within ,he 20oxl h a n s g e T ^ e ^ V w h M f  T  
sense primer does not. C l= water negative control, C2= plasmid posilive control C3= pSCV I a o V  
sense plasm.d negat.ve control. L= lKb+ DNA Ladder (Invitrogen Life Technologies). P L2'20ox l'
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3kb

1.6kb

0.95kb

0.9kb

0.5.8kb
0.45kb

GS
GA3
YL

GS H01 AS13 P01 GS GS H01 AS13 P01
YL YL YL YL GA3

ST
ST ST ST ST

Figure 3.23: Northern blot of total RNA (30pg per lane) showing hybridisation bands of unexpected
size in young leaves (YL) and shoot tips (ST) of HOI and P01 plants when probed with DIG-labelled 
RNA anti-sense to the 20oxl-transgene at 68°C overnight. Other samples were GAr treated (GSGA3) and 
untreated non-transgenic control (GS), and AS 13 plants. Sizes shown are approximate only. Expected 
MdGA20oxl mRNA size= 1.6-1.67kb, expected 20-ox 1-transgene size= 0.58kb. The probe was 
hybridised to the blotted membrane at 68°C overnight. Post-hybridisation washes: two 15 min washes at 
room temperature in 2xSSC, 0.1% SDS, and two 15 min washes in O.lxSSC, 0.1%SDS at 68°C.
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G As were extracted from frozen finely ground shoot tip and young leaf tissues o f HOI, 

P01 (shoot tip only), AS 13 and non-transgenic control plants from growth analysis 

experiments (sections 3.3.2 and 3.3.3). Approximately 4 g  fresh weight o f shoot tip 

tissue was used for HOI and its non-transgenic control and 2.5g fresh weight amounts 

were used for P01, A S 13 and their non-transgenic control due to lower amounts o f  

tissue available. For young leaf samples 5g fresh weight was used for HOI and its 

control whereas 2.5g fresh weight tissue was used for A S 13 and its non-transgenic 

control, again this was due to lower amounts o f available tissue. Unfortunately P01 leaf 

tissue had perished and so could not be used. All GA samples contained high levels of 

co-purified contamination, most probably phenolic compounds, and required a cleanup 

step where the methylated samples (in ethyl acetate) were passed through a aminopropyl 

column in order to remove the bulk o f the phenolic contaminants. Analysis by GC-MS 

(performed by P. Hedden and S. Croker) showed that the samples were still quite 

contaminated with other compounds, but from the G As that could be identified it 

appears the transgenic HOI plants had altered levels o f  G A compared to the control 

(Table 3.5). Line HOI had reduced levels o f  G A i, in both young leaves and shoot tips 

compared to the respective control (CE7 G S) and G Ai concentration was higher in 

young leaves compared to shoot tips in HOI plants. The same was true for the non- 

transgenic control. Concentrations o f G A i9 were higher and concentrations o f G A20 

were lower in both young leaves and shoot tips o f HOI plants compared to CE7 GS 

plants indicating reduced 20-oxidase activity in the G A ]9 to GA20 step. Little 

comparison could be made between P01, A S13 and their control because concentration 

for many o f  the G As was unable to be determined because the internal standard was not
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3.3.5 Determination of GA levels in dwarf plants
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transgenic controls.
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present. However GAi was reduced in shoot tips of AS13 plants compared to the non-

Table 3.5: Concentrations o f  GA species in transgenic dwarf HOI, P01 and AS13 plants 
compared to their respective non-transgenic controls in ng.g'1 fresh weight. The 
comparative control for HOI is CE7 GS and for P01 and AS 13 is CE6 GS. GA 20- 
oxidase enzym es catalyse G A12/53 to G A15/44 to G A24/19 to GA9/2o.

Y oung leaves

*= linear fit, ot

GA19 GA20 GAj G A 29
CE7 GS 1.8 5.2 4.1 NF

HOI 11.2* 0.2 0.9 NF
CE6GS NF 0.9 NF 2.8
AS 13 NF 3.4 1.1 NF

Shoot tips
GA,9 GA20 GAi g a 29

CE7GS 7.1 3.4 1.3 3.4
HOI 14.8* 0.6 0.1 0.9

CE6GS NF 7.2 1.8 2.0
P01 9.5* NF NF NF

AS 13 17.7* NF 0.2 NF

her concentrations were estimated.
NF= not found, no quantification could be made because internal standard not 
recovered.
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The ability to recover growth by application o f G A 3 was tested for lines HOI, P01 and 

AS 13. The plants were arranged in a com pletely randomised block design with 

unsprayed controls for each line included. Over a period o f  six  weeks a 200mg/l 

solution o f  G A3 (Berelex, ICI) was applied to complete leaf wetness to the appropriate 

lines at once w eekly intervals.

After six weeks, plant height, intemode lengths, intem ode number, leaf area and mature 

petiole length were measured for each plant. These variables were compared by 

A N O V A  (Table 3.6). As found previously, the untreated transgenic lines had reduced 

height, intem ode length and numbers o f intemodes compared to non-transgenic 

controls. Leaf area for all three unsprayed transgenic dwarf lines was reduced compared 

to the unsprayed non-transgenic control.

G A application had a marked effect on phenotype in dwarf lines (Figures 3.24) and 

proportionately less effect on the non-transgenic controls (Figure 3.25). The mean 

heights o f all three GA-treated dwarf lines, including that o f the treated control were not 

significantly different from each other and were higher than the unsprayed non- 

transgenic control (Figure 3.26-A). Intemode lengths in GA-treated lines were restored 

to levels seen in the GA-treated control line, or the untreated control in the case o f  line 

A S 13 (Figure 3.26-B). The numbers o f  intem odes in all three transgenic lines increased 

with G A application and was slightly higher in line A S13 compared to G A applied HOI, 

P01 and non-transgenic control lines (Figure 3 .26-C). L eaf areas o f  all lines were 

reduced by GA application (Figure 3.27).
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3.3.6 GA rescue experiment
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Figure 3.24: Effect of GA3 application on transgenic dwarf lines showing the two shortest and tallest
examples of untreated controls (left) and all GA-, treated plants (on right). Top: line AS 13. Middle' line 
HOI. Bottom: P01.
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Figure 3.25: Effect of UA3 application ot line on Cireensleeves non-transgenic control plants
showing the two shortest and tallest examples o f untreated controls (left) and all GA3 treated plants (on 
right).

I l l



Sean Bulley 2002
Genetic modification o f gibberellin biosynthesis in apple cultivar Greensleeves

Figure 3.26: Boxplots comparing height
(A), internode length (6) and internode 
numbers (C) between GA3 untreated and 
treated AS13, HOI, P01 and non-transgenic 
control (GSC) lines. The box spans the 
interquartile range of the values in the variate, 
so that the middle 50% of the data lies within 
the box, with a line indicating the median. 
Whiskers extend beyond the ends of the box as 
far as the minimum and maximum values.
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Effect of GA applcaticn on leaf a rt*

Figure 3.27: Boxplots comparing changes in leaf area between GA3 untreated and treated AS 13,
HOI, P01 and non-transgenic control (GSC) lines. The box spans the interquartile range of the values in 
the variate, so that the middle 50% of the data lies within the box, with a line indicating the median. 
Whiskers extend beyond the ends o f the box as far as the minimum and maximum values.
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Transformations with pSCV1.2-20oxl-sense and anti-sense and pSCV1.2-2-oxidase

Attempts at transformation with the Phaseolus 2-oxidase were unsuccessful and 

characterised by a lack o f callus growth and regeneration o f only two shoots (non- 

transgenic escapes). It was thought that exogenous application o f G A3 would alleviate 

the symptoms and allow some callus growth and regeneration, but this proved not to be 

the case. The first transformation with the 2 0 o x l anti-sense construct was very similar 

to the transformations with the Phaseolus 2-oxidase construct, with almost no callus 

growth and no shoot regeneration. The response to directly applied GA3 in the second 

attempt at transformation with the 20o x l  anti-sense construct was noticeable compared 

to the first transformation because there was callus growth and more importantly shoot 

regeneration from callus tissue, albeit at lower levels than a separate control 

transformation with pSCV1.6 vector. The amount o f  G A3 applied proved critical 

because when G A3 was applied at the same rate to leaf disks unexposed to 

Agrobacterium infection on non-selective regeneration media, regeneration was 

inhibited. This response to exogenously applied GA by untransformed explants has 

been seen in other studies. Regeneration o f  shoots from hypocotyl explants o f Albizzia 

julibrissin was inhibited by G A3 and promoted by the G A biosynthesis inhibitors 

paclobutrazol, uniconazole and prohexadione calcium  (Sankhla et al. 1993). Ezura and 

Harberd (1995) found that GA3 reduced and paclobutrazol increased the frequency o f  

shoot bud regeneration from wild type Arabidopsis thaliana callus. They also found that 

mutants that had reduced levels o f bioactive G A, or a reduced response to GA
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3.4 Discussion
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that GA reduced the levels o f  regeneration from cotyledonary explants o f melon.

The lack o f transformants with the Phaseolus 2-oxidase construct could be due to 

problems within the construct itself, such as disruption o f  the selectable marker nptll. 

H owever that seems unlikely as restriction digests used in the cloning process appeared 

to be correct and later PCR with primers for both the bean 2-oxidase and nptll amplified 

the correct sized fragments. Another possibility is that expression o f  the two introduced 

sequences seriously disrupted GA levels in transformed cells and untransformed cells 

(via transient expression) and that synthesis o f low levels o f  GA is required in the early 

stages o f  transformation to promote cell division and or formation o f shoots. The level 

o f GA seem s to be important because high concentrations inhibited callus growth and 

shoot regeneration from apple leaf disks yet in the 2 0 o x l anti-sense transformation GA  

needed to be applied to get regeneration. The presence o f suspensor cells in vitro were 

essential for continued development o f immature Phaseolus coccineus embryos up to 

the early dicotyledonous stage but could be compensated for by GA3 application 

(Cionini et al. 1976; Yeung and Sussex 1979). Suspensor cells are implicated in 

supplying G A to the embryo at this stage because they initially contain much greater 

levels o f  GA than the embryo, which at later stages becom e self-sufficient (Alpi et al. 

1975). The dosage was important because high levels inhibited embryo development 

(Yeung and Sussex 1979). Therefore low levels o f  G A are probably required during 

somatic embryogenesis, with some o f the cells forming the early proembryo possibly  

playing the role o f  the suspensor. During the transformation process leaf disks undergo 

a 3-day co-cultivation step where a highly expressed 2-oxidase enzym e would remove 

available GAi or GA4, while an anti-sense m olecule may promote a strong PTGS effect.
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regenerated shoot buds more readily than wild type controls. Gaba et al. (1996) found
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proposed hypothesis is true, then suppression o f  the endogenous gene must have 

occurred at a later stage than for 2 0 o x l anti-sense or the degree o f  suppression at the 

early regeneration stage may have been lower. This difference, possibly in the degree o f  

suppression o f  MdGA20oxl or maybe even another hom ologous sequence had a marked 

effect on callus growth and shoot regeneration.

A s apple leaf disks appear to be sensitive to the level o f  GA application it may be true 

that the level o f  applied GA3 for the 2-oxidase transformation was sub-optimal and that 

a different application rate may have resulted in the regeneration o f  transformants. After 

three attempts at transformation o f  over 700 leaf disks with the Phaseolus 2-oxidase 

construct, work with this construct was discontinued and attention was focused on the 

regenerating lines from the 2 0 o x l sense and anti-sense transformations.

Transformation with the 20ox l-sen se  returned a 13% transformation frequency o f  

transformants containing both nptll and 2 0 o x l sequences. There were 15 additional 

lines that contained the nptll selectable marker gene only, probably as a result o f  

premature interruption o f  T-D N A  integration. In the T -D N A  sequence o f  the constructs 

used, the nptll gene is more proximal to the right hand border than 2 0 o x l and so it is 

inserted before the 2 0 o x l cassette. These results show that there is scope for increasing 

transformation frequency if  premature termination o f T -D N A  transfer could be 

m inim ised or eliminated. If that could be done then in this case the transformation 

frequency could have been increased from 13% up to a possible 18%.
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However, the 20oxl-sense transformation produced many transformed lines and if the
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The reduction in height seen in the dwarf lines was dramatic in som e cases and was a 

result o f  reduced intemode numbers coupled with reduced mean intem ode lengths. The 

reduction in intemode length compared to the control was greater in each dwarf line 

than the reductions in intemode number. Intemode lengths ranged from 35% to 71% 

and intem ode numbers ranged from 64% to 91% o f  the control mean. In lines P01, 

AS 10 and AS 13 leaf area was reduced to 57%, 83% and 75% o f the control mean. This 

could have been expected since MdGA20oxl is expressed in young leaves (section 2.1). 

This does not occur in line HOI or Q01 (thought to be a tetraploid o f  line HOI) and may 

be caused by differential levels o f MdGA20oxl suppression in these tissues.

In a ribonucléase protection assay (Figure 3.20) there was lower 20oxl-transgene 

transcript accumulation in shoot tips o f  HOI and possibly Q01 compared to young 

leaves. This could be indicative o f  PTGS o f the 2 0 o x l transgene, because nptll 

expression in HOI, which is driven by the same 35S promoter, does not appear to be 

different between the two tissues. The nptll transgene is linked to the 2 0 o x l transgene 

therefore it seem s unlikely that position effects are responsible for the large difference. 

In a Northern blot with m RNA from greenhouse grown plants, the amount o f 2 0 o x l-  

transgene transcripts in HOI shoots appeared to be slightly lower than in HOI leaves. 

Therefore there may be differential suppression o f 2 0 o x l transcripts in line HOI. As 

noted previously, Q01 did not show any 20oxl-transgene expression, which did not 

agree with the RPA data. This may be due to degraded m RNA, which can still be 

detected by RPA because RPA probe are generally small, and in this case 2 0 o x l-  

transgene probe hybridises to a 259bp region. The hybrid is protected from RNAse
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Regenerated transgenic plants and resultant phenotypes
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different sized fragments are hybridised to, making the signal too weak to detect. 

Another possibility is that this particular plant is non-transgenic because it had not been 

tested by Southern blot, however the plant was identical in phenotype to other plants 

from the Q01 line and was used because no confirmed transgenic Q01 plants were 

available.

The RPA with 2 0 o x l probe and M dG A 20oxl probe showed some reduction o f  

endogenous MdGA20oxl transcript in HOI and Q01 shoot tips and young leaves from 

the growth analysis experiments (section 3 .3.2) compared to the control. Within plants 

from each line there appears to be less transcript accumulation in shoot tips compared to 

leaves, although better data for endogenous MdGA20oxl is required to sure about such 

a conclusion. Ideally Northern blots with more m RNA or RPAs with m RNA should be 

performed, this should allow better determination o f  the relative levels o f  MdGA20oxl 

expression between dwarf transgenic plants and non-transgenic control plants. What is 

more certain is that MdGA20oxl does appear to be transcribed because transcripts were 

detected by PCR with cD N A  in all lines. The m RNA was isolated with magnetic beads 

with covalently attached poly (dT), this should isolate new ly completed transcripts 

before they are degraded. Therefore, PTGS is likely to be the mechanism down 

regulating MdGA20oxl and possibly the 20-ox 1-transgene expression because in PTGS 

m RNA is actively transcribed but then degraded.

A  Northern blot o f  total RNA probed with 20oxl-transgene probe did not detect 2 0 o x l-  

transgene or endogenous MdGA20oxl transcripts but detected bands o f  unpredicted size 

in HOI and P01 samples (Figure 3.23). It is difficult to explain the presence o f these
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digestion so all of the fragments are one size whereas in a Northern blot a range of
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0.95kb, are close to the size (920bp) that a shortened MdGA20oxl R N A species would  

be if  it were truncated at a region corresponding to the 3 prime end o f  the 2 0 o x l-  

transgene. There is also a faint smear o f  approximately 0.45kb in HOI young leaves 

(Figure 3 .23), this may be degradation product o f  the 20oxl-transgene. From the 

sequence obtained for MdGA20oxl in Chapter 1 it appears that the full-length cD N A  is 

approximately 1.66kb long. Therefore the bands detected might be degradation products 

o f  the endogenous MdGA20oxl transcript (Figure 3.28). If this is true, the reason why 

the 3 prime degradation product was not detected is because it does not contain 

complementary sequence to the 2 0 o x l probe used, and so only the 5 prime sequence 

was detected because it contained probe sequence. The Northern blot with mRNA  

(Figure 3.21) did not detect the 0.9-0.95kb sequences, indicating that the fragments 

were not polyadenylated and therefore they could be a truncated 5 prime fragment o f  

MdGA20oxl RNA.

Han and Grierson (2002) investigated aberrant R N A fragments present in transgenic 

tomato plants exhibiting PTGS o f an endogenous polygalacturonase gene (first reported 

by Smith et al. 1990). They detected short RN As in the silenced plants and 

demonstrated that the short RNAs were preferentially produced from the 3 prime end o f  

a truncated hom ologous transgene. A  property o f  a tomato RdRP in vitro was that 

unprimed transcription preferentially comm enced at the 3 prime end o f the template 

(Schiebel et al. 1993). It was suggested that the reason the short R N A s preferentially 

came from this region was due to premature termination o f  dsRN A synthesis by a RdRP 

due to predicted R N A  tertiary structure (Han and Grierson 2002). These short R N A s are 

thought to direct endonucleotic cleavage o f  the endogenous gene via RISCs at points
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bands but it is interesting that the size of the bands, estimated at approximately 0.9 and
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Figure 3.28: A possible mechanism o f  MdGA20oxl down regulation at work in HOI and P01
transgenic dwarf plants. Box A shows the 20oxl-transgene transcript aligned to MdGA20oxl transcript 
and sizes of fragments. Box B outlines a possible mechanism based on PTGS and observations from 
experiments presented within. Star symbols: not investigated to date. 1: Transgene insertions or 
rearrangements inadvertently causes production o f  dsRNA. 2: dsRNA is processed into 21-23 short 

L  T  ■ enZymCS' ^  ^  i Ft RNAS aSSOCiate int0 a RNA-induced silencing complex 
(RiSC) and direct nucleases contained within the RISC to target (MdGA20oxl) ssRNA, 3A anti-sense 
short RNAs prime dsRNA synthesis by a RdRP but RNA secondary structure (not determined he e) mav 
cause premature termination of synthesis. The synthesised dsRNA may be the mobile propagated s gnaf

pathways although RNA tertiary struerure
200 2 ). M ethy la lion  o f  endo g en o u s M dG A20o,l gene „  20 ,,*  1 -tran sgenes h as no, been  m .e s h g a fe d
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complementary to themselves, resulting in the aberrant fragment. Using probes

downstream from the 3 prime end o f the truncated transgene the authors demonstrated 

the presence (in lower amounts) o f the corresponding polyadenylated tail fragment. 

They suggested that the higher accumulation o f the 5 prime aberrant fragment due to 

predicted R N A tertiary structure that may impede the progress o f endonucleases, or it 

may be due to a role in short RNA template production.

Further work with the dwarf apple lines should investigate the presence o f  short RNAs 

as these species are integral to the PTGS mechanism (Hamilton and Baulcombe 1999; 

Mette et. al. 2000; Llave et al. 2000; Dalmay et al. 2000; Voinnet 2001).

Identification o f GA levels in shoot tips and young leaves o f H01 plants provided 

evidence that GA 20-oxidase activity is reduced compared to non-transgenic controls. 

Data was most complete for H01 and its non-transgenic control. In H01 plants there was 

a higher concentration o f GAjg and a lower concentrations o f  GA20 and G A | compared 

to non-transgenic controls in both young leaves and shoot tips. This shows that the step 

between G A 19 and GA20 is impaired in plants o f  this transgenic line. The higher 

concentration o f G A19 in H01 shoot tips and young leaves compared to the control 

indicates that M dG A 20oxl may be the principle 20-oxidase enzym e performing the 

G A19 to GA2o step in these tissues. The G A19 found is most probably derived from the 

root, as G A,9 has been identified to be the major polar GA in xylem  exudate in apple 

cultivars with ‘normal’ growth (Looney et al. 1988, M otosugi et a l  1996). 

Concentrations o f  G Ai in H01 young leaves were approximately 4  fold less than the 

non-transgenic controls whereas in the shoots it was over ten-fold lower than the 

control. This might explain why H01 leaf areas were not significantly different to the
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than it was in shoot tips. Absolute levels o f  GAi in AS 13 young leaves, which were very 

similar to HOI, may seem  to contradict this but the concentration o f GAi could not be 

determined in the corresponding non-transgenic control. The plants were also derived 

from separate experiments so comparisons cannot be made.

The most dwarfed lines, Q01 and A S10, were shown to be tetraploid by flow  cytometry 

(independently tested). There were other non-dwarfed lines that appeared to have 

similar leaf phenotypes but were not ploidy tested. In these experiments the factor 

comm on to polyploidisation seems to be existence as undifferentiated callus tissue for 

prolonged periods o f  time before regeneration into shoots. Lavania and Srivastava 

(1990) showed that diploid callus cells resort to tetraploidy to overcom e tissue culture 

stress. Here, tetraploidy appears to pronounce the suppression effect although how this 

occurs is not certain. It may be that more transgenic transcript is produced which in turn 

leads to a greater suppression effect. However, in apple triploidy increases vigour while 

tetraploidy decreases vigour (Janick et al. 1996), therefore the dwarfing effects seen 

may be m ostly due to tetraploidy. In other species induced polyploidy generally results 

in increased plant size (Dhawan and Lavania, 1996). There are exceptions such as in tea 

(Camellia sinensis) where induced polyploids had reduced biomass compared to diploid 

plants (Wachira and N g ’etich, 1999), and in cassava where analysis o f  somatic 

tetraploid mutants showed that they had reduced vigour compared to diploid clones 

(Hahn et al. , 1992).
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controls because the reduction in GAj was proportionately lower in HOI young leaves
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The vegetative growth and phenotype o f the dwarf lines was restored almost to wild  

type levels by GA3 application. This implies that bioactive GA levels were reduced in 

transgenic dwarf plants and that this reduction is due to down regulation o f  the 

MdGA20oxl gene encoding a 20-oxidase enzym e. The increase in intem ode length 

appeared to contribute more to the recovery in plant height than the increase in 

intem ode number. Curiously GA application reduced leaf areas and petiole lengths o f  

all lines including the control. It may be that the GA concentration applied was 

saturating and so most photosynthetic assimilates were partitioned towards shoot 

extension, thus limiting leaf expansion.
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GA3 application can restore a wild type phenotype

The role o f MdGA20oxl in apple tree growth and development

The engineered mutants produced here show that MdGA20oxl plays an important role 

in promoting shoot and leaf extension and that reducing expression can have striking 

effects on plant vigour. Experiments in Chapter 1 found that the MdGA20oxl gene is 

expressed at low  levels in shoot tips and young leaves during vegetative growth and is 

expressed at high levels in developing embryos and in very low  levels in stigmas and 

styles and in ovaries in the days follow ing pollination.

In many species endogenous GA is an absolute requirement for the development o f  

fertile flowers (Barendese et a l, 1991). Unfortunately none o f the transgenic dwarf lines 

have flowered to date so the effects on flow ering and fruit developm ent cannot be 

assessed. It is unlikely that flowering will be seriously affected as expression o f  a 

second 20-oxidase gene (MdGA20ox2) was detected in stamens and ovaries which may
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organs. MdGA20ox2 has low  hom ology to the 20oxl-transgene sequence at the 

nucleotide level (45%), and therefore is unlikely to be suppressed in the MdGA20oxl 

mutant lines. Although there may be tissue specific expression o f  MdGA20oxl and 

MdGA20ox2, the product (GA20) and its metabolites are very m obile in plant tissues and 

so may probably compensate.

Because there was high MdGA20oxl transcript accumulation in developing embryos, 

com pletely knocking out MdGA20oxl expression may impact on fruit and seed  

development. G A is required immediately after fertilisation for fruit to set in tomato but 

is not an absolute requirement for subsequent fruit development (Groot et al., 1987). 

The developing seed is implicated in maintaining fruit growth, possibly by increasing 

fruit sink strength through the synthesis o f hormones such as auxin, GA and possibly  

A B A  (Hedden and Hoad, 1984). Therefore if  GA content is severely reduced in the 

seeds o f MdGA20oxl mutants then fruit growth could be reduced and fruit abscission 

may be increased. However, apple seeds contain a very large number o f G As and so it is 

equally likely that there may be other 20-oxidases that could compensate for reduced 

MdGA20oxl expression and so fruit growth may not be compromised. Seed  

germination may be reduced or retarded which in this situation would be desirable 

because it would theoretically limit transgene spread by seed.
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compensate for a reduction in MdGA20oxl expression which was very low in these

Use o f dwarf lines as scions

One o f the initial hopes was to try to uncouple vigour control and rootstock type to 

allow  greater rootstock utilisation. S o  lines HOI and P01 scions have recently been
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changes that may be induced in the degree o f  dwarfism. Early indications after 

approximately one month o f growth are that both HOI and P01 scions have remained 

less vigorous than non-transgenic G reensleeves scions. This is  very promising indeed  

although no final conclusion can be made until the end o f  the growing season.
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grafted onto invigorating M25 rootstock and moderately vigorous MM 106 to assess any

Other effects of GA 20-oxidase down regulation: disease resistance and increased 
water stress tolerance?

Plants have been sent to our collaborating partner Dr. H. A ldwinckle at the N ew  York 

State Experimental Station, Cornell University, Geneva, N ew  York State, U SA  to be 

planted in the field. There they will test the plants for resistance to fire blight and scab 

in the field as well as observing flowering and fruiting. In other lines dwarfed by 

modification o f  gibberellin biosynthesis there is evidence o f  increased levels o f  

anthocyanins as a side-effect (P. Hedden, pers. com m .). Higher levels o f anthocyanins 

may increase disease resistance. This together with the plants at HRI East M ailing 

should provide answers to these important questions in the com ing seasons.

W hen two line Q01 plants and som e non-transgenic controls were accidentally not 

watered for three weeks the Q01 plants survived and maintained leaf turgidity while the 

non-transgenic plant withered and died (see figure 3.29). W hen watering was resumed 

the Q01 plants returned to normal growth. It is unknown how much this effect is due to 

tetraploidy because it is difficult to uncouple the effects o f tetraploidy with the effects o f  

transgene mediated MdGA20oxl down regulation. Evidence o f increased water stress 

tolerance was seen in AS 13 and P01 (and tetraploid AS 10) plants when they became 

dry during a growth analysis experiment in controlled environment cabinets (section
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3.3.3). Intemode length o f the non-transgenic controls transiently reduced around this

point (over approximately 3 intemodes) while the all three dwarfs appeared unaffected.
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Figure 3.29: Increased water stress tolerance of extremely dwarfed line Q01 plants (2 plants on
right) not watered for 3 weeks. The plant on the left was non-transgenic and did not recover once 
watering was resumed. Leaves on Q01 plants remained turgid and green and the plants resumed growth 
once watered.
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4.1 Bittersweet apple regeneration and transformation

4.2 Introduction

To fulfil the aim o f engineering a dwarfing habit into bittersweet cultivars it was 

necessary to produce a protocol for their transformation. Three bittersweet apple 

cultivars M ichelin, Ellis Bitter, and Chisel Jersey were available in culture and were 

introduced into micro-propagation cultures by Simon Vaughan in 1996 (S. Vaughan, 

unpublished results).

In trying to create transgenic bittersweet varieties the strategy taken here was to apply 

methods from a system that works well. Greensleeves was the first apple cultivar to be 

transformed by James et al, (1989) and at present (after m odifications) regularly returns 

transformation frequencies between 8 and 16% (A. Passey and S. Vaughan, unpublished 

results). The target tissue for conventional apple genetic transformation techniques is 

young expanding leaf tissue, which is used because a ready supply can be maintained as 

in vitro propagated shoot cultures ready for use when required. The age and 

developmental stage o f  the leaves are important (James et a l  1990) and so young leaves 

from rooted plantlets are used because they show less variation in regeneration response 

(James et a l  1988, James and Dandekar 1991). Leaf disks (7mm  diameter) or cut pieces 

o f  leaf tissue or segments are comm only used. W hile cutting leaf p ieces or segments is 

faster, it is argued that leaf disks are better for transformation because they do not 

expand or curl as much as whole leaves or leaf segments and therefore have better 

contact with the regeneration medium (James and Dandekar 1991).
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Factors that are important for successful transformation in G reensleeves include a 

reliable method for regenerating shoots from leaf tissue, and the use o f the hyper- 

virulent Agrobacterium tumefaciens strain EHA101 otherwise known as A281 

(Dandekar et al. 1990). The hyper-virulence o f  EHA101 is encoded in a region of  

pTiBo542 outside the T-D N A  (Hood et al., 1986). Other strains have been used 

successfully with Greensleeves but did not give such high transformation frequencies in 

terms o f  blue stained callus with a construct containing the 35S-G U S reporter gene 

(Dandekar et al. 1990). In other cultivars EHA101 has been found to be the most 

effective strain for transfection and transformation (Maheshwaran et al. 1992, D e Bondt 

et al. 1994). James et al. (1993) demonstrated that acetosyringone and osmoprotectants 

such as betaine synergistically enhance transformation in apple. Incubating the bacteria 

with acetosyringone at pH5.2 before inoculation induces transcription o f virulence 

genes (Rogowsky et al., 1987) but reduces bacterial growth, while inclusion o f betaine 

improves growth and virulence induction by helping bacteria adjust to pH changes 

(Vem ade et al. 1988).

In general the regeneration response varies greatly between varieties. Initial experiments 

testing regeneration o f shoots from Ellis Bitter and M ichelin leaf pieces on three 

different regeneration media showed very low levels o f  shoot regeneration that changed 

with different hormone treatments (S. Vaughan, unpublished data). Regeneration was 

found to be best when leaves were placed with the abaxial side down in contact with the 

medium. Therefore, in the current work, the basic elem ents o f  Greensleeves 

transformation such as Agrobacterium strain, induction and co-cultivation  

(transfection), and dark incubation were used, and conditions for improving shoot

Sean Bulley 2002 Bittersweet Apple Regeneration and Transformation
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regeneration from leaf disks o f  bittersweet cultivars, particularly hormone treatments 

used in regeneration media, were investigated.

A survey o f  available literature showed that three phytohormones are com m only used in 

regeneration media used in transformation o f  a range o f  cultivars. The auxin N A A  

(alpha isomer) is used together with either or both the cytokinins BAP and TDZ. For 

some cultivars N A A  appears to be required for shoot formation because, when omitted, 

shoot regeneration o f  apple dwarfing rootstocks was inhibited (Welander and 

Maheswaran, 1992). The hormone concentrations used range from 0  to 22.2pM  for 

BA P, 0.5 to 5.4pM  for N A A , and 0 to IOjiM  for TDZ. Other forms o f  auxin and 

cytokinin have been used for regeneration but in the main BA P, N A A  and TDZ have 

been most effective in terms o f  transformation o f  a wide variety o f  cultivars. Therefore 

combinations o f these hormones provided the basis o f the initial work.

Other components that were varied were basal media, sugar source and gelling agent 

and as w ell as regeneration and transformation experiments, the practical aspects o f  

producing plants for transfer and growth to soil were investigated.

Sean Bulley 2002 Bittersweet Apple Regeneration and Transformation
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4.3.1 Bittersweet apple micro-propagation and rooting 

Micropropagation

M ichelin, E llis Bitter and Chisel Jersey were micro-propagated as shoot cultures in CP 

proliferation media (section 6.2.10, Materials and M ethods) and sub-cultured into fresh 

media every month. Initially none o f  the bittersweet shoot cultures grew as vigorously  

or looked as healthy as the model cultivar Greensleeves. E llis Bitter grew most 

vigorously o f  the three bittersweet varieties but produced spindly shoots with little side 

shoot formation and small leaves. M ichelin was similar in growth habit and appearance 

but grew with less vigour, had smaller leaves, and a thicker stem. Chisel Jersey was 

quite different in habit, characterised by slow  growth, very few  side shoots and big  

leaves on a single thick stem. A  large proportion o f Chisel Jersey shoots died after each 

subculture and the tissue looked unhealthy in general.

Over the three and a half years time period in tissue culture the general health o f all 

three cultivars increased. M ichelin and Ellis Bitter showed greatest improvement in 

overall health and vigour and now compare w ell with G reensleeves. However, there 

have been recurrent problems with contaminating bacteria growing on the surface o f the 

media o f M ichelin and Chisel Jersey. The most probable source o f  contamination is 

endogenous saprophytes present on leaves. All the bacterial strains grew slow ly and at 

first did not appear to have deleterious effects i f  present in low  amounts. Shoot growth

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration

4.3 Results
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was impaired when the bacterial colonies occupied most o f  the media surface. 

Contamination was overcome in M ichelin by washing shoots in a 2% (v/v) solution o f  

Plant Preservative Mixture (PPM, Plant Cell Technology Inc.) for 10 mins and placing 

them in media supplemented with 0.5m l per litre PPM. In follow ing sub-cultures only  

shoots from containers with no apparent contamination were transferred to media 

supplemented PPM. W hile M ichelin has had sporadic outbreaks o f  infection, Chisel 

Jersey has had the greatest amount o f contamination and continues to have 

contamination to some degree.

Rooting performance o f Michelin and Ellis Bitter compared to Greensleeves

A  total o f  159, 96 and 48 shoots o f Greensleeves, M ichelin and Ellis Bitter, 

respectively, were induced to root in R13 medium (Greensleeves) or CR13 medium  

(M ichelin and Ellis Bitter), which both contain a higher concentration o f IBA (section 

6.2.12, Materials and Methods). The numbers o f shoots used were dependent on the 

numbers o f  available shoots. After root induction, the shoots were transferred to 

minimal nutrient medium, RE medium for Greensleeves or CRE medium for M ichelin 

and Ellis Bitter (section 6.2.12, Materials and M ethods), for 4 weeks and then scored for 

the number o f  shoots that had formed roots. The numbers o f roots formed on each 

M ichelin and Ellis Bitter shoot were counted and a few  rooted shoots o f  M ichelin were 

transferred to soil. Both M ichelin and Ellis Bitter showed comparable levels o f rooting 

to Greensleeves when induced with IBA (Figure 4 .1). O f 96 M ichelin shoots induced to 

root, 62 formed roots, whereas 34 out o f  48 induced Ellis Bitter shoots formed roots. 

For Greensleeves 107 out o f  159 shoots formed roots in root induction medium. The
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mean number o f  roots per rooted shoot was greater in M ichelin than Ellis Bitter (not 

scored for Greensleeves). The rooted M ichelin plants were successfully transferred from 

sterile culture to soil by the same methods used for G reensleeves showing that there 

should be little difficulty in transferring any transgenic plants to soil in the future 

(Figure 4.1).

Other experiments using Greensleeves have shown that more consistent root formation 

can be achieved by dark incubation o f shoots in root induction media and keeping them  

in the dark for a further 5 days after transfer to minimal nutrient media. This 

modification has not been tested on bittersweet cultivars.

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration
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Rooting performance of Michelin and Ellis Bitter compared to
Greensleeves
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A  preliminary study was performed to compare Ellis Bitter and M ichelin regeneration 

from leaf disks. Chisel Jersey was not tested due to poor tissue quality. The treatments 

used were all based on 40 g.l'1 sorbitol and 2.5 g.l'1 Phytagel (Sigm a) gelling agent and 

compared various combinations o f BAP, N A A , and TDZ as w ell as DKW  and MS salts 

(Table 4.1). A  treatment using the synthetic cytokinin CPPU instead o f BA P and TDZ  

was also included but tested only with M ichelin due to the availability o f  leaf disks. 

Cefotaxim e (claforan®’ Roussel Laboratories Ltd.) antibiotic was also included in all 

treatments at the rate o f  200 m g.l'1. The experiment was performed in sterile 25 well 

RepliDishes (Bibby Sterilin, UK) containing 2.5 ml o f  medium in each square well for 

each leaf disk.
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4.3.2 Preliminary regeneration experiment

Table 4.1: Treatments tested in preliminary regeneration experiment

Treatment
BAP

(m g l1)
NAA

(mg.r1)
TDZ

<mg.r‘)
CPPU
(mg.r1)

Salts
(4.4g.Vl)

1 5 1 1 - MS
2 5 1 1 - DKW
3 0 0.1 1 - DKW
4 1 1 1 - DKW
5* 0 0.1 - 1 DKW

* M ichelin only
5 mg.!’1 BA P= 22pM , 1 mg.!'1 N A A = 5.4pM , 1 m g.!'1 TDZ= 4.6pM

Tw enty-five leaf disks were cut for each treatment and placed (one per well) on 

appropriate media for 3 days, after which they were washed in antibiotic solution (5 

m g.m l'1 augmentin, 2  m g.m r1 cefotaxim e) for 4  to 5 hours at 20°C  with gentle shaking.
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Follow ing the antibiotic wash they were transferred to appropriate fresh medium and 

this was counted as the start date o f  the experiment. After 27 days incubation at 25°C in 

the dark the leaf disks were scored for callus growth and quality, and after 44 days the 

number o f  shoots that regenerated were counted (Table 4.2).
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Table 4.2: Results o f preliminary cider regeneration experiments

Cultivar Treatment

Callusing 
at 27 days 
after start

Callus
quality

Number o f 
shoots per 25 

leaf disks at 44 
days after start

Ellis Bitter 1: BNZ 5-1-1, MS salts Fair Fair 0
Ellis Bitter 2: BNZ 5-1-1, DKW  salts Fair Poor 0
Ellis Bitter 3: NZ 1-0.1, DKW  salts Limited Good 0
Ellis Bitter 4: BNZ 1-1-1, DKW  salts Good Good 0
M ichelin 1: BNZ 5-1-1, MS salts Very good Very good 0
M ichelin 2: BNZ 5-1-1, DKW  salts Limited Poor 2
M ichelin 3: NZ 0.1-1, DKW  salts Good Very good 5
M ichelin 4: BNZ 1-1-1, DKW  salts Limited Fair 1
M ichelin 5: NC 0.1-1, DKW  salts Limited Fair 0

B = BA P, N= sJAA, Z=TDZ, C=CPPU. Numbers separated by dashes indicate
concentration o f  respective hormones in m g.l'1. 5 mg.1'1 B A P= 22^iM lm g  l'1 N A A -  
5.4pM , 1 m g.l'1 TDZ= 4.6(^M

Over all the media tested, M ichelin showed a better response in terms of callusing and 

callus quality than Ellis Bitter. M ichelin also formed shoots, albeit in very low  numbers. 

Treatment 3 appeared best overall in terms o f regenerated shoots and callus quality but 

treatment 1 gave better callus growth and quality. M edia based on M S salts (treatment 

1) instead o f  DKW  salts appeared better for callus growth and quality even though 

shoots are micro-propagated in DKW  based medium. Therefore M ichelin was chosen 

for further work because it showed more potential than E llis Bitter.
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Michelin regeneration experiment 1

In apple, three plant hormones are most com m only used for regeneration from leaf 

tissue. These are the cytokinin BAP, the auxin N A A , and the cytokinin mimic TDZ. A  

literature search showed that concentrations o f BAP between 0 and 5 m g.l'1, N A A  

between 0.01 and 1 m g.l'1, and TDZ between 0.1 and 1 m g.l'1 were most comm only  

used. Omission o f  N A A  inhibited shoot regeneration (Welander and Maheshwaran, 

1992) so N A A  was included in all treatments tested. BA P at 5 m g.l'1 and higher reduced 

the percentage o f  explants regenerating but did not affect the number o f shoots per 

shooting explant (James et al. 1988) so the maximum concentration o f BAP used was 2 

m g.l'1. An antibiotic treatment was included because it is used in the transformation 

process, and furthermore antibiotics have also been shown to have a positive effect on 

regeneration (Dupuis and Chevreau 1997).

The rationale taken in designing the experiment was based on answering two questions: 

Is BA P or TDZ at varying concentrations alone sufficient for M ichelin regeneration in 

combination with N A A  at a constant level o f  1 m g.l'1 and if  they are, what 

concentration is best?

W hich o f  3 concentrations o f  N A A  (0 .1 ,0 .5  and 1 m g .r1) is best out o f  all combinations 

with two concentrations o f  BAP (1 and 2m g.l'1) and 3 concentrations o f  TDZ (0.1, 0.5  

and lm g .f 1)?

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration

4.3.3 Michelin regeneration experiments
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Concentrations o f the salt base M S, the sugar sorbitol and gelling agent Phytagel 

(Sigm a) were kept constant at 4.4 g.l'1, 40 g.l'1, and 2.5 g.l"1 respectively. In all, 24  

different hormone combinations were tested (Table 3.3), as well as three controls o f  

M ichelin and Greensleeves disks placed on 5 m g.!'1 BA P, 1 m g.l'1 N A A , and 1 m gX 1 

TDZ m edium (BN Z 5-1-1) and M ichelin disks placed on 0.1 m g.!'1 N A A  and 1 m g.l'1 

TD Z (NZ 0.1-1, S. Vaughan data- best treatment). Cefotaxim e was included at 200  

m g.l'1 in all treatments. There were four replicates o f  ten disks per treatment making 40  

disks in total per treatment. Each replicate was performed at separate times due to the 

large numbers o f  leaf disks required. After cutting, the disks were placed on the 

appropriate media (in Petri dishes) for 3 days and then washed in antibiotics as 

described previously. The disks were placed back on the appropriate media in Petri 

dishes and the numbers o f  shoots were scored 39 days later.

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration
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Table 4.3: Hormone concentrations used in Michelin regeneration experiment 1. 
Concentrations of salt base, sugar and gelling agent were kept constant.

5mg.l

Treatment BAP (m g!1) NAA (m g l1) TDZ (mgS1)
1 0 1 0.1
2 0 1 0.5
3 0 1 1
4 1 1 0
5 2 1 0
6 5 1 0
7 1 0.1 0.1
8 1 0.1 0.5
9 1 0.1 1
10 2 0.1 0.1
11 2 0.1 0.5
12 2 0.1 1
13 1 0.5 0.1
14 1 0.5 0.5
15 1 0.5 1
16 2 0.5 0.1
17 2 0.5 0.5
18 2 0.5 1
19 1 1 0.1
20 1 1 0.5
21 1 1 1
22 2 1 0.1
23 2 1 0.5
24 2 1 1

1 G reensleeves control 5 1 1
M ichelin  control 1 5 1 1
M ichelin  control 2 0 0.1 1

BAP= 22pM, lmg.1
------ B33 Is BAP or TDZ at varying concentrations alone sufficient for Michelin
regeneration in combination with NAA at a constant level of 1 m g.r1 and if they are 
what concentration is best? y
H W E M m  Which of 3 concentrations of NAA (0.1, 0.5 and 1 mg.r1) is best out of 
all combinations with two concentrations of BAP (1 and 2m g.l1) and 3 concentrations 
of TDZ (0.1, 0.5 and lmg.l' )?

Red shadin
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This experiment showed that either BA P or TDZ alone in combination with N A A  could 

induce shoot regeneration from Michelin leaf tissue (Figure 4.2). TDZ alone gave 

similar levels o f  shoots per shooting leaf disk but a higher proportion o f  leaf disks with 

shoots than BAP alone. In terms o f numbers o f shoots per shooting leaf disk there 

appeared to be little effect o f increasing TDZ concentration in all treatments except 

treatment 15 (1 m g.l'1 BAP, 0.5 m g.l'1 N A A and 1 m g .r1 TDZ), where there was a low  

proportion o f  regeneration but high numbers o f  shoots on regenerating leaf disks.

In combination, BAP and TDZ generally appeared to g ive a consistently higher 

proportion o f  leaf disks with shoots but this was inhibited at the highest level o f NA A (1 

m g.l'1). At 1 m g.l'1 N A A  the mean number o f shoots per shooting leaf disk remained 

relatively unchanged due to a few  leaf disks with many shoots. The optimal 

concentration of N A A  appeared to be 0.5 m g.l'1 in the presence o f both BAP and TDZ, 

however 1 m g.l'1 NA A, when used with TDZ alone at 0.5 m g.l'1 or 1 m g.l'1, gave 

comparable levels o f regeneration to the better treatments.

O f all treatments tested on M ichelin, treatment 3 containing 1 m g.l'1 N A A  and 1 m g.l'1 

TDZ (NZ 1-1) and treatment 17 containing 2 m g.l'1 BA P, 0.5 mg.]'1 N A A  and 0.5 m g.l'1 

TDZ (BNZ 2-0.5-0.5) gave best callus and shoot quality. Ten treatments had higher than 

or equal to mean numbers o f shoots per shooting leaf disk compared to treatment 17 but 

treatment 17 was still deemed best because o f good overall performance. W hile 

treatment 15 gave the highest mean number o f  shoots per shooting leaf disk at over 

double that o f nearly all other treatments (6.4), the shoot quality was poor and the data 

was skewed by a small number o f leaf disks with many shoots. This was the reason for

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration
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disregarding other treatments that produced higher mean numbers o f  shoots per 

shooting leaf disk than treatment 17, such as treatments 1, 18, 20 and 23. The hormone 

levels o f  treatments 3 (NZ 1-1) and 17 (BNZ 2-0.5-0.5) were used in trials with other 

m edia components in M ichelin Regeneration Experiment 2.
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Michelin regeneration experiment 2

In separate experiments with Greensleeves it was shown that using reduced levels o f  

sorbitol o f  30g .r ‘ and replacing sorbitol with 30g.l"' glucose increased regeneration 

efficiency in Greensleeves (A.J Passey, unpublished results). Therefore, in the next 

experiment different sugar, salt base, and gelling agent types were tested in combination 

with the hormone concentrations treatments 3 and 17 from experiment 1 (Table 4.4). 

There were 25 disks cut per treatment and the cefotaxim e antibiotic was added as 

before. Unlike the previous experiment the leaf disks were not washed in antibiotic. The 

lea f disks were scored after incubating for 39 days in the dark at 25°C.

A s with Greensleeves, substituting glucose for sorbitol had a large effect on the 

regeneration response o f  M ichelin to treatments 2-7 and 2-8 (Figure 4.3). Compared to 

treatments 3 and 17 from experiment 1, the proportion o f  leaf disks with shoots 

remained at similar levels, but the mean number o f  shoots per shooting leaf disk 

increased from 3.7  and 2 .9  in treatments 3 and 17 to 6 .6  and 7.6 in treatments 2-7  and 2- 

8 as a result o f  using glucose. Regeneration from control treatments 2-2 and 2-4 was 

very low  compared to the same treatments in experiment 1 (3 and 17 respectively). 

H ow ever similar treatments differing only by a reduced level o f  sorbitol gave a result 

more similar to treatments 3 and 17. The high variability o f  these results may be due to 

different ages o f  explants and fewer replicates in each treatment (25) compared to 40  in 

experiment 1. When Agargel was used as the gelling agent (treatments 2 .9  and 2.10) 

regeneration was not as high as the comparison treatments with Phytagel as the gelling  

agent. Variations o f  treatments 2-7 and 2-8 were used in further media trials in M ichelin 

regeneration experiment 3.

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration
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Table 4.4: M ichelin regeneration experiment 2 treatments.

Treatment BAP
(« 's*1)

NAA
(mgJ1)

TDZ
(« 's* 1)

Salt (g.T1) Sugar (g.T1) Gelling agentig*1)

2-1 0 1 1 DKW  (5.2) Sorbitol
(40) Phytagel (2.5)

2-2 0 1 1 M S (4.4) Sorbitol
(40) Phytagel (2.5)

2-3 2 0.5 0.5 DKW  (5.2) Sorbitol
(40) Phytagel (2.5)

2-4 2 0.5 0.5 MS (4.4) Sorbitol
(40) Phytagel (2.5)

2-5 0 1 1 M S (4.4) Sorbitol
(30) Phytagel (2.5)

2-6 2 0.5 0.5 MS (4.4) Sorbitol 
...... (30) Phytagel (2.5)

2-7 0 1 1 M S (4.4) Glucose
(30) Phytagel (2.5)

2-8 2 0.5 0.5 MS (4.4) Glucose
(30) Phytagel (2.5)

2-9 0 1 1 MS (4.4) Sorbitol 
— (30) Agargel (5)

2-10 2 0.5 0.5 MS (4.4) Sorbitol
(30) Agargel (5)

G reensleeves
control

5 1
- 1 _ _

1 MS (4.4) Sorbitol
(40) Phytagel (2.5)

5 mg.I'1 BA P= 22(xM, 1 m g.l'1 N A A = 5.4^M , 1 m g.l'1 TDZ= 4.6pM
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Michelin regeneration experiment 3

From previous results the best Michelin regeneration media contained hormone levels 

o f  2 m g.l'1 BAP, 0.5 m g.l'1 N A A , and 0.5 m g.l’1 TDZ, glucose as the source of 

carbohydrate, Phytagel as the gelling agent and M S salts as the source o f mineral 

nutrients. Data from M ichelin regeneration experiment 1 indicated that N A A  (auxin) 

levels above 0.5 m g.l'1 could have a negative effect on regeneration with the levels of 

cytokinin used (1-2 m g.l'1 BAP, 0.5-1 m g.l'1 TDZ). Therefore treatments with N A A  at 

levels between 0.1 and 0.5 m g.l'1 were tested with BAP and TDZ at 2 and 0.5 m g.l'1 

respectively (Table 4.5). G lucose was used as the carbohydrate source at 30 g.l'1 with 

Phytagel as the gelling agent. Treatment 17 (BNZ 2-0.5-0.5 m g.l'1 with 40 g .l'1 sorbitol 

is the same as treatment 2.4) was repeated to act as a control and also to see if  the result 

in M ichelin regeneration experiment 1 was reproducible. The original treatment o f 0.1 

m g.l'1 N A A , 1 m g.l'1 TDZ with glucose instead o f  sorbitol was also included to test 

whether glucose would have as dramatic an effect as with treatments 2.7 and 2.8. Tissue 

was prepared as before and M ichelin leaf disks were cut and placed (25 disks per 

treatment) on the appropriate media supplemented with 200 m g.l'1 cefotaxim e as before. 

A s with experiment 2 the leaf disks were not subjected to antibiotic washes. The leaf 

disks were scored after 39 days incubation in the dark at 25°C.
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Table 4.5: M ichelin regeneration experiment 3 treatments.
Treatment BAP (mg.r1) NAA (mg.r1) TDZ (mg.r1) Sugar (gS1)

3-1 2 0.375 0.5 Glucose (30)
3-2 2 0.25 0.5 Glucose (30)
3-3 - 0.1 1 Glucose (30)
3-4 2 0.5 0.5 G lu co se(30)
17 2 0.5 0.5 Sorbitol (40)

- indicate that the component was not added. 5 m g.l'1 BA P= 22pM  1 m g l'1 N A A =  
5.4nM , 1 m g .l1 TDZ= 4.6jiM

The best treatment in this experiment was the repeated treatment 17 (Figures 4 .4  and 

4.5). Therefore the low result o f treatment 2.4 (=17) in experiment 2  was probably due 

to variation in tissue quality. The results for treatments testing 0.1 to 0.5 m g.l'1 N A A  

concentrations were poor in terms o f  regeneration (Figures 4.4 and 4.5).

N o  further attempts to improve M ichelin regeneration were made, instead 

transformation was attempted with the binary construct pSC V1.6 using regeneration 

media o f 2 m g.l'1 BAP, 0.5 m g.r1 N A A  and 0.5 m g.l'1 TDZ, 4 .4  mg.1'1 MS salts, 30g.l l 

glucose and 2 .5g.l'‘ Phytagel (section 4.3.5). G lucose was used instead o f  sorbitol 

because out o f  the two experiments it was compared to sorbitol it produced the highest 

number o f  shoots per shooting leaf disk (experiment 2) and the shoots that regenerated 

appeared to be o f better quality.
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Sean Bulley 2002 Bittersweet Apple Transfonnation and Regeneration

Figure 4.5: Leaf disks from 
Michelin regeneration
experiment 3. Each photograph 
shows an example of a 
regenerating leaf disk with 
shoots (indicated by arrows for 
Michelin) on the left and a disk 
of poorer quality with no 
shoots on the right.

Top: Greensleeves control
(BNZ 5-1-1).

Middle: Michelin expiants
BNZ 2-0.5-0.5, with 30g.f' 
glucose.

Bottom: Michelin expiants 
Repeated treatment 17: BNZ 2- 
0.5-0.5, with 40g.r' sorbitol.
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4.3.4 Ellis Bitter and Chisel Jersey regeneration experiments

Since media trials with Michelin showed improved regeneration with glucose and 

hormone concentrations o f  BAP, N A A  and TDZ at 2, 0.5 and 0 .5  m g.l'1 respectively, 

these conditions were tested with Ellis Bitter and Chisel Jersey. In addition, different 

auxin levels and types (IBA and IAA ) were tested (Table 4.6). M S salts (4.4 g .l’1) and 

Phytagel (2.5 g.I'1) were used as the mineral source and gelling agent, respectively. At 

the time, Chisel Jersey tissue quality was good and there was enough available for four 

25-leaf disk treatments (B, C, E, and F). Due to the low amount o f  available tissue, 20 

E llis Bitter leaf disks were used for each o f treatments A  to F.

Table 4.6: Treatments used in Ellis Bitter and Chisel Jersey regeneration experiments

Treatment BAP (mg.r1) NAA (mg.T1) IAA (mg.I1) IBA (mg.r1) TDZ (mg.r1)
A 2 0.375 0.5
B 2 0.25 0.5
C 2 0.5 0.5
D 0.1 i
E 2 0.5 0.5
F 2 0.5 0.5- _____________ i_____________ i _______ i_____1

Blank cells indicate that the component was not added. Other media components were 
4 .4  g.F1 M S salts, 30 g.I'1 glucose and 2.5 g.I'1 Phytagel.

After 39 days dark incubation at 25°C the number o f  shoots were recorded. E llis Bitter 

show ed a poor regeneration response with the six  treatments tested (Figure 4.6). The 

best treatment for E llis Bitter compared unfavourably with results seen in M ichelin and 

C hisel Jersey, which showed a better response (Figures 4.6). T w o out o f  the four 

treatments tested for Chisel Jersey gave a very similar response with a high proportion 

o f  leaf disks (80%) regenerating one or more shoots. Shoot and callus quality o f E llis 

Bitter leaf disks were poorer when compared to Chisel Jersey (Figures 4 .7  and 4.8).
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Sean Biilley 2002 Bittersweet Apple Transformation and Regeneration

Figure 4.7: Ellis Bitter leaf disks showing an example o f a regenerating leaf disk with shoots
(indicated by arrows) on the left and a disk of poorer quality with no shoots on the right.

Top: Treatment C: BIZ 2-0.5-0.5

Bottom: Treatment F: BAZ 2-0.5-0.5.
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Figure 4.8: Chisel Jersey leaf disks showing an example o f  a rei>eneratinL> le if  Hid, . -,u u
(indicated by arrows) on the left and a disk of poorer quality with no shoots on theright. ‘  ̂ h Sh° ° ,S

Top: Treatment B: BNZ 2-0.5-0.5

Bottom: Treatment C: BIZ 2-0.5-0.5.
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4.3.5 Michelin transformation experiment

Transformation o f M ichelin by the Agrobacterium mediated method was attempted with 

the binary construct pSCV1.6, containing the P-glucuronidase gene (gusA) and the nptll 

gene for kanamycin resistance, both driven by the CaM V 35s promoter (Gittins et al. 

2000). The procedure for transforming Greensleeves was follow ed using a total o f 251 

M ichelin leaf disks. The improved regeneration media o f  2 m g .l1 BA P, 0 .5  mg.1'1 N A A , 

0.5  m g.l'1 TDZ, 30 g.l"1 glucose, 4.4 g . l 1 MS salts, and 2.5 g.r* Phytagel was used, 

supplemented with 90  mg.I'1 kanamycin and 200 m g .l1 cefotaxim e (claforan®, Roussell 

Laboratories Ltd.).

A fter tw o months, many leaf disks had formed callus tissue but no shoots had arisen 

The callus quality was poor under kanamycin selection thereby reducing the chances o f  

shoot regeneration. In order to induce shoot formation half the leaf disks were placed 

onto m edia with double hormone concentrations (BN Z 4-1-1) and the other half was 

placed on fresh B N Z  2-0.5-0.5. After two months on their respective media (with 

m onthly transfer to fresh media), no shoots had arisen but callus quality o f  leaf disks on 

B N Z  4-1-1 did improve. This indicated that there may be too much auxin (N A A ) 

present. Consequently leaf disks were split evenly between two new hormone 

formulations without N A A  but containing the same salt/mineral, sugar, and gelling  

agent as before (Figure 4.9). One medium contained 2 mg.1'1 BA P and 1 m g .r1 TDZ  

(B Z  2-1) while the other contained 1 m g.l'1 TDZ alone (Z 1)
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Shoots

Figure 4.9: The media scheme used to regenerate Michelin shoots under kanamycin selection.
B = BAP, N = NAA, Z— TDZ and the numbers separated by dashes indicate the concentration in mg'1 of  
the respective hormone(s). Other media components were 4.4mg'‘ MS salts, 30g'* glucose, and 2 5b'1 
Phytagel. 2mg'* BAP= 8.9pM, lmg'' NAA= 5.4pM, lmg'1 TDZ= 4.6pM ’ ’ 6
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After approximately one month one shoot arose from a leaf disk on BZ 2-1 media and 

was transferred to CP media containing 50mg.r* kanamycin (the line was labelled M l). 

After two months 2 more shoots arose from BZ 2-1 and one shoot regenerated on Z 1 

media. The three new lines gradually died under selection whereas M l grew and 

remained healthy. M l leaves and a transgenic Greensleeves line B3 leaf (described in 

Gittins et al. 2000) stained blue when histochem ically stained using X-glucuronide 

while the non-transgenic M ichelin did not (Figure 4.10). Line M l was confirmed to be 

transgenic by hybridisation o f DIG labelled GUS D N A  probes to a D N A  blot o f  M l and 

non-transgenic M ichelin D N A  (Figure 4.11). Transgenic line M l is estimated to contain 

approximately 5 or more copies o f the gusA transgene. The pSCV1.6 vector contains 

two BglU sites, one in the nos polyA o f  the nptll sequence and another between the nos 

polyA  and the right hand border (Figure 4.11). In transgenic plants containing multiple 

T -D N A  copies, digestion with BglII will liberate a range o f  different sized fragments 

depending on the location o f  Bglll site outside the T-D N A  region. Therefore, unlinked 

T-D N A  insertions should give bands o f different sizes with Bgifll digestion, assuming 

that there is a BgRl site between them. Thus counting the number o f  bands gives an 

approximate estimate o f  copy number.

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration
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Figure 4.10: Leaves stained with X- 
glucuronide, a substrate that when modified by 
the GUS enzyme turns into a blue dye.

Top: A single copy GUS transgenic 
Greensleeves positive control (Gittins et al. 
2000).

Middle: A non-transgenic Michelin leaf

Bottom: leaves from putative transgenic line 
M l.
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12kb

◄ -------8kb

6kb
5kb
4.6kb

◄---- 4.2kb

MC M1 L

35S CaMV 35S
polyA

nos
polyA

Figure 4.11: Above: Southern blot of BglII digested Ml DNA and non-transgenic Michelin (MC)
DNA (6pg per lane) hybridised with DIG-11-UTP labelled gusA DNA probe at 42°C overnight. Post
hybridisation washes: two 15 min washes in 2xSSC, 0.1% (v/v) SDS at room temperature then two 15 
min washes in 0.5xSSC, 0.1% (v/v) SDS at 68°C. Fragment sizes shown are approximate. L: 1Kb PLUS 
Ladder (Invitrogen Life Technologies), 12Kb fragment showed slight hybridisation to probe.
Below: Schematic diagram o f the T-DNA region of the pSCV1.6 binary vector showing the location of 
the BglU restriction sites (Gittins et al. 2000). MCS: multiple cloning site; LB: left border; RB: right 
border.
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4.4 Discussion

Micro-propagation performance of bittersweet cultivars and their ease of transfer to 
soil

The quality o f  tissue used is an important variable for successful transformation (James 

et al. 1990). When work began, M ichelin, E llis B it ter and Chisel Jersey had been in 

tissue culture for approximately two years. At that stage M ichelin and Ellis Bitter grew 

sufficiently well for propagation but were not as healthy or as vigorous as Greensleeves. 

Chisel Jersey had the poorest health and vigour and at times it was difficult to multiply 

stocks for experiments. The quality o f  Chisel Jersey and to a lesser extent M ichelin was 

not helped by intermittent outbreaks o f bacterial growth. Possibly up to three or four 

distinct strains o f slow  growing bacteria arose over the past 3 years. It is unlikely that 

the source o f contamination was the external laboratory environment because the 

contaminants were slow growing and were not found in other cultivars and species 

propagated in the laboratory. A lso, som e o f  the contaminants were associated with 

particular bittersweet cultivars and therefore it seem s likely that they are leaf 

saprophytes or symbionts that normally inhabit leaf surfaces o f  these bittersweet 

cultivars. A s the bittersweet cultivars adapted to sterile micro-propagation from their 

original field  location it is possible that leaf physiology changed to such an extent that it 

was no longer recognised by normally endogenous bacteria, causing them to change 

their growth patterns. O ver the follow ing three years the health o f  all three cultivars 

improved as the varieties adapted to the micro-propagation environment. E llis Bitter 

and M ichelin showed the greatest improvement and compare w ell with Greensleeves for 

general health and vigour. Chisel Jersey has improved little and has low vigour in 

micro-propagation making it difficult to multiply shoot stocks. It is also dogged by
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continual contamination and requires more frequent sub-culturing to maintain good  

health than the other cultivars.

The propensity o f  both M ichelin and Ellis Bitter to form roots using the standard 

method for Greensleeves was tested and both varieties gave very similar results to 

Greensleeves. This showed that it should be straightforward to provide tissue for 

transformation and rooted plants for transfer to soil. Som e rooted M ichelin plants were 

weaned from tissue culture and successfully transferred to greenhouse showing that 

healthy plant material can be produced for future planting in orchards if  required.

The preliminary regeneration experiment found that M ichelin was more responsive than 

Ellis Bitter with good callus quality, growth and health and even produced a few  shoots. 

Since M ichelin gave a better regeneration response than E llis Bitter and it was difficult 

to obtain adequate amounts o f good quality Chisel Jersey tissue, efforts were 

concentrated on improving M ichelin regeneration.

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration

Michelin regeneration from leaf disk tissue

The first regeneration experiment focused on hormone levels. Hormones were varied 

because it is thought that they are among the most important elicitors o f tissue and shoot 

regeneration. In terms o f the mean numbers o f shoots per shooting leaf disk the numbers 

tended to be higher when N A A  was present at 0.5 m g.l'1 or more. B A P appeared to have 

a synergistic effect with TDZ on the proportion o f  leaf disks regenerating at low  to mid 

levels o f  N A A  (0.1 and 0 .5  m g .f1). The treatments require further replication to be sure 

o f  any trends, as regeneration is very variable and factors such as the physiological state
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o f  the starting tissue can have a disproportionate effect, especially when the numbers 

regenerating are low. Nevertheless the hormone concentrations in two treatments (NZ 1- 

1 and B N Z  2-0.5-0.5) produced better results than those used previously (NZ 0.1-1, S. 

Vaughan- unpublished results) and were tested with different sugar, salt and mineral, 

and gelling agents.

U sing the new treatments the greatest increase in regeneration was seen when glucose 

was substituted for sorbitol, and to a lesser extent when the sorbitol concentration was 

lowered to 30 g.l'1 from 40  g.I'1. These effects agreed with those found for Greensleeves 

when sorbitol was substituted with glucose and when the sorbitol concentration was 

lowered from 40 g.1'1 to 30 g.l'1 (A. Passey, unpublished results). In both controls where 

the tw o m ost promising treatments carried forward from experiment 1 were repeated, 

regeneration was very low . However, in the most similar treatments in which sorbitol 

was present at 30 g.l'1 instead o f 40  g.l'1, levels o f regeneration were more comparable 

to those from experiment 1. The hormone levels o f  2 m g.l'1 BAP, 0.5 m g.l'1 N A A  and 

0 .5  m g.l'1 TDZ appeared to give better regeneration than 1 mg.1'1 N A A  and 1 m g.l'1 

TD Z when compared with the same material under the same conditions. O f the two 

gelling agents tested, Phytagel was better. As auxin levels appeared to have an effect on 

shoot formation an experiment to fine tune levels was initiated (experiment 3).

R esults for experiment 3, designed to optim ise the auxin concentration, showed that 

none o f the new treatments with varying levels o f N A A  were better than those 

previously tested. Comparison o f the treatments repeated over the three Michelin 

regeneration experiments showed that regeneration was very variable. Part o f the 

problem was due to insufficient replication within treatments with M ichelin

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration
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regeneration experiment 2 and 3, showing that 25 disks was probably insufficient for 

obtaining reliable data. At the time there were insufficient quantities o f good quality 

tissue so this impacted on the numbers o f leaf disks available for each treatment.

Overall, the best medium appeared to be B N Z  2-0.5-0.5 with 30  g .l'1 glucose, 4 .4  g . f 1 

M S, and 2.5 g . f 1 Phytagel). This showed an increase o f nearly four fold in regeneration 

frequency in terms o f  mean numbers o f shoots per shooting leaf disk over the original 

regeneration medium NZ 0.1-1 with 40  g.l'1 sorbitol, 4.4 g . f 1 M S, and 2.5 g.l'1 Phytagel. 

The proportion o f  leaf disks with shoots remained around 70% meaning that there were 

more shoots per leaf disk. Subsequent replication showed regeneration on this medium  

to be highly variable however. The same was found with a similar medium with sorbitol 

in place o f glucose. Therefore at this stage it cannot be concluded whether glucose or 

sorbitol is best for M ichelin regeneration. However glucose was used as the sugar 

source in the transformation experiment because o f  the high level o f  regeneration it had 

given in the M ichelin regeneration experiment 2.

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration

Ellis Bitter and Chisel Jersey regeneration

Further experiments testing the improved media formulation developed for M ichelin 

with Ellis Bitter and Chisel Jersey showed that E llis Bitter requires a lot more work. 

E llis Bitter callus quality was reasonable in general but very few  shoots were formed. 

Generally the results for Ellis Bitter were surprising because, o f the three bittersweet 

cultivars, E llis Bitter is the healthiest and most vigorous in micro-propagation.
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There were encouraging results for two o f the four treatments tested with Chisel Jersey. 

The biggest problem is tissue quality and i f  improvements in micro-propagation could 

be made then transformation could be attempted. This may require re-introduction of  

new Chisel Jersey material into micro-propagation.

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration

Michelin transformation with pSCV1.6 containing GUS and nptll genes driven by 
CaMV 35S

Although the results from regeneration experiments were variable, the health and 

growth o f  M ichelin callus was good and shoots were regenerated. It was therefore 

decided to attempt transformation o f this cultivar. After the first three months on 

regeneration media, callus tissue had formed but it appeared unhealthy and grew slow ly  

under kanamycin selection. Growth and health increased after switching half o f  the 

living leaf disks to media with doubled hormone contents (4 m g .f1 BA P, 1 m g.l'1 N A A ,

1 m g.l'1 TDZ); however the hormone concentrations were then too high and it seemed  

that callus formation was overtaking shoot formation. W hen the leaf disks were placed 

on media without auxin, callus growth slowed and a few  shoots arose. The leaves from 

one line, named M l, stained blue and confirmation o f  gusA transgene integration was 

shown by D N A  blot. To increase the regeneration frequency from the less than 1% 

observed here, the medium could be switched earlier as soon as callus forms. The 

starting media could either be BNZ 2-0.5-0.5 or BN Z  4-1-1 , then changed to auxin-less 

BZ 2-1 medium. Different levels o f kanamycin selection could also be tested, especially  

as shoots arose on media containing 70m g.r‘ kanamycin, reduced from the original 

90m g .r‘. A  kanamycin kill curve was not performed for M ichelin and the concentration 

used was based on data for a kill curve performed with E llis Bitter (S. Vaughan,
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unpublished results). Therefore the kanamycin selection may have been too harsh and 

reducing the level o f  selection may increase the transformation frequency.

This is the first known report o f transformation of a bittersweet apple cultivar and can 

now  allow  the introduction o f  useful traits such as dwarfism and parthenocarpy into 

M ichelin. Parthenocarpic cultivars would be highly desirable because it is though that 

introduction o f parthenocarpy may result in regular cropping (Tobutt 1994). Biennial 

bearing is a huge problem in bittersweet cultivars and both Chisel Jersey and Michelin 

have annual cropping tendencies. A  transformation protocol is an important 

development because although such characters could be introgressed by conventional 

breeding the fruit characteristics would be changed. Like winemakers, cider producers 

use a variety o f  bittersweet cultivars with known ju ice characteristics to brew particular 

ciders and thus do not want cultivars with different fruit characteristics. The time and 

cost o f  introgression o f characters is also drastically different. In an optimistic estimate, 

conventional apple breeding programs take 10 years or more to produce suitable new  

cultivars compared to three to four years using gene technologies.

A  dwarf parthenocarpic bittersweet variety is desired by the cider industry. The work 

presented herein shows that dwarfism at least might be achieved. The recent work 

identifying the molecular basis for parthenocarpy in apple (Yao et al. 2001) could well 

mean that in the near future this trait may also be transferable.

Sean Bulley 2002 Bittersweet Apple Transformation and Regeneration
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5.1 General discussion and future work

Isolation o f GA 20-oxidase genes and down regulation o /M d G A 2 0 o x l in 
Greensleeves apple trees

A  number o f  D N A  sequences with sequence hom ology to 20-oxidase genes were 

isolated from apple (Malus x domestica Borkh.) cultivar Greensleeves. It appears that 

these sequences can be divided into two distinct genes named MdGA20oxl and 

MdGA20ox2. Tw o highly hom ologous but distinct forms o f MdGA20oxl 

(.MdGA20oxlA and MdGA20oxlB) sharing 94% nucleotide identity were isolated. 

These are thought to be alleles o f that locus because apple tends to be very heterozygous 

due to self-incom patibility. However it is also possible that they may be hom eologues 

derived from the two component genomes o f  allotetraploid apple.

MdGA20oxlA and B share 99% and 94% nucleotide sequence identity, respectively, 

with a 20-oxidase isolated from the cultivar Fuji (Kusaba et al. 2001). Both 

MdGA20oxlA and B sequences were shown to encode functional 20-oxidase enzymes 

when expressed as recombinant proteins in E. coli. Recombinant M dG A 20oxlA  

showed full 20-oxidase activity producing G A9,15,24,25 when incubated with 

radiolabelled G A12 whereas recombinant M dG A 20oxlB  enzym e produced only G A15. 

Neither enzym e was incubated with radiolabelled GA53. It would be o f  interest to 

determine the relative affinities o f  the enzym es for 13-hydroxylated or non-13- 

hydroxylated substrates. A s mentioned previously the relative amounts o f  bioactive 13- 

hydroxylated (G A i>3) and non-hydroxylated (G A4,7) G A s is thought to depend on the 

relative activities and substrate preferences o f  13-hydroxylases and 20-oxidases in the 

particular tissue. The predominant bioactive GAs in relatively immature apple seeds
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(Cox Orange Pippin) are GA4 and GA7, but large amounts o f  GA3 and som e GAi have 

also been detected in immature seed 4  weeks after bloom  (Dennis 1976, Hoad 1978, 

Pharis and King 1985). This suggests the possibility for the existence o f  another 20- 

oxidase expressed in very immature seeds because MdGA20oxl transcripts were not 

detected in w hole fruit 15 and 28 days after pollination, although the transcript may 

have been diluted to undetectable levels by the use o f  whole fruit. The predominant 

bioactive GAs found in vegetative tissues o f  apple are GA! and GA3 so that the early 

13-hydroxylation appears to predominate in these tissues (Juntilla 1990, Steffens and 

Hedden 1992).

Although MdGA20oxl was first isolated from immature fruit, studies o f  expression 

showed low  levels o f  transcript in shoot tips and young leaves, suggesting that 

transgenic plants down-regulated for this gene could have altered stature. Subsequent 

down regulation o f  MdGA20oxI by genetic modification showed this to be true. The 

general effects were reduced intemode length, reduced intemode number, and reduced 

leaf area. These were unaffected by dormancy. There appeared to be little or no gross 

overall effects on roots o f plants transferred to soil or rooting ability in vitro, although 

this was not studied in detail. MdGA20oxl transcript was detected by RT-PCR in one 

out o f  two root tip samples tested and it seem s that it is present at low  abundance in this 

tissue. A  side effect o f reduced leaf area in the transgenic plants appears to be decreased 

water requirements and this aspect should be investigated further. It m ay be more 

pertinent to parts o f  the U SA  or China than the west o f  England however!

Confirmation that GA biosynthesis had been m odified in the transgenic dwarf plants 

was provided by GA analyses, which showed reduced levels o f G A| compared to wild-

Sean Bulley 2002 General Discussion and Future Work
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type plants. Furthermore, the dwarf lines were rescued by application o f G A3, showing 

that GA levels were lower in the transgenic dwarf lines. Endogenous gene expression 

was difficult to detect but it appears that in at least one o f the lines MdGA20oxl 

transcript was reduced. It is not known what effect this m odification will have on 

flowering and fruit growth because none o f  the transgenic dwarf lines or controls have 

flowered to date. The highest expression for MdGA20oxl (A and B) was found in 

developing embryos between 57 to 102 days after pollination, peaking at 69 days after 

pollination. The expression corresponds approximately with the second smaller peak o f  

GA content found in the seeds o f  Sunset and Cox cultivars (Hedden and Hoad 1984). 

Down-regulation o f MdGA20oxl expression may therefore impact on embryo 

development and perhaps fruit growth because peaks o f  bioactive GA4 in Sunset and 

Cox seed correspond with periods o f  high fruit growth. Studies o f  parthenocarpy and 

flow er formation in tomato show that G As are required for the developm ent o f  fertile 

flow ers and immediately after fruit set but may not be necessary for subsequent fruit 

developm ent (Groot et al. 1987, Rebers et al. 1999, Fos et al. 2000). Pharis and King 

(1985) concluded that in Bartlett pear (a facultative parthenocarp) i f  later stages o f  fruit 

growth require G As they are probably derived from the fruit tissue or translocated from 

elsewhere in the plant. The pericarp o f  non-parthenocarpic G reensleeves probably has a 

low  capacity for GA biosynthesis because MdGA20oxl and MdGA20ox2 expression in 

these tissues was not detected. If G As are required for later stages o f  fruit growth, an 

effect o f  the mutation for parthenocarpy may be to increase G A  production in the fruit. 

The recessive mutation pat-2 that induces facultative parthenocarpic fruit development 

in tomato causes an increase in G A20 concentration in unpollinated ovaries, which is 

m ost probably caused by an increase in 20-oxidase activity (Fos et a l  2000). The 

authors did not present data for GA levels in fruit tissues at later stages o f fruit
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development. Whether or not fruit growth will be affected in transgenic dwarf plants 

remains to be seen but apple seeds are very rich in G As so it is possible that another 20- 

oxidase gene may be expressed in seeds, and so  compensate for the reduced 

MdGA20oxl expression.

If fruit growth is not affected in the transgenic dwarf lines then a positive effect might 

be a reduction in biennial bearing if  GA levels in the fruit/seeds are reduced. Chan and 

Cain (1967) demonstrated the effect o f seed formation on reducing return flowering in 

parthenocarpic apple cultivars the follow ing year. Their data supported an earlier 

suggestion that this was due to inhibition o f flower bud initiation in the spur by a 

hormonal m essenger translocated from the seed (Harley et al. 1942, Davis 1957). The 

effect was found to be very localised, found only in spurs that had borne seeded fruits 

and not in adjacent spurs 2 to 5cm away that had not borne fruit or had borne seedless 

fruit (Chan and Cain 1967). This hormonal m essenger could be GA because GA3 and 

G A7 can suppress flower bud initiation in apple and other w oody angiosperms (Buban 

and Faust 1982, M onselise and Goldschmidt 1982) and GA biosynthesis inhibitors tend 

to promote flowering (Pharis and King 1985). H owever G A4 containing little GA7, and 

high concentrations o f GA3 have been shown to increase return flowering (Pharis and 

Looney 1985, Luckwill 1970), indicating that the type or concentration o f G As may be 

important. The translocated signal appears to m ove from the seed to the spur after 

pollination during the early to mid stages o f  fruit development. Rem oval o f  seeded fruit 

30 days after pollination resulted in approximately 50% o f  spurs flowering the 

fo llow ing year in three separate parthenocarpic cultivars (Chan and Cain 1967). 

Parthenocarpic fruits did not inhibit return flowering on the sam e spurs. In biennial non- 

parthenocarpic cultivars there was no effect on return flowering by retained fruits up to
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21 and 45 days after pollination (Luckwill 1970, Marino and Greene 1981). If bioactive 

GAs are the translocated signal and if these GAs are reduced in the seeds o f the 

transgenic dwarf apple plants, particularly after about 20 days after pollination, then 

biennial bearing might be reduced.

A s discussed previously, in tomato GA is required for the formation o f  fertile flowers 

and probably immediately after pollination for fruit set in tomato. In apple, application 

o f  GA4, G A7 and, to a lesser extent, GA3 in the absence o f  pollination is capable o f  

inducing fruit set (Davison 1960, Luckwill 1960). Transcripts for MdGA20oxl were 

detected at very low  levels in ovaries and stigma and style 5 days after pollination. 

Therefore fruit set in the dwarf transgenic lines might be impaired \iMdGA20oxl is the 

only 20-oxidase gene expressed in these tissues at that time. However, MdGA20ox2 is 

expressed in unpollinated ovary tissue and may show some overlap in expression and 

thus compensate for reduced MdGA20oxl expression.

A s for MdGA20oxl, MdGA20ox2 may also be present as two separate alleles or 

hom eologues, as two forms (MdGA20ox2 consensus and 20ox2) sharing 90.1%  

nucleotide identity were identified. These m ay in fact be separate gene family members, 

such that 20ox2 may have to be renamed MdGA20ox3. A t this stage a full cD N A  

sequence has not been cloned from ovary m RNA as one w hole fragment so the situation 

remains unclear. Both MdGA20ox2 and 20ox2 are expressed in stamens, unpollinated 

ovaries, sepals, and stigma and style. A  hom ologous sequence was detected in 

unpollinated ovaries at anthesis and unpollinated ovaries and pollinated ovaries 5 days 

after pollination/anthesis in parthenocarpic W ellington Bloom less. However in 

G reensleeves MdGA20ox2 transcripts were present only in unpollinated ovary and were
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absent 5 days after pollination. Therefore the elevated 20-oxidase expression in 

W ellington Bloom less may be an effect o f  the recessive mutation Mdpi, a M ADS-box  

transcription factor (Yao et al.2001). Thus it would be interesting to investigate the role 

o f  G A 20-oxidase genes in parthenocarpy by studying expression in the first 10 days 

after pollination, including pre-pollination. It might be possible to engineer 

parthenocarpy by introducing a 20-oxidase and or possibly a 3-oxidase under the 

control o f  an appropriate promoter expressed at this stage o f development.

Deployment o f the technology for use in fruit trees

Reducing GA content by directed down regulation o f GA-biosynthetic enzym es or 

ectopic expression o f inactivating enzym es has resulted in dwarfism in many species. In 

the work described here, by m odifying the expression o f  a G A  20-oxidase gene in 

G reensleeves, transgenic dwarf plants were produced. Future work should compare the 

performance o f  plants dwarfed this way with plants treated with growth retardants, 

preferably in the field. A  more dwarfed habit is not necessarily needed for Greensleeves 

because growth can be controlled by rootstocks alone and more importantly because 

G reensleeves is not widely grown. H owever there were no available protocols for 

genetically transforming cultivars such as bittersweet cultivars where this modification 

could potentially be very useful.

Work presented herein presents the first reported transformation o f  a bittersweet apple 

variety, M ichelin. W hile the transformation frequency o f  M ichelin was low  at 0.5% it 

can now allow directed manipulation o f  plant architecture, parthenocarpy and other fruit 

characteristics. M ichelin is an important variety used in the production o f cider, an

171



Sean Bulley 2002 General Discussion and Future Work

industry valued at 1.4 billion pounds sterling per annum to the U K  econom y and which 

consum es 40% o f total British apple production. Growers are required to provide 

regular supplies o f high quality bittersweet apples at low prices. Therefore strategies 

that provide alternatives to expensive growth retardants and give regular cropping are 

seen as vital to increasing overall productivity and profitability. There is also a 

consumer demand for reduced pesticide use. These strategies fit well with those 

demands. Future work should address the low frequency o f M ichelin transformation and 

attempt transformation o f Chisel Jersey using the protocol developed because initial 

results were promising. Further transformation o f M ichelin with GA 20-oxidase 

silencing constructs could be attempted using as many explants as possible.

In terms o f  industry demand for dwarfing and parthenocarpy, transformation protocols 

for bittersweet varieties may not be required. If post-transcriptional gene silencing 

(PTGS) is  the m ode o f  silencing in the dwarf transgenic apple plants then theoretically 

this silencing may be graft transmissible (Palauqui et al. 1997). Experiments are 

currently underway using dwarfed HOI, Q01, P01 and A S 13 plants as rootstocks with 

non-transgenic Greensleeves as scions and comparing their growth to Greensleeves 

grafted onto Greensleeves non-transgenic controls. Dwarfing this w ay holds great 

promise because fruit products w ill not have any transgenes integrated into their 

genom e and may not require labelling or segregation. Transgene containment will be 

high because shoots from the rootstocks are pruned, so that in a well-maintained 

orchard there would be no transgenic flowers (the rootstock could be further m odified to 

be sterile using terminator technology). Introducing parthenocarpy by down regulating 

the apple pistillata gene (MdPI) will cause flowers on rootstocks and scions to be 

fem ale because the mutation changes petals to sepals and stamens to carpels, therefore
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elim inating transgene spread by pollen. Finally, fruit produced using transgenic 

rootstocks with non-transgenic scions will not contain recombinant proteins from either 

selectable marker or reintroduced genes. It w ill contain short 25-m er ribonucleotides 

hom ologous to the endogenous target gene to be silenced. Such methods would be 

applicable to all perennial crops grown on rootstocks where down-regulation o f  an 

endogenous gene or viral genes would be desirable. Examples o f other targets range 

from conferring virus resistance, removing allergens and altering secondary metabolites 

in fruit for improved nutrition.

If it is found that dwarf plants down-regulated for MdGA20oxl are impaired 

reproductively then strategies using 2-oxidases could be revisited, this time using less 

highly transcribed and more tissue specific promoters. This might also alleviate the 

problems encountered in regenerating plants that was seen with expression driven by 

the CaM V35S promoter. Highly expressing lines o f 35S-driven 2-oxidases are severely 

dwarfed in transgenic Arabidopsis and wheat, indicating that a weaker promoter is 

required (S.G. Thomas et al. unpublished, M. W ilkinson et al. unpublished). A  final 

approach for dwarfing could utilise m odified plant viruses to deliver double stranded 

R N A  complementary to MdGA20oxl. Viruses used this way have been shown to elicit 

PTGS o f  target transgenes and endogenous genes (reviewed by Voinnet 2001).
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Conclusions

This work shows that it is now possible to engineer stable dwarfism in Greensleeves 

apple trees. Success in apple should spur on efforts in cherry and pear where effective  

methods o f vigour control are lacking. Dwarfing by this means could make a real 

difference in reducing or eliminating chemical growth retardant use, leading to less fuel 

use and pruning, and reducing costs to the grower. N ow  that M ichel in can be 

transformed it should be possible to produce a dwarf M ichelin plant in 3 to 5 years. 

Conventional breeding could create dwarf bittersweet cultivars but the time frame 

involved is nearer 10 to 20 years, and as a result development costs are very high. 

Furthermore, the specific characteristics o f  M ichelin fruit M ichelin may be lost in 

conventionally bred cultivars because progeny from crossing are heterozygous due to 

self-incompatibility.

“Cider [bittersweet] varieties are like vintages -  they stay; they do not go out o f  

fashion!” - David James.
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6.1 M aterials and Methods

6.2.1 Controlled pollination

G reensleeves trees growing in various plots (DM 153, W E184, W E185, and Genebank) 

on the East M ailing site o f Horticulture Research International were pollinated on four 

separate days in April 1999. Petals o f  flowers in the late balloon stage o f development 

were removed and Malus baskatong pollen was brushed on with the finger. A  tag was 

tied to the pollinated floret to allow identification at later dates. Flowers and resulting 

fruit were collected at 0  (unpollinated), 5, 15, 28, 40, 55, 70, 85, and 102 days after 

pollination (DAP). The 0  and 5 day pre- and post pollination flowers were dissected into 

three parts: stigma and styles, stamens, and ovaries. The pooled parts were flash frozen 

in liquid nitrogen and stored separately at -80°C. For the remaining whole fruit, seeds 

were removed and stored separately, and fruit cortex and peel were chopped, frozen and 

stored as before. The same procedure up to and including 28 D A P was repeated for the 

parthenocarpic cultivar called ‘W ellington B loom less’ in M ay o f 1999, In addition to 

pollinated fruit and flower collection, un-pollinated fruit and flowers were also 

collected.

A  second round o f  pollination was performed in M ay 2001 on two G reensleeves trees in 

the genebank on the East M ailing site. The flowers were pollinated as before with 

Malus baskatong pollen. Seeds were collected and separated into testa and embryo parts 

at 5 7 ,6 9 ,8 6  and 102 D A P for later expression studies.

In order to obtain seedling material, seeds were rem oved from G reensleeves fruit 

collected from the Genebank at HRI East M ailing. The pollen donor is unknown. After
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surface sterilisation in 70% ethanol, the seed was m ixed with m oist gravel in a black 

plastic bag and cold stratified for 3 months at 4°C. Follow ing cold stratification 

sprouting seeds were potted in compost and grown under normal growing conditions 

(16 hour day, 23°C during daylight and 16°C at night).

6 .2 .2  D N A  and R N A Extraction  

DNA extraction

D N A  was extracted from lg  samples o f  fresh young expanding leaves o f  rooted plants 

or tissue culture material using a Nucleon Phytopure kit (Amersham). Where less 

amounts o f tissue were available a CTAB based method after Stacey and Isaac (1994) 

with modifications by A.J Massiah (unpublished data) was used. The CTAB based 

m ethod was as follows: Up to 0 .3g  o f leaf tissue (fresh weight) was ground under liquid 

nitrogen using a mortar and pestle. When the tissue began to thaw, 1ml o f  CTAB buffer 

(0 .02 M  EDTA, 0.1M  Tris-HCl pH 8.0, 1.4 M  NaCl, 2% CTAB w /v, 2% PVP-40 w/v, 

50m M  DTT [added just before use]) was added. The mixtures were transferred to 2ml 

Eppendorf tubes containing lOOpl chloroform:octanol (1:1) and m ixed by inversion. 

The samples were incubated at 65°C for 30 mins with gentle m ixing every 2 mins and 

incubated for a further 15 min at room temperature. A  700jxl volume of  

chloroform:octanol mixture was added and the tubes were shaken briefly and then 

centrifuged at 14000xg for 7 mins at room temperature. The upper aqueous layer was 

transferred to a clean tube using a wide-bore pipette tip and 1ml 95% ethanol v/v was 

added without mixing. The samples were incubated at -20°C for 30  m ins follow ed by 5
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mins at room temperature. D N A  was precipitated by gentle inversion and if  D N A  

precipitated as strands the strands were gathered with a micropipette tip and placed into 

an Eppendorf containing 1ml 95% (v/v) ethanol 0.2 M sodium acetate mixture for 10 

mins to wash. The tips were then removed and allowed to air dry for 10 to 15 mins. 

Depending on the amount, they were then placed in an Eppendorf containing 50 to 

200pl TE buffer (lOmM Tris.Cl pH8, ImM  EDTA pH8) containing 20(xg/ml RNAse A. 

The D N A  pellet was displaced from the tip by gentle m ixing and re-suspended by 

incubation at 65°C for 10 mins and then 4°C overnight. If the D N A  did not precipitate 

as strands the tubes were centrifuged at 10 OOOxg for 10 mins, washed in lOOpl 75% 

ethanol, and vacuum dried for 5 mins. The pellets were re-suspended in lOOpl TE buffer 

as before.

Cleanup method for samples with large amounts o f co-purified polysaccharide

This method follow s that described by Graham et a l  (1995). TE buffer was added to a 

total volum e o f 400jxl then 100 pi 5M  NaCl was added and m ixed w ell using a wide- 

bore micropipette tip. The samples were incubated on ice for 30 mins and then 

centrifuged at 14000xg for 30 mins. The supernatant was transferred to a fresh tube and 

the D N A  was precipitated by adding 2 volumes cold  (-20°C ) ethanol and m ixed by 

inversion. The tubes were centrifuged at 14000xg 3 m ins, the supernatant was 

discarded, and the pellets were washed in 400pl 70% (v/v) ethanol. After centrifuging at 

14000xg for 3 m ins the supernatant was discarded and the pellets were vacuum dried 

for 5 mins and re-suspended in 25-100pl TE buffer as before.
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DNA quantification

D N A  samples were quantified and checked for integrity by running a lp l aliquot on a 

0.8% (w /v) agarose (Seakem) 0.5 xTBE (45mM  Tris-borate, ImM  ED TA ) gel against X 

D N A  standards (Invitrogen Life Technologiesr».). If further quantitation was required a 

ljxl aliquot was measured in a Fluostar Galaxy fluorescent plate reader (BM G Lab 

Technologies Ltd.) against a generated X D N A  (Invitrogen Life Technologies™) 

standard curve using PicoGreen dye (Molecular Bioprobes) with 485nm  excitation and 

520nm  em ission filters.

6 .2 .3  RNA extraction  

Coen method

This method follow s that described by Mazzara and James (2000) and is summarised 

here. One to three grams o f  flash frozen material were ground to a fine powder in liquid 

nitrogen using a mortar and pestle. The still frozen powder was transferred to a 28 ml 

screw top Oakridge centrifuge tube containing lOmL suspension buffer (50mM  Tris- 

HC1 [pH 8.9], 150mM LiCl, 5mM EDTA, 5% (w /v) SD S) and vortexed for 2 mins. 

Sam ples were then phenol extracted three times by adding an equal volume o f  phenol: 

chloroform: isoam yl alcohol (25: 24: 1, pH8), vortexed for 3 m ins, and centrifuged at 

6300xg for 15 m ins at 4°C  with the upper aqueous phase transferred to a fresh tube. 

After phenol extraction 8M LiCl (pH 9.2) was added to g ive a final concentration o f  

2M . The samples were briefly m ixed and incubated overnight at -80°C. The 

precipitated R N A was collected by centrifugation at 20000xg for 30 mins at 4°C, 

washed tw ice by vortexing in 5ml 70% (v/v) ethanol 0 .15M  NaCl, and centrifuged at
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20000xg for lOmins at 4°C. The pellet was air-dried for 15 to 20 mins and once dry, 

was dissolved in 100-500pi ultra pure water or RNASecure solution (Ambion Inc.), 

depending on downstream application (water for RPAs and RNASecure for everything 

else). If in RNASecure, the sample was incubated at 60°C for 10 mins then placed back 

on ice.

Coen mini method

A  scaled down Coen method with modifications was developed to provide an 

alternative to Qiagens RNEasy kit and to also allow higher throughput o f  samples than 

is possible with the Coen method. Up to 200m g plant tissue (fresh weight) was collected  

in a 2ml Eppendorf and ground to a fine powder in liquid nitrogen using a hand pestle 

m ixer and sterile plastic pestle (Burkard Scientific). W hile still frozen, 750pl suspension 

buffer (same as in Coen method) was added and the sample was vortexed for 2 mins. 

An equal volume o f acid phenolxhloroform  (5:1, pH4.5, Ambion Inc.) was added and 

the samples were vortexed for another 2 mins. A  small amount o f pre-sterilised silicone 

high vacuum grease (Dupont) was added with a sterile pipette tip and the phases were 

separated by centrifugation at 6300xg for 12 m ins at 4°C. The upper aqueous phase 

was transferred to a new tube and the phenol extraction with silicone grease was 

repeated tw ice more. To precipitate the RN A, a 1/3 volum e o f  8M  LiCl (pH9.2) was 

added to the final aqueous fraction, vortexed briefly and incubated for 2 hours to 

overnight at -80°C. Finally the precipitate was centrifuged at 20000xg for 20 mins at 

4°C , discarding the supernatant. The pellet was washed twice by briefly vortexing in 

400p l 70% (v/v) ethanol 0.15M  NaCl and centrifuged at 16000xg for lOmins at 4°C,
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discarding the supernatant. The pellet was air-dried for 15 to 20 mins. Finally the pellet 

was dissolved in 30pl ultra pure water or RNASecure solution.

Cortex method (after Bahloul and Burkard 1993) with modifications

Up to fifteen grams o f  frozen cortex was ground to a fine powder in a mortar with a pestle 

(both pre-cooled with liquid N 2) together with a crushed end o f a glass Pasteur pipette. The 

frozen powder was placed in 150ml extraction buffer (0.1M  sodium acetate, 0.5M  sodium  

chloride, 0 .05M  EDTA, 2 % PVP 10000 [w /v], 1.4 % SD S [v/v], pH5.5, with 

cysteine.HCl added to 0 .0 1M prior to use) and mixed until all frozen lumps were 

dissipated. The extract was then homogenised in a commercial blender (Waring) on full 

speed for 1V2 mins, transferred to a sterile conical flask and incubated at 65°c for 10 mins 

with regular mixing.

The extract was filtered through miracloth (Calbiochem) placed in the neck o f  a 500ml 

conical flask, then cooled on ice briefly before 1/3 volume potassium acetate (5M , 

pH 4.8) was added. This was incubated on ice for 30  mins to precipitate com plexed  

proteins. The proteins were removed by aliquoting the precipitated solution into 50ml 

Oakridge centrifuge tubes (Nalgene) and centrifuging at 20000xg  for 30  m ins at 4°C. 

The supernatant was decanted into a DEPC treated 500m l Oakridge tube tubes 

(Nalgene) and total nucleic acid was precipitated by adding 2 volum es absolute ethanol, 

m ixing and incubating at -40°C for 2h. The precipitate was decanted into 50ml 

Oakridge tubes and centrifuged at 20000xg for 30 m ins at 4°C , discarding the 

supernatant and refilling the same tubes with precipitate after each spin. When all the
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precipitate had been centrifuged the pellets were carefully washed in 70% ethanol, then 

air-dried and re-suspended 1ml DEPC water (per Oakridge tube).

Total R N A was separated from the other nucleic acids using affinity columns (Qiagen). 

The re-suspended nucleic acids were pooled in a 50ml falcon tube (Sarstedt) and made up 

to 10ml volume with water, and to this, 10ml o f solution 1 (2M  NaCl, 250m M  MOPS, 

pH 7.0) was added. The samples were loaded by injection through a sterile 25 gauge needle 

(to break up any aggregates) onto a tip-100 column (Qiagen), pre-equilibrated with 3ml 

QAT solution (400m M  NaCl, 50m M  M OPS, 15% [v/v] ethanol, 0.15%  [v/v] Triton X  

100). After washing with 30ml QA solution (400m M  NaCl, 50m M  M OPS, 15% [v/v] 

ethanol, pH7.0), the R N A was eluted into a 30ml Oakridge tube by adding lOmls QRU  

solution (1.2M  NaCl, 67m M  M OPS, 20% [v/v] ethanol, pH 6.7) to the column. After 

elution the RNA was precipitated with 1 volume o f  propan-2-ol at 4°C overnight. The 

tubes were centrifuged at 21000xg for 30 mins at 4°C. The supernatant was removed, 

and the pellet was washed in 70% (v/v) ethanol, re-centrifuged and the supernatant 

discarded. After air drying for 15 mins the pellet was re-suspended in 200[il DEPC  

water.

DNAse treatment

If  required, total R N A was treated with RQ1 R N A se free D N A se (Promega) according 

to manufacturer instructions. After 30  mins incubation at 37°C  the samples were 

extracted once with phenol chloroform (pH8) and precipitated by adding 1/10 volume 

3M  sodium  acetate (pH5.2) and 2 '/2 volum es absolute ethanol, and incubating at -80°C
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for 1 hour. The samples were then centrifuged at 20000xg for 15 m ins, washed in 70%  

ethanol (v/v), air dried for 15 mins and re-suspended in water.

mRNA preparation for Northern blotting

Shoot tips and young leaves were harvested at mid-day and im m ediately frozen in liquid 

nitrogen. The tissues were ground to a fine powder in liquid nitrogen and while still 

frozen, lOOmg o f  powdered tissue was quickly w eighed into a 2ml Eppendorf tube 

containing 1ml lysis buffer (Dynal). The solution was ground further using a plastic 

pellet pestle (Burkard Scientific) for 1 min. mRNA was isolated directly from tissue 

lysates using a Dynabeads mRNA Direct Kit (Dynal) follow ing manufacturer 

instructions.

RNA quantification

One-microlitre aliquots were diluted 10 to 20 times in water and quantified using a 

GeneQuant II (Pharmacia Biotech) spectrophotometer in a m icro-volum e quartz cell 

(5m m  path length) and the rest was stored at -80°C.

6.2 .4  PC R

Primer design and PCR optimisation

Primers other than the NEJA1 to NEJA7 and SM W B primer series were designed using 

DNAStar software (Lasergene Inc.) with final salt concentrations set at default. The 

choice o f  primer pairs that were calculated by the software was made taking into

182



Sean Bulley 2002 Materials and Methods

account primer hairpins and primer dimers. Primer sequences were ordered from one o f  

two suppliers, Sigma-Genosys, or Life Technologies. M ost were ordered desalted at the 

3 0 D  select scale. The SMW B primers series were ordered desalted and cartridge 

purified. PCR reactions were optimised by testing two to three annealing temperatures 

in 0.5 to 1°C steps above and including that calculated by the DNAStar software. 

M agnesium  concentrations were also tested at the same time at final concentrations o f  

0.8, 1, 1.4, 1.6, 1.8, and 2mM. Depending on the polymerase either M gCl2 or M g S 0 4 

solutions were used. Primer sequences are listed later in ‘List o f primers’.

PCR with degenerate primers NEJA1 to NEJA7 and SMWB primer series

For genom ic cloning purposes D N A  was extracted from lg  young leaf samples o f  

weaned Greensleeves plants using the Nucleon Phytopure Kit (Amersham). Final 

concentrations o f  components in PCR with NEJA 1 to NEJA7 primers and 

oligonucleotides named SM W B5, SM W B8, SM W B9 and SM W B 10 in 50pl volumes 

were lx  buffer (Invitrogen Life Technologies), 1.5mM M gCl2, 2pM  o f each primer, 

200pM  each o f  dATP, dTTP, dGTP, dCTP (Promega, Invitrogen L ife Technologies™), 

50ng Greensleeves D N A , 2 units per reaction Taq D N A  polymerase (Promega, or 

Invitrogen Life Technologies™). Thermocycling programme: 1 cycle 94°C 2 m ins, then 

35 cycles o f  94°C  10 secs, 55°C 1 min, and 72°C  1 min, finishing with 72°C extension  

for 3 mins.
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RT-PCR with Greensleeves leaf and Greensleeves seedling shoot tip total RNA

Total R N A was extracted from young leaves by the Coen method but was not D N A se  

treated, and from seedling shoot tip using a RNEasy Kit (Qiagen). Five jxg o f  

Greensleeves young leaf RNA and 600ng seedling shoot tip R N A  were used as template 

in 50p l RT-PCR using a One-step RT-PCR Kit (Qiagen). Reverse transcription was 

allow ed to proceed at 50°C for 30  mins, this was then follow ed with the same 

thermocycler programme described previously in ‘PCR with degenerate primers NEJA1 

to NEJA7 and SM W B primer series’.

PCR with cDNAfrom root tips, unpollinated ovary, stamens, whole fruit 28 DAP, and 
seed 70 DAP

Total RN A was extracted from unpollinated ovary, w hole fruit 28 D A P and seed 70  

D A P by the Coen method and from root tips and stamens using a RNEasy Kit (Qiagen). 

M essenger R N A was isolated using an Oligotex m RNA Purification Kit (Qiagen) from 

up to lm g  total RN A, depending on the amount o f R N A  available. Complementary 

D N A  was then synthesised from lOOng mRNA using a Retroscript Kit with random 

decamer primers (Ambion). One quarter o f  the RT reaction was used as template. 

Reaction components were the same as described previously in ‘PCR with degenerate 

primers NEJA1 to NEJA7 and SM W B primer series’. The therm ocycling programme 

for the primary PCR reaction was 1 cycle 94°C 2 m ins, then 30 cycles o f  94°C 10 secs, 

50°C  1 min, and 72°C 1 min, finishing with 72°C extension for 3 mins. Thermocycling 

programme for the second nested PCR reaction: 1 cycle 94°C  2 m ins, then 30 cycles o f  

94°C  10 secs, 55°C 1 min, and 72°C 1 min, finishing with 72°C  extension for 3 mins.
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20oxl and np tll PCRfor detection o f transgenic plants

For the detection o f  transgenic plants D N A  was extracted using the C-TAB based 

method after Stacey and Isaac (1994) as described previously.

20oxl: Final concentrations o f components in PCR with 20oxIF  and 20ox lR

primers in 20|xl volumes were lx  buffer (Invitrogen L ife Technologies), 1.5mM  M gCl2, 

750pM  o f  each primer, 200pM  each o f dATP, dTTP, dGTP, dCTP (Invitrogen Life 

Technologies™), 50ng D N A , and 2.5 units Taq D N A  polymerase (Invitrogen Life 

Technologies™). Thermocycling programme: 94°C for 2 m ins, then 30 or 35 cycles o f  

94°C, 56°C and 72°C for 1 min each, with a final extension step o f 72°C for 5 mins. 

nptll: Final concentrations o f components in PCR with NTTIIF and NTTIIR

primers in 20pl volumes were lx  buffer (Invitrogen L ife Technologies), 2m M  MgCI2, 

525pM  o f each primer, 200pM  each o f dATP, dTTP, dGTP, dCTP (Invitrogen Life 

Technologies™), 50ng D N A , and 2.5 units Taq D N A  polymerase (Invitrogen Life  

Technologies™). Thermocycling programme: 94°C for 5 mins, then 2 cycles o f  60°C  

and 72°C  for 1 min each, then 30 cycles o f  94°C, 60°C and 72°C for 1 min each, with a 

final extension step o f  72°C for 10 mins.

Expression analysis o /M d G A 2 0 o x l and M dG A 20ox2 by PCR

Complementary D N A  was synthesised from m RNA or R N A  using either a Retroscript 

kit (Am bion) or Superscriptll reverse transcriptase (Invitrogen L ife Technologies) 

fo llow ing manufacturer directions. RNA was denatured at 65°C for 5 m ins then placed
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on ice before adding the reverse transcriptase mastermix. Synthesis was primed with 

random decamers (Ambion) or 01igo(dT)iS (Qiagen).

20oxl primers: PCR components and thermocycling programme with 2 0 o x lF

and 2 0 o x lR  primers was as described previously except 5pl o f  a 20pl volume o f  cDN A  

synthesised from lOOng mRNA was used as template instead o f  G reensleeves DN A.

20nx2 primers: 2.5pl o f a 20pl volume o f cD N A  synthesised from lOOng mRNA

was used as template and final concentrations o f  components in PCR with 20ox2F and 

20ox2R  primers in 20pl volumes were lx  buffer (Invitrogen Life Technologies), 2mM  

M gC h, 750pM  o f  each primer, 200pM  each o f dATP, dTTP, dGTP, dCTP (Invitrogen 

Life Technologies™), and 2.5 units Taq D N A  polymerase (Invitrogen Life 

Technologies™). Thermocycling programme: 30 cycles o f 94°C, 55°C and 72°C for 1 

min each, with a final extension step o f 72°C for 5 mins.

f)R T 20oxl nrimers: Final concentrations o f components in PCR with Q R T 20oxlF  

and Q R T 20oxlR  primers in 50pl volumes were lx  buffer (Invitrogen Life 

Technologies), 1.8mM M gCl2, 200pM  o f  each primer, 200pM  each o f  dATP, dTTP, 

dGTP, dCTP (Invitrogen Life Technologies™), and 2.5 units Taq D N A  polymerase 

(Invitrogen Life Technologies™). Thermocycling programme: 94°C  for 2 mins, then 25 

or 35 cycles o f  94°C, 57°C and 72°C for 1 min each, with a final extension step o f 72°C  

for 5 mins.

O RT20ox2 primers: Final concentrations o f components in PCR with QRT20ox2F  

and QRT20ox2R primers in 50pl volumes were lx  buffer (Invitrogen Life 

Technologies), 1.8mM M gCl2, 200pM  o f  each primer, 200pM  each o f  dATP, dTTP, 

dGTP, dCTP (Invitrogen Life Technologies™), and 2.5 units Taq D N A  polymerase
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(Invitrogen Life Technologies™). Thermocycling programme: 94°C  for 2 mins, then 25  

or 35 cycles o f  94°C, 59°C and 72°C for 1 min each, with a final extension step o f 72°C  

for 5 mins.

6.2.5 Cloning DNA Sequences, Colony PCR and Plasmid Isolation

Agarose gel purification of DNA fragments and cloning PCR products into 
sequencing vectors

One o f  three methods was used to purify fragments from agarose (Seakem) gel slabs, 

these were the dialysis bag method as described by Sambrook et. al. (1989), or by using 

a QIAXII gel extraction kit (Qiagen), or the band stab method as in Bjourson and 

Cooper (1992). To clone resulting products from PCR reactions 2pl o f gel purified 

bands or 2^1 o f  neat PCR was used for direct cloning into a sequencing vector (pCR®II- 

TOPO® or pCR®-Blunt H TOPO®) using TOPO-TA or TOPO Zero Blunt cloning kits 

(Invitrogen Life Technologies) according to manufacturer instructions. The ligated 

plasmid-insert was transformed into chem ically competent TOPIO E. coli cells  

(Invitrogen) or D H 5a  E. coli cells prepared using the Denney method (Alexander et al 

1984).

Colony PCR and plasmid isolation

Colonies from bacterial transformations were tested for the desired insert size by 

dipping a sterile micropipette tip into a single colony and placing the tip into 20pl pre

prepared PCR mastermix and agitating the tip to ensure that som e bacteria are visibly  

transferred to solution. The reactions were then run in a thermocycler using the
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follow ing program: 94°C for 10 mins, then 30 cycles o f  94°C, 55°C and 72°C for 1 min 

each, with a final extension step o f 72°C for 5 mins. Final concentrations o f  mastermix 

components: Buffer to lx  concentration (Invitrogen Life Technologies), 1.5mM M gCl2, 

200 |iM  each o f  dATP, dTTP, dGTP, dCTP (Promega, Invitrogen Life Technologies™), 

250pM  o f  each M 13F and M 13R primer, 2 units Taq D N A  polymerase (recombinant, 

Invitrogen Life Technologies). After thermocycling was com plete the reactions were 

separated in agarose (Seakem) 0.5xTBE gels. Colonies with a single amplification 

product o f the correct size were inoculated into 5ml 2xYT liquid medium (16g.l_l 

tryptone-peptone [Oxoid Ltd.], lOg.l'1 yeast extract [Oxoid Ltd.], Sg.l'1 NaCl [Sigma], 

pH 7.0, sterilised by autoclaving) and grown overnight under selection (50|Xg/ml 

ampicillin/carbenicillin for pCR®II-TOPO® and 50|xg/ml kanamycin for pCR®-Blunt II 

TOPO®) at 37°C with shaking. The plasmid with insert was then purified using Wizard 

SV Miniprep (Promega) or QiaSpin Miniprep (Qiagen) kits.

6.2.6 Isolation of full-length MdGA20oxl and MdGA20ox2 gene sequence

Greensleeves shoot tip mRNA purification for use in SMART RACE

A  150|ig  amount o f  total R N A was D N A se treated (RQ1 R N A se free D N A se, Promega) 

and then phenol extracted 3 times, and precipitated by adding ' / ,0 volume 3M  sodium  

acetate and 2 '/2 volum es ethanol, and incubated at -8 0 °C  for l ' / 2 hours. The R N A  was 

centrifuged at 19000xg for 15 mins and washed once in 70% (v/v) ethanol 0 .15M  NaCl. 

After air drying for 15 mins the R N A was re-suspended in 1ml binding buffer (TE pH8 

0.5M  Li Cl) in order to purify m RNA. The R N A was transferred to a 50m l Falcon tube
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(Sarstedt) and was made up to 20ml with binding buffer. Then 1ml o f  a 0 .5g  wet weight 

oligo d(T) beads (Amersham) per ml binding buffer suspension was added and allowed  

to bind for 15 mins at room temperature with constant m ixing to ensure the beads 

remained suspended in solution. After binding the solution was centrifuged at 500xg for 

2 mins. The supernatant was discarded and the beads were washed 3 times by 

resuspending in 10ml binding buffer, m ixing by inversion for 3 m ins, and then finally 

re-centrifuging. Purified m RNA was eluted by resuspending in 3ml TE buffer (pH8) 

and incubating at room temperature with constant m ixing for 5 mins. After centrifuging 

for 3 mins at 500xg the supernatant was transferred to a fresh tube and an aliquot was 

taken for quantification. The m RNA was precipitated, washed as before and once dry 

re-suspended in 15pl water.

Isolation o f  MdGA20oxl by RACE

The SM ART RACE cD N A  Amplification Kit (Clontech Laboratories Inc.) was used for 

cloning complete cD N A  sequences. Primers named F5R (anti-sense) and F3R (sense) 

were designed for both ends o f  2 0 o x l according to the criteria listed in the user manual. 

Follow ing the SM ART RACE kit protocol 5 prime and 3 prime RACE libraries were 

synthesised from 600ng and 300ng shoot tip m RNA respectively, using Superscript II 

reverse transcriptase (Invitrogen Life technologies) with the corresponding 5 ’CDS and 

3 ’CD S primers (SM ART RACE Kit, Clontech) as described in the SM ART RACE  

manual. The 5 prime RACE reaction used F5R and UPM  (SM ART RACE Kit, 

Clontech) primers. The 3 prime RACE used F3R and UPM  primers. Reaction m ixes 

were as in the user manual and for all reactions the high fidelity Advantage 2 

polymerase mix (Clontech Laboratories, Inc.) was used. A ll PCR was performed in a
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GeneAmp System  9600 thermocycler (Perkin Elmer). The thermocycler programme 

used for both 5 and 3 prime RACE was: 5 cycles o f  94°C 5 secs, 72°C  3 m ins, then 5 

cycles o f 94°C  5 secs, 70°C 10 secs, 72°C 3 mins, then 20 cycles o f  94°C 5 secs, 68°C  

10 secs, 72°C 3 mins. A  45pl aliquot o f each reaction was run out on a 1.2% (w /v) 

agarose (Seakem) 0.5xTBE gel and the band seen for the 3 prime reaction was excised  

and purified using a QIAEXII Gel Extraction Kit (Qiagen) whereas 2pi o f  the 5 prime 

reaction was cloned directly into pCR®-Blunt II-TOPO® vector.

Isolation o f  M dG A 20ox2 by Genome Walking

The Universal GenomeWalker™ Kit (Clontech Laboratories, Inc.) was used to clone  

sequence data for the 20ox2 fragment cloned by PCR with degenerate primers. Five 

GenomeW alker libraries were constructed by digesting 2pg Greensleeves D N A  

(extracted with Nucleon Phytopure Kit, Amersham) separately with Dral, EcoRV, Stul, 

Pvull, and Seal, phenol ¡chloroform extracted, precipitated, and re-suspended in 20pl 

TE as described in the manual. For each library, a 4p l aliquot o f  purified digest was 

m ixed with 1.9pl 25pM  GenomeWalker Adapter, 1.6pl 5X  ligation buffer, and 0.5pl 

lunit/pl T4 D N A  ligase and incubated overnight at 16°C. The ligations were stopped 

by incubating at 70°C for 5 mins then 72pl TE buffer was added with gentle mixing.

Primers were designed for 20ox2 according to instructions in the manual. The primary 

gene specific primers used were called L5R and L3R and the corresponding nested 

primers were called NL5R and NL3R. A ll PCR was performed in a GeneAm p System  

9600  thermocycler (Perkin Elmer) and for all reactions the high fidelity Advantage Tth
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polymerase m ix (Advantage Genomic PCR Kit, Clontech Laboratories, Inc.) was used. 

The primary amplification was set up as in the manual and run in the thermocycler as 

follows: 7 cycles o f  94°C 2 secs, 72°C 3 mins, then 32 cycles o f  94°C 2 secs, 67°C 3 

m ins, with final extension at 67°C 4  mins. An 8p.l aliquot was run on a 1.5% (w/v) 

agarose (Seakem) 0.5xTBE gel against a 1 Kb and lOObp D N A  ladder markers. 

Reactions without visible products were returned to the thermocycler for 6 more cycles  

o f  94°C 2 secs, 67°C 3 m ins, with final extension at 67°C 4  mins and an 8pl was run on 

a gel as before. A  lp l aliquot o f all reactions was diluted 50 tim es in water and lp l o f  

this dilution was used as template for nested PCR (set up as in manual) with the same 

PCR programme as before. A  5pl aliquot was run on an agarose (Seakem) gel as before 

and reactions without a visible product were returned to the thermocycler for 6 more 

cycles o f  94°C 2 secs, 67°C 3 mins, with final extension at 67°C 4 mins. Three 

reactions with products sized between 0.9 and 2.5 Kb were cloned into pCR®-Blunt II- 

TOPO® vector using 4p l o f  the neat reaction.

Isolation o/MdGA20ox2 5 prime sequence by RACE

For cloning 5 ’ cD N A  sequence from ovary m RNA the SM ART RACE Kit (Clontech) 

was used as for MdGA20oxl. Total RNA was extracted from G reensleeves unpollinated 

ovary by the Coen method. Follow ing the SM ART RACE kit protocol a 5 prime RACE  

library was synthesised from 5pg o f  ovary total R N A  by Superscript II reverse 

transcriptase (Invitrogen L ife technologies) with the 5 ’CDS primer (SM ART RACE  

Kit, Clontech) as described in the SM ART RACE manual. The 5 ’ RACE primary 

reactions were performed using the Advantage 2 polymerase m ix (Clontech) as before 

and pfx polymerase (Invitrogen Life Technologies™) was used for nested PCR. All

191



Sean Bulley 2002 Materials and Methods

reactions were performed in a Techne Genius thermocycler (Techne, Cambridge). For 

5 ’ RACE the primary PCR reaction was performed using the ovary 5 ’RACE library 

with 2N5R and UPM  primers as described in the manual. Cycling parameters were 25 

cycles o f 94°C for 30 secs, 66°C for 30 secs, and 72°C for 3 mins with a final 3 min 

extension at 72°C. A  2.5jil aliquot was used in a nested PCR reaction with 20ox2R  and 

N U P primers. Cycling parameters were 25 cycles o f 94°C  for 1 min, 55°C for 1 min, 

and 67°C for 2 mins with a final 3 min extension at 67°C. A  2\i\ aliquot o f  the nested 

PCR was cloned into pCR®-Blunt II-TOPO® vector (ZERO Blunt II TOPO Kit, 

Invitrogen).

6.2.7 Southern Blotting

Reactions for digesting D N A  with restriction enzym es contained the appropriate buffer 

to lx  concentration, B SA  to O Jm g.m l'1, 4m M  spermidine and 10 units o f  restriction 

enzym e per ^g D N A . H alf o f the restriction enzym e volume was added initially and the 

reaction was left to proceed at the appropriate temperature overnight. The second half o f  

the enzym e volume was added after overnight digestion and the reaction was allowed to 

proceed for a further four hours. D N A  was precipitated by adding 1/10 volume 3M  

NaO Ac (pH 5.0) and 2Vi volumes absolute ethanol, m ixed by gentle inversion and then 

incubated at -20°C for 30 mins. The D N A  was pelleted by centrifugation in a microfuge 

for 30  mins at 14000xg, washed with 70% ethanol (v/v), and dried using a vacuum  

dessicator. The pellet was re-suspended in 35pl TE and incubated at 65°C for 10 mins 

to ensure complete dissolution, then placed on ice. Southern blots were prepared by 

electrophoresis o f  the samples and a D N A  ladder through a 0.8% (w /v) agarose 

(Seakem ) 0.5xTBE gel containing 0.5R g.m r‘ ethidium bromide at a maximum o f  IV
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per cm  length o f  gel until adequate separation was obtained. After electrophoresis the 

lane containing the D N A  ladder was photographed against a cm  rule to allow  

subsequent size determination. The D N A  was depurinated by submerging the gel in 

250m M  HCI for a maximum o f  10 mins with shaking at room temperature. The gel was 

rinsed three times in water and the D N A  was denatured by two washes in 0.5 M  NaOH, 

1.5 M  NaCl at room temperature with gentle shaking for 15 mins. The gel was rinsed 

three times in water and then neutralised with two washes in 0 .5M  Tris-HCl (pH 7.5), 3 

M  NaCl at room temperature with gentle shaking for 15 mins. The D N A  was transferred 

by capillary blotting to positively charged nylon membrane (Roche) as described by 

Sambrook et al. (1989) using 20xSSC as transfer buffer. After transfer the D N A was 

fixed to the membrane by baking at 120°C for 30 mins.

Probe synthesis

DIG -11-UTP labelled 2 0 o x l, GF3 and 20ox2 D N A  were synthesised from plasmid 

template by PCR using a DIG High Prime Kit (Roche) and added to DIG EasyHyb 

buffer at the rate o f lp l, lpil, and 3pi per ml respectively. The probes were added to 

EasyHyb buffer (Roche) and denatured by incubation at 68°C for 10 mins before use. 

Reaction components were as described in the kit instructions and the 2 0 o x l  

therm ocycling program was used to synthesise all the probes. A  lOpl aliquot was run 

through an agarose (Seakem) gel in order to confirm correct amplification. DIG-labelled  

G US D N A  was synthesised by PCR from pSV 1.6 plasmid template with G US27 and 

G U S392 primers using a DIG High Prime Kit (Roche). Reaction components were as 

described in the kit instructions. Therm ocycling programme: 94°C  for 2  m ins, then 30  

cycles o f  94°C, 65°C and 72°C  for 1 min each, with a final extension step o f  72°C for 5
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mins. A  10|iil aliquot was run through an agarose (Seakem) gel in order to confirm  

correct amplification. Denatured D N A  probe was added to EasyHyb buffer at the rate o f  

2pl.m l'1.

Hybridisation

The nylon membrane was pre-hybridised, depending on membrane size in 15 to 25ml 

filtered (0.45pm  pore, M illipore) EasyHyb buffer (Roche) at the required hybridisation 

temperature for 2h in glass hybridisation tubes (Techne). After 2h the pre-hybridisation 

solution was poured o ff (and stored at 4°C ) and 10 to 15ml o f  the probe solution 

(depending on membrane size) was added through a 0 .45pM  filter (M illipore) and the 

membrane was hybridised overnight. If previously used probe solution was going to be 

used it was denatured by incubation at 68°C for 10 mins before adding to the 

hybridisation tube.

DIG detection

Detection and solutions used were as described in the DIG System  Users Guide and the 

procedure is briefly summarised here. After post hybridisation washes for D N A  or RNA  

blots or fixation for electro-blotted RPA blots the membrane was equilibrated in maleic 

acid wash buffer for 2 mins. This was then discarded and 100 to 150ml (depending on 

membrane size) blocking solution was added. The membranes were incubated at room  

temperature on an orbital shaker for 30 mins. After 30 m ins, anti-DIG alkaline 

phosphatase conjugated antibody (centrifuged at 14000xg for 1 min before use, Roche) 

was added to the blocking solution at 0.5pl/10m l and 1 pi/10m l blocking solution
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depending on whether CDP-Star (Tropix) or CSPD (Roche) substrates were used. The 

solution was swirled to ensure adequate dispersal o f the antibody conjugate and then the 

membranes were incubated for a further 30 mins at room temperature with shaking. The 

antibody solution was discarded and unbound antibody was removed with two 15 min 

washes with approximately 300m l m aleic acid wash buffer with shaking. The 

membrane was then transferred with flamed forceps to a clean container containing 

detection buffer, allowing excess liquid to drip o ff first. After 2 mins equilibration the 

buffer was discarded and 3ml o f CDP-Star or CSPD substrate was added. The substrate 

was continually dripped over the membrane for 5 mins ensuring complete coverage. 

The membrane was picked up with flamed forceps, allowing excess liquid to drip off, 

and then sealed between two sheets o f  clear plastic with a plastic bag sealer. If CSPD  

substrate was used the sealed bag was incubated at 37°C for 5 mins (unnecessary with 

CDP-Star) then exposed to autoradiography film (Kodak). The film  was developed  

according to manufacturer instructions.

Stripping DNA blots

If hybridisation with another probe was required the membranes were washed in water 

for 1 min and then washed twice for 10 mins at 37°C in 0 .2  M  NaOH, 0.1% SD S. The 

membrane was then thoroughly rinsed in 2xSSC at room temperature and then pre

hybridised as before.

6.2.8 GA 20-oxidase activity studies

Competent BL21(DE3) cell preparation- Rubidium chloride method
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A  single colony (previously streaked from glycerol stock) o f  the E. coli strain 

BL21(D E3) (Novagen) was inoculated into 10ml Luria Bertani broth (LB, Sambrook et 

a l  1989) and grown overnight at 37°C with shaking. Then 1ml was subcultured into 

100m l LB, 20m M  M gS04 and the cultures were grown for 3h at 37°C with shaking. The 

cells were pelleted by centrifugation at 5000xg for 5 m ins at 4°C. The supernatant was 

discarded and the cells were gently re-suspended in 40m l co ld  (4°C) solution TFB1 

(30m M  KOAc, lOOmM RbCl, lOmM CaCl2,50m M  M nCl2„ 15% glycerol [v/v], pH5.8) 

and incubated on ice for 5 mins. The cells were pelleted as before and gently re

suspended in 4m l cold  (4°C) solution TFB2 (lOmM  M OPS, 75m M  CaCh, lOmM RbCl, 

15% [v/v] glycerol, pH6.5) and incubated on ice for 45  mins. Finally 100 [Ü. aliquots 

were placed in 0.5m l Eppendorf tubes and snap frozen in liquid nitrogen before storage 

at -70°C .

Heterologous expression o f cloned MdGA20oxl sequences in E. coli

One pg  o f  the expression vector pET32b(+) (Novagen) as w ell as 2pg MdGA20oxlA 

and B in pZero-Bluntll-TOPO plasmids (B1C and C1C respectively) were double 

digested with BamHl and Hindlll restriction enzym es (M BI). The pET vector was de- 

phosphorylated with CIAP (N ew  England Biolabs) by adding 15pl 10xbuffer3 (NEB) to 

the digest making up to 148pl with water and finally adding 2 pi CIAP. The plasmid 

was incubated at 37°C for 30 mins after which the reaction product was purified using 

Qiaquick columns (Qiagen) and eluted in 30pl Tris.HCl, (pH8). The digested 

MdGA20oxl fragments were gel purified using a Q IAEXII kit (Qiagen) and eluted in 

30p l Tris.HCl, pH8. The purified fragments were ligated to the de-phosphorylated pET
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vector preparation by adding 5pl insert preparation and lp l vector preparation to 4p] 

ligation mix containing 2|xl Sxbuffer (Invitrogen Life Technologies), lp l ImM  dATP, 

and lp l 10 units per pi T4 D N A  ligase (Life Technologies). A  control was included 

containing just vector and no insert (substituted with water). The ligation reactions were 

incubated at 14°C overnight and transformed into TOPIO cells (Invitrogen) in 5pl and 

2pl aliquots (as before). Six colonies were grown overnight for plasmid purification 

using a Qiaspin Miniprep Kit (Qiagen). The purified plasmid was screened for correct 

ligation by a BamHl/Hindlll double digestion (both), Xhol/Sstl double digestion 

(both), Xbal (both), Pstl (MdGMOoxlA only), and Kpnl {MdGA20oxlB only).

The appropriate clone for MdGA20oxlA and B was transformed into competent 

BL 21(D E3) cells by m ixing 200ng plasmid with lOOpl competent BL21(D E3) cells and 

incubating on ice for 20 mins. The cells were heat shocked at 42°C  for 45 secs and 

incubated on ice for 2 mins after which 400pl 2xYT medium was added and the cells 

were incubated at 37°C for 30 mins with shaking (220rpm). After recovery, the cells 

were plated out in 20pl and lOOpl aliquots onto 2xY T agar plates containing 50pg/ml 

carbenicillin and incubated overnight at 37°C.

One colony for each MdGA20oxl sequence was inoculated into 4.5m l 2xY T  containing 

lOOpg/ml carbenicillin and grown for 4 hours at 37°C with shaking (220rpm), then 

incubated overnight at 4°C. A 0.5ml aliquot was inoculated into 50ml fresh 2xYT- 

carbenicillin (as before) and the cells were grown for 2h at 37°C with shaking (220rpm). 

IPTG was added to a final concentration o f 0.4m M  and the cells were induced at 37°C  

for 3h with shaking (220rpm). The cells were harvested at 6000rpm  in a Beckman JA20
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rotor for 10 mins at 4°C and re-suspended in 2ml lOOmM Tris.HCl pH7.4, 5mM DTT, 

lm g/m l lysozym e (Sigma) and left at 20°C for 20 mins. After adding 25pl o f lm g/m l 

D N A sel (Sigma), 1ml aliquots were sonicated on ice for 10 secs. The samples were 

spun at 17000xg for 5 mins at 4°C  and the supernatant was removed and frozen in 

liquid nitrogen before storage at -20°C .

For enzym e activity assays 5jxl [14C]G Ai2 (2500 Bq, 450pm ol, purchased from 

Professor L. Mander, School o f Chemistry, Australian National University, Canberra, 

Australia) in methanol and 5pl o f  cofactor mix (133m M  2-oxoglutarate, 133mM  

ascorbate, 16.7mM  FeSC>4, and 33mg/ml catalase) was added to a 90pl aliquot o f the 

prepared protein extract. The reaction was incubated at 30°C for 2 hours with gentle 

shaking (linear, 30 cycles/m in). To precipitate protein, 140pl water and 10pl glacial 

acetic acid were added, then m ixed by inversion and centrifuged at 17000xg for 5 mins. 

The supernatant was transferred to a clean tube and separated by HPLC with on-line 

radiocounting as described previously (Lange et a /., 1994). The fractions containing 

radioactivity were collected, converted to methyl esters with ethereal diazomethane and 

then to trimethylsilyl ethers by reaction with A-methyl-A-trimethylsilyltrifluoracetamide 

(M SFTA, Sigma-Aldrich). The samples were then analysed by GC-MS using a 

Thermoquest GCQ Mass Spectrometer (Courtesy Steve Croker and Peter Hedden, 

IACR Long Ashton, as in Lange et al., 1994).
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6.2.9 Construct assembly 

Insert preparation

Between 1 to 2pg o f plasmid D N A  was digested with the appropriate restriction enzyme 

follow ing the manufacturers instructions. After digestion with restriction enzym es the 

fragment to be ligated was gel purified using the dialysis bag method or the Qiaex II 

Gel Purification Kit (Qiagen). If blunt ended ligation was required nucleotide overhangs 

left by restriction enzymes were removed by T4 D N A  polymerase (Promega), following  

manufacturer instructions. Blunted fragments were extracted twice in 

phenol:chloroform:isoamyl alcohol (125:124:1, pH 8) and precipitated as before. A  

small aliquot was run on a gel against X D N A  standards (Invitrogen Life 

TechnologiestM) in order to determine concentration.

Vector preparation

B etw een 1 to 2p g  o f  the desired plasmid vector was digested with the appropriate 

restriction enzym e(s) and gel purified as before. If a blunt ligation was required the 

linearised vector was blunted as before. The linearised vector was de-phosphorylated 

with ca lf intestinal alkaline phosphatase (CIAP, Promega) for 30 mins at 37°C  

fo llow ing manufacturer instructions. After de-phosphorylation o f  the free ends to 

prevent self re-ligation the vector was phenolxhloroform  extracted (as described 

previously) and re-suspended in water. To determine an approximate concentration a 

small aliquot was run out on an agarose (Seakem) gel as described previously.
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Ligation

U sing T4 D N A  Ligase (Promega) with lOOng o f  prepared vector, ligation reactions 

(20pl total volum es) were assembled with prepared insert at a 3:1 molar ratio to 

prepared vector. Additional ATP was included in each 20pl ligation reaction to a final 

reaction concentration o f 20pM  and the reactions were incubated at 20°C overnight. 

The ligation reaction was transferred into E. coli (strain D H 5a) via the ‘5 min 

transformation protocol’ (Pope and Kent 1996). The competent cells used were prepared 

as in Alexander et al. (1984).

Confirmation of ligation and transfer to Agrobacterium

Plasmid D N A  from 12 resultant colonies for each orientation was prepared using the 

follow ing STET method: Transformant colonies were streaked onto sectors o f selective 

plates and incubated overnight at 37°C. A  small amount o f  the streaked bacteria 

(approximately 20jxl) was scraped using a sterile micropipette tip and placed in lOOpl 

STET buffer (8% sucrose; 5% Triton X100; 50nM  EDTA; 50m M  Tris-HCl, pH8.0) in a 

1.5ml Eppendorf tube and vortexed. The tip was discarded and 10pl o f  freshly prepared 

lOmg/ml lysozym e was added and the tubes were vortexed again and incubated at room  

temperature for 5 mins. The samples were placed in boiling water for 1 min and then 

centrifuged at 14000xg for 15 mins. The supernatant was transferred to a fresh tube and 

precipitated by adding an equal volume o f  propan-2-oI and m ixed by vortexing. The 

samples were centrifuged as before and the pellets were washed in 70% ethanol (v/v). 

After brief drying under vacuum the D N A  pellet was re-suspended in 20pl TE buffer. 

Restriction analysis with EcoKl identified the colonies containing the expression  

cassette in sense and anti-sense formation. One colony for each orientation was grown
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overnight at 37°C in LB medium containing 50pg/m l ampicillin. Plasmid D N A was 

purified using a Plasmid Midiprep kit (Qiagen). Prepared constructs were transferred to 

the Agrobacterium tumefaciens strain EHA101 by electroporation in an E. coli Puiser™ 

Transformation Apparatus (Biorad) using 100 to 300ng o f  plasmid D N A  follow ing  

manufacturer instructions. Competent Agrobacterium cells were prepared using the 

method described by McCormac et al. (1998).

6.2.10 Northern analysis

This protocol is taken from Rueger et. a l (1996) and is summarised here. R N A samples 

were combined with equal volumes o f  loading buffer (65% deionised formamide [v/v], 

22% formaldehyde [v/v], 0.1% [v/v] bromophenol blue and 13% [v/v] lOxMOPS 

buffer- 200m M  MOPS [pH7], 50mM  sodium acetate, lOmM EDTA [pH8]), incubated 

for 10 mins at 65°C, then transferred to ice. A  3pl aliquot o f R N A  ladder (Invitrogen 

Life Technologies™, or Sigma-Aldrich) was included for subsequent sizing. The 

samples were immediately dry loaded in the w ells o f  a denaturing formaldehyde gel (1 

or 1.5% agarose (Seakem), 18% formaldehyde, lxM O PS buffer). The electrophoresis 

tank was filled up to the level o f  the gel with lxM O PS buffer containing O.Spg.ml'1 

ethidium bromide and run at 60V  until the dye band had entered the gel. The gel was 

then submerged with lxM O PS buffer and run overnight at 1.5V per cm  length o f  gel. 

The ladder lane was excised, de-stained in water for 5 mins and photographed against a 

cm  rule. The gel was soaked in water for 1 hour, then washed in water with 3 changes 

and then blotted overnight by capillary transfer as in Sambrook et al. (1989) onto 

positively charged nylon membrane (Roche) using lOxSSC as transfer buffer. The RNA  

was fixed  to the blotted membrane by baking for 30  m ins at 120°C.
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The prepared membrane was pre-hybridised for two hours in pre-filtered (45pm  pore) 

EasyHyb buffer (Roche). At the end o f pre-hybridisation the EasyHyb buffer was 

poured o ff  and 12ml DIG EasyHyb buffer containing DIG -11-UTP labelled D N A  probe 

or R N A  probe was added by filtration through a 0.45pm  pore filter (Millipore). The 

blots were hybridised overnight at 50°C for D N A  probes and at 68°C for RNA probes. 

After post-hybridisation washes detection was as described in Southern Blotting (see 

4.6).

Probe preparation

D N A  probes were prepared by PCR using a DIG High Prime Labelling Kit (Roche). 

D IG -11-UTP labelled M dG A 20oxl probe was synthesised from M dG A 20oxlB  plasmid 

template (isolated by RACE) by PCR with NativeF and NativeR primers with the same 

thermocycling programme used for 2 0 o x l. Malate dehydrogenase D N A  probe was 

synthesised from plasmid template (2G4, a gift from Fiona W ilson, unpublished data) 

by PCR with M F and M R primers with the same thermocycling programme used for 

2 0 o x l. For both probes, lp l PCR labelling reaction was added per ml EasyHyb buffer. 

The probes were denatured before use as before.

In order to prepare template for RNA synthesis a new primer named 20ox lR T 7 was 

used with 2 0 o x lF  primer in a PCR using the same therm ocycling programme used for 

2 0 o x l with 2 0 o x l plasmid as template. 20ox lR T 7 primer is identical to 2 0 o x lR  primer 

but has a T7 promoter site at the 5 ’ end. The synthesised template was gel purified using 

a QIAEXII Gel Extraction Kit (Qiagen). D IG -11-UTP labelled 2 0 o x l anti-sense RNA
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probe was synthesised from 200ng o f the prepared D N A  template with a Maxiscript T7 

Kit (Ambion). The synthesised RNA was quantified by absorbance, halving the 

calculated value because DIG interferes with the reading. Just before use lp g  RNA  

probe was made to 100|xl with TE buffer, boiled for 5 mins, and then placed on ice. This 

was added to 10ml pre-warmed (68°C) EasyHyb buffer and filtered before use (as 

before).

Stripping RNA blots

After detection, the membrane was stripped by pouring boiling 0.1% (v/v) SD S solution 

directly onto the membrane, and then incubated with shaking at room temperature for 

10 mins. The membrane was washed in maleic acid wash buffer for 5 mins the 

membrane was transferred to hybridisation tubes and pre-hybridised as before.

6.2.11 R ibonuclease protection assay (RPA)

Malate dehydrogenase control probe production for RPA

Probe template was created by PCR with M 13 forward and reverse primers using 200ng  

o f  plasmid 2G 4 Reaction components were lx  Pfx buffer (Invitrogen Life 

Technologies™), 200pM  each o f  dATP, dTTP, dGTP, dCTP, 1.2mM  M g S 0 4, 200pM  o f  

each primer, and 2.5 units Pfx D N A  polymerase (Invitrogen Life Technologies™). 

Cycling parameters were 94°C for 4 mins, 30 cycles o f  94°C , 58°C, and 68°C for 1 min 

each, with final extension at 68°C for 5 mins. A 5pil aliquot was run out on a gel to 

confirm amplification and the product was confirmed to be malate dehydrogenase
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sequence by digesting one fifth o f the PCR reaction with Bglll. A 200ng amount o f  the 

PCR reaction was used as template for DIG -11-UTP labelled anti-sense probe synthesis 

using a Maxiscript Kit (Ambion Inc.) with T7 RNA polymerase. Final probe synthesis 

components were 500pM  o f  each ATP, CTP, and GTP, 325pM  UTP, 175pM  D IG -11- 

UTP (Roche), IX  transcription buffer (Ambion Inc.), 200ng prepared PCR template and 

T7 R N A polymerase mix (Ambion Inc.) added at 10% (2pl) o f  final reaction volume 

(20fxl). The reaction was incubated at 37°C for 1 hour, after which 2pl o f  0.25M  EDTA  

(pHE) and lp.1 D N A se (supplied with M axiscipt kit) were added and the reactions were 

incubated for a further 15 mins at 37°C. In order to purify full length probe, the 

synthesis reactions were ran through a 5% acrylamide TBE-urea gel (Ready gel, Biorad 

Inc.) and visualised under short wave U V  light by placing a fluor-coated TLC plate 

underneath the gel. Only probe synthesis reactions giving single bands were used. The 

band was excised with a clean scalpel blade and placed in a I.5m l Eppendorf tube and 

submerged in 350|xl probe elution buffer (RPAIII Kit, Ambion Inc.) and incubated at 

room temperature overnight to allow most o f  the probe to diffuse out o f  the gel. To 

precipitate probe, the solution was transferred to new eppendorf tube and 3 volumes of 

ethanol were added. After m ixing and incubation at -8 0 °C  for 30 m ins, the sample was 

centrifuged at 21000xg for 30mins at 4°C. After one wash in 75% (v/v) ethanol the 

probe pellet was air dried for 5 mins and resuspended in 20pl water. A  lp l aliquot was 

quantified with a spectrophotometer (GeneQuant II, Pharmacia Biotech) and the probe 

solution was adjusted to 0.5ng/pl. Probe was snap frozen in liquid nitrogen in lOjul 

aliquots and stored at -80°C . This probe would give a 209bp long protected and 

unprotected RNA fragment.
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MdGAlOoxl

Tw o probes were made for MdGA20oxl. The first probe named M d20oxl-1 was made 

by designing two new primers named 20oxlF [T 7] and 20oxlR T 7 with T7 promoter 

sequence incorporated at the 5 ’ end o f  20ox lR T 7. A  lj ig  amount o f  MdGA20oxlB 

plasmid was Hindin/Xhol double digested to liberate a fragment approximately 1.5kb 

in size, which was separated on a 1% (w /v) agarose (Seakem ) 0.5xTB E gel and gel 

purified using a QIAEXII Gel Extraction Kit (Qiagen). A  345bp long D N A  fragment 

was then produced in a 50pl PCR reaction with 20oxlF [T 7] and 20oxlR T 7 primers 

using lOOng o f the gel purified 1.5kb fragment as template. Reaction components and 

cycling parameters were as described for malate dehydrogenase template PCR. A 5pl 

aliquot was run out on a gel to confirm amplification, and the product was confirmed to 

be MdGA20oxlB sequence by digesting a lOpl aliquot with Hincll. DIG -11-UTP  

labelled anti-sense probe was synthesised using a Maxiscript Kit (Ambion Inc.) and 

purified as for malate dehydrogenase. A  lp l aliquot was quantified with a GeneQuant II 

(Pharmacia Biotech) and the probe solution was adjusted to 2ng/pl. Probe was snap 

frozen in liquid nitrogen in 30pl aliquots and stored at -80°C . This probe would give a 

326bp long protected and unprotected RN A fragment.

Because undigested probe could not be distinguished from digested probe under 

circumstances o f incomplete digestion a new probe for MdGA20oxl named M d20oxl-2  

was synthesised. This would give a 348bp long protected fragment in a RPA, while the 

undigested probe would be 450bp long, therefore allow ing the two to be distinguished. 

Template was prepared by amplifying an 832bp fragment using 2 0 o x l and M 13R  

primers from 5ng o f  co!21C  plasmid (MdGA20oxlB) template. Reaction components
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were lx  Pfx buffer (Invitrogen Life TechnologiesrM), 200m M  dNTPs, ImM M gS 04, 

300pM  o f  each primer, and 2.5 units Pfx D N A  polymerase (Invitrogen Life 

Technologiest«). Cycling parameters were 94°C for 2 m ins, 30  cycles o f  94°C, 55°C, 

and 68°C for 1 min each, with final extension at 68°C for 4 mins. The reaction was run 

through a 1% (w /v) agarose (Seakem) 0.5TBE gel and the 832bp fragment was excised  

and gel purified as before. The purified fragment was digested with Bell and the 500bp  

digestion product was gel purified as before. DIG -11-UTP labelled anti-sense probe was 

transcribed as before using a Maxiscript Kit (Ambion Inc.) with SP6 RNA polymerase. 

The transcription reaction was gel purified, eluted, precipitated and re-suspended in 

water as described previously. The probe concentration was determined by measuring 

fluorescence (480nm excitation, 520nm em ission filters) in a Fluostar Galaxy 

fluorescent plate reader (BM G Lab Technologies) with Ribogreen dye (Molecular 

Bioprobes). One microlitre aliquots o f 1, 10, and 100 tim es dilutions o f the transcription 

reaction were added to 199pi o f  a 1 in 2000 dilution in TE o f  RiboGreen dye. This was 

read against 0 .5 , 1, 2 and 4pl volumes o f  malate dehydrogenase probe (made up to 

200m l with RiboGreen-TE) at the previously optimised concentration o f ln g  for 40pg  

R N A . Readings for dilution that lay within the standard curve were used to calculate 

relative concentrations taking into account the difference in probe length. Finally 

M d 20ox l-2  probe concentration was adjusted with water so  that it would be added at 

the rate o f lp l per 30pg R N A in a RPA.

MdGA20ox2

A  new primer called M dG A20ox2RT7 was designed incorporating T 7 promoter 

sequence at the 5' end. Template was prepared by  am plifying a 646bp fragment using
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M dG A20ox2RT7 and M 13F primers from 5ng o f  S09 plasmid (pZERO-Blunt II 

TOPO®- containing a fragment o f MdGA20ox2 from 3 ’ RACE cloning) as template. 

Reaction components were lx  Pfx buffer (Invitrogen Life Technologies™), 200m M  

dNTPs, Im M  M gS 04 , 200pM  o f each primer, and 2.5 units Pfx D N A  polymerase 

(Invitrogen Life TechnologiesrM). Cycling parameters were 94°C for 2 mins, 30 cycles 

o f  94°C , 55°C, and 68°C for 1 min each, with final extension at 68°C for 4 mins. The 

reaction was digested with Xba\ to remove a T7 promoter site already present that if  

transcribed from would give sense transcripts and the resulting 607bp fragment was gel 

purified as described previously. DIG-11-UTP labelled anti-sense probe was transcribed 

as before using a Maxiscript Kit (Ambion Inc.) with T7 RNA polymerase. The 

transcription reaction was gel purified, eluted, precipitated and resuspended in water as 

described previously. The probe concentration was determined by measuring 

fluorescence as described for probe M d20oxl-2 , and the concentration was adjusted 

with water so that it would be added at the rate o f l^il per 30ng R N A  in a RPA. This 

probe would give a 535bp long protected fragment in a RPA.

20oxl (transgene)

A lu g  amount o f  pM O SBlue-20oxl plasmid was digested with BamlU and IlindlU and 

the liberated 368bp fragment was gel purified as before. A  271 bp fragment was 

amplified with 2 0 o x lF  and 20oxlR T 7 using lOOng o f  the purified 368bp fragment as 

template. Reaction components were as described for malate dehydrogenase template 

PCR. The cycling programme was the same as for malate dehydrogenase template PCR 

except the annealing temperature was lowered to 53°C. A  5pl aliquot was run out on a 

gel to confirm amplification, and the product was confirmed to be 2 0 o x l sequence by
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digesting a lOpl aliquot with Sal 1. DIG -11-UTP labelled anti-sense probe was 

synthesised using a Maxiscript Kit (Ambion Inc.) and purified as for malate 

dehydrogenase. Probe concentrations was determined by measuring fluorescence as 

described for probe M d20oxl-2 , and the concentration was adjusted with water so that 

it would be added at the rate o f  lp l per 30pg RNA in a RPA. This probe gives 259bp  

long protected and unprotected fragments in a RPA.

nptll

N ew  primers named N F  and NRT7 were designed, with a T7 RNA polymerase 

promoter site positioned at the 5 ‘ end o f  the NRT7 primer. Probe template was 

synthesised by PCR with these primers using 50pg pSC V I.6  plasmid (Gittins et al 

2000) as template. Reaction conditions were lx  Pfx buffer (Invitrogen Life 

Technologies™), 200pM  each o f  dATP, dTTP, dGTP, dCTP, Im M  M g S 0 4, 200pM  o f  

each primer, and 2.5 units Pfx D N A  polymerase (Invitrogen L ife Technologies™). 

C ycling parameters were 94°C for 2 mins, 30  cycles o f  94°C, 60°C , and 68°C  for 1 min 

each, with final extension at 68°C for 4  mins. The 310bp amplification product was gel 

purified and 200ng was used as template for D IG -1 1-UTP labelled probe synthesis 

using a Maxiscript Kit (Am bion) (as described previously). The probe concentration 

was determined by measuring fluorescence as described for probe M d 20ox l-2 , and the 

concentration was adjusted with water so  that it would be added at the rate o f  lp l per 

30p g  R N A in a RPA. This probe would give a 292bp long protected fragment in a 

RPA.
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Determination of probe concentration and RNAse digestion conditions for RPA

Varying amounts o f probe amounts and RN Ase digestion conditions were tested to 

determine the best digestion conditions.

Malate dehydrogenase: Follow ing guidelines recommended in the RPAIII Kit

handbook (Ambion Inc.) probe was tested at 0.7ng, ln g , 1.2ng, 1.4ng and 2ng per 40fig  

G reensleeves shoot tip RNA. M ixes o f  1:80, 1:100, and 1:120 R N A se A /T l to RNA  

Digestion III Buffer (RPAIII Kit, Ambion Inc.) as well as 1:80, 1:100, and 1:120 T1 

R N A se alone to digestion buffer were tested at 37°C for 30 mins. Probe at a rate o f  ln g  

to 40n g  R N A  together with digestion in 1:120 R N A seA /T l or any o f  the T1 RNAse 

alone digestion m ixes gave best results. A ll steps in the RPA protocol were performed 

as described in the RPAIII Kit handbook.

M d2 0 o x l-1 : Together with malate dehydrogenase 20ox 1A probe was tested at 0.75ng, 

l . ln g ,  1.5ng, 1.75ng, and 2.2ng per 40ng Greensleeves shoot tip RN A. Digestion m ixes 

tested were the same as those for malate dehydrogenase. Probe at the rate o f 1.5ng 

together with digestion in 1:80 T1 RN Ase alone gave the best results.

M d 20ox l-2 . M dG A20ox2, NPTII and 20ox l: Probe concentration was equalised

to malate dehydrogenase taking into account relative probe lengths using fluorescence 

measurements as described in probe production. Digestion m ixes o f  1:100, 1:125, and 

1:150 o f RN Ase T1 alone to digestion buffer were tested at 37°C for 30 mins. Digestion  

using a 1:125 m ix o f  T1 RN Ase to digestion buffer gave best results with 30{ig RNA.
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6.2.12 Plant tissue culture

General media preparation and components

The follow ing method was followed in the preparation o f  all tissue culture media 

including regeneration media. Plant hormones were kept as lm g .m r1 stocks with a 

working aliquot stored at 4°C, this was replaced each month with a fresh aliquot stored 

at -20°C . The appropriate salt base, sugar, vitamin and hormone components were 

dissolved in ultra pure water and the pH was adjusted to 5.2 with HC1 or NaOH. Gelling 

agent was added if  solid media was required and the solution was sterilised by 

autoclaving for 15 mins. If antibiotic was required a filter sterilised solution was added 

with m ixing immediately before dispensing into sterile vessels in a sterile laminar flow

hood.

Media components

A ll:  30 g.l'1 sucrose, 4 .4g.l'! Murashige and Skoog (M S) salts (Sigm a), lm  g.l'1 BA P  

(Sigm a), 0.1m  g.l'1 IB A (Sigma), lm g .l1 G A3 (Sigm a), 7.5g.l'' Agar N o.3 (Oxoid Ltd.). 

CP: 30  g T 1 sucrose, 5 .2 g .l' DK W  salts (Sigma), lm  g.P1 B A P  (Sigm a), 0.1m  g .r 1 IB A  

(Sigm a), lm g .l'1 G A3 (Sigm a), lm g .l1 kinetin (Sigm a), 1ml o f  a 10 X  stock o f  M odified  

vitamins (Sigm a), 7.5g.r* Agar No.3 (Oxoid Ltd.).

R13: 4.4 g.l'1 M S, 30 g .l'1 sucrose, 3m g.l'1 IBA, 7.5 g .l'1 Agar N o.3 (O xoid Ltd.).

CR13: same as R13 except M S salts replaced with 5.2g.r* DK W  salts (Sigm a).

RE: 30  g.1'1 sucrose, 2 .2 g .l1 M S salts (Sigm a), 7 .5g.l'‘ Agar N o.3 (O xoid Ltd.).

CRE: same as RE except MS salts replaced with 2 .6g .r' DKW  salts (Sigma).
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Micropropagation of Greensleeves and bittersweet cultivars

The cultivars were maintained as growing shoot cultures under artificial lighting (70- 

80(im ol m 'V 1 PAR, 400-700nm ) in a growth room (16/8 hours light/dark at 24/18°C  

light/dark) in square base cell counting vials (Ratiolab®) pots containing A 17 

(Greensleeves) or CP media (bittersweet varieties). To maintain growth healthy shoot 

tips are cut and transferred to fresh media every 3 to 4 weeks (subculture).

Transferring plants from sterile micropropagation to soil

Vigorous healthy shoots sub-cultured no more than three weeks previously are induced 

to root in the dark for four days in R13 (Greensleeves) or CR13 (bittersweet varieties) 

root induction media. Follow ing this they were transferred to RE (Greensleeves) or 

CRE (bittersweet varieties) media and kept in the dark for four more days and then 

transferred to light to promote root growth and leaf expansion. For putative transgenic 

lines, root induction media was supplemented with 50m g.r' kanamycin (Sigma). When 

the roots began to reach the base o f the container (after approximately 3-4 w eeks) the 

plants were removed from their containers, rinsed in water to remove agar media and 

planted in autoclaved potting compost (HRI m ix). The potted plants were kept in an 

incubator (vents closed) placed out o f direct light for 2 to 3 days after which they were 

placed under direct light (16/8 hours light/dark at 22/18°C  light/dark). After 5 days the 

vents on the incubator were opened slightly and over the next 7 days the vents were 

opened wider until com pletely open. After 2 more days the incubator cover was
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removed and the plants were left for a further 4 days. The acclimatised plants were then 

transferred to a greenhouse (20/16°C light/dark).

6.2 .13 A pple Transform ation  

Transformation of Greensleeves

The procedures used are after James et al. (1989), with modifications from James et al. 

(1993), and were performed under sterile conditions in laminar flow  cabinets and class 

II downward flow  cabinets. They are summarised as follows:

Shoots were rooted as described in section 6.2.12, and young healthy leaf tissue was 

used no longer than three weeks after transfer to R37 (see section 6.2.12). Four days 

before leaf disks were cut Agrobacterium tumefaciens strain EHA101 (containing the 

appropriate pSCV construct) was streaked from a frozen stock onto LB agar plates 

containing 25m g.r' neomycin, 50m g.r‘ chloramphenicol, 25m g.r‘ gentamycin and 

incubated at 28°C. After two days growth, one colony was inoculated in 5ml YEP 

m edia (lO g.l'1 yeast extract [Oxoid Ltd.], lOg.l'1 peptone [Oxoid Ltd.], 5g.l'' NaCl 

[Sigm a-Aldrich], pH7.2) containing 25ng.ini'1 neom ycin, 50p g .m r‘ chloramphenicol 

and 15pg.m l'1 gentamycin and was incubated at 28°C with shaking at 200rpm for one 

day. A  1ml aliquot was then inoculated into 9ml fresh YEP liquid media containing 

antibiotics as before and incubated at 28°C with shaking overnight. On the day o f  

transformation the percentage transmission at 420nm  o f  a lOOpl aliquot o f  overnight 

culture was read in a spectrophotometer and the Agrobacteria culture was centrifuged at 

3500xg  for 15 mins. The supernatant was discarded and the pellet was immediately re

suspended in a volume o f  virulence induction media (2.2g.r* M S salts [Sigma-Aldrich],
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lOg.r* sucrose [Sigma-Aldrich], Im M  betaine hydrochloride [Fischer] O.lmM  

acetosyringone [Sigma-Aldrich], pH5.2), calculated by multiplying the absorbance420 

reading by 200m l. The bacterial solution was aliquoted in 10ml volumes into sterile 

15ml Falcon tubes (Sarstedt) and incubated at 20°C with gentle shaking for 5 hours. 

During this time leaf disks approximately 7mm in diameter were cut with a sterile 

number 2 size cork borer from young healthy expanding leaves and placed abaxial side 

down onto BN Z 5-1-1 regeneration medium (5 m g .fl B A P  [Sigma-Aldrich], lm g .r 1 

N A A  [Sigma-Aldrich], lm g .r ' TDZ [Sigma-Aldrich], 4 .4 g .r ‘ M S salts [Sigma- 

Aldrich], 40g.r' sorbitol [Sigma-Aldrich], pH 5.2, and 2 .5g .r' Phytagel [Sigma- 

Aldrich]), contained in Petri dishes for holding until required. After Agrobacterium 

induction, 50  leaf disks were placed in each tube o f  the induced bacterial solution and 

incubated at room temperature with gentle shaking for 20  mins. Excess liquid was 

rem oved from each disk by blotting on sterile filter paper (Whatman) and the disk was 

placed abaxial side down onto filter paper (wetted with induction media) overlaid on 

B N Z  5-1-1 regeneration medium in Petri dishes. The plates were sealed and the disks 

were co-cultivated for three days at 25°C in darkness. After co-cultivation, the 

Agrobacteria were removed by washing the leaf disks in 500m g.r' Augmentin and 

200m g.l'1 cefotaxim e solution (pH5.2) with gentle shaking for 5 hours at 20°C. The 

leaf disks were then blotted dry as before and transferred to BNZ 5-1-1 regeneration 

m edia containing kanamycin and cefotaxim e at lOOmg.l'1 and 200m g.r‘ respectively. 

The disks were incubated at 28°C in darkness and transferred to fresh media every 4  

w eeks. After approximately one month, shoots generally began to form from callus. 

Once o f  sufficient size, shoots were transferred to A 17 media (see Appendix) containing 

50m g.l kanamycin (Sigma-Aldrich) and grown on in light (16  hour day, 24°C  16°C at
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night). Each shoot was recorded as a separate line and as such was kept separate from 

other lines.

6.2.14 Histochemical GUS staining

Initial screening o f  three putative M ichelin transgenic lines was by histochemical GUS 

staining. Leaves were excised from shoot cultures and scored 2 or 3 times with a sharp 

blade. They were then immersed in 500pl X-GIuc solution (Im M  5-bromo-4chloro-3- 

indolyl-P-D-glucuronic acid [X-Gluc]; lOOmM phosphate buffer, pH7; lOmM EDTA; 

Im M  potassium ferrocyanide; 0.1% [v/v] Triton X 100) for 3 hours at 37°C. After the 

incubation the X-Gluc solution was removed and the leaf was bleached by immersion in 

70% (v/v) ethanol for 3 days with two changes at room temperature. The leaves were 

stored in 70% (v/v) ethanol. For each staining a non-transgenic negative control as well 

as a single-copy transgenic positive control G reensleeves line B 3 (transformed with 

pSC V 1.6, (Gittins et al 2000) was included.

6.2.15 Growth analysis

Experiments were conducted in Fitotron SGC170.CFX.J Plant Growth Chambers 

(Sanyo). Growth conditions were 16 hour 20°C day and 16°C night with 70% constant 

humidity. The plants were watered once every two days with water supplemented with 

0 .5g .r' Vitax fertiliser.
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Growth experiment 1

Light intensity was 300(xmol m 'V  of photosynthetically active radiation (400-700nm ) 

for the machine used in this experiment (set to 90% light bulb capacity). Fifteen shoots 

o f  lines HOI, Q 01, AS3 and Greensleeves control (GS control) were rooted and weaned 

as described previously. Seven healthy plants for each line were chosen and were 

arranged in seven blocks o f  four containing one plant o f  each line. The position o f lines 

within blocks were assigned randomly using GenStat for W indows 5th Edition software. 

The first leaf below the apical leaf was tagged as a reference point for future 

measurement. Leaf areas were measured by tracing the outline o f  five leaves, beginning 

at the 2nd leaf down from the apex and working downwards the outline o f  each alternate 

leaf was traced onto paper. The outlines were cut out and measured using a Portable 

area meter (LAM BDA Instruments Corporation). Tw o days later, young leaves, shoot 

tips (including the 1st two intemodes) and root tips were excised and immediately 

frozen in liquid nitrogen, pooling the appropriate tissues for each line. The respective 

tissues were ground to a fine powder in liquid nitrogen and stored at -8 0 °C  for 

subsequent GA and RNA extraction.

Growth experiment 2

Light intensity was 290(imol m V 1 o f photosynthetically active radiation (400-700nm ) 

for the machine used in this experiment (set to 90% light bulb capacity). Fifteen shoots 

o f  lines P01, A S13, A S10 and GS control were rooted and weaned as before. The 

procedures were the same as for the first trial. The plants were photographed and 

harvested as before. Measurement was the same except for leaf area where 5 mature
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leaves were removed and measured using Portable area meter (LAM BDA Instruments 

Corporation).

6.2.16 Ploidy testing

A ll lines that appeared dwarf were tested for their ploidy level. W hole leaves were sent 

to Plant Cytometry Services (Schijndel, Holland) for ploidy analysis by flow  cytometry 

methods. A  non-transgenic Greensleeves leaf was sent as a diploid reference.

6.2.17 Quantitative analysis of GAs by combined gas chromatography-mass 
spectroscopy (GC-MS)

Appropriate tissues pooled from seven plants used in the growth analysis experiment 

(section 6.2.15) were collected at midday according to line and frozen in liquid nitrogen. 

The pooled tissues were ground into a fine powder in liquid nitrogen and stored at - 

80°C. For extraction 100ml 80% methanol (v/v) was added to 2.5g, 4g  or 5g  o f  the 

frozen tissue and deuterated [17-2H2] GA standards were added (Tables 6.1 and 6 .2) as 

w ell as 50,000 dpm each o f  [1,2-3H2]G A i and -G A 4, [1,2,3-3H3]G A20 and [16,17- 

3H 2]16,17-dihydroGAi9. A  magnetic stir bar was added and the samples were left 

stirring overnight at 4°C. Samples were then filtered, and the supernatant was 

evaporated tot the aqueous residue in vacuo. The pH was carefully adjusted to between 

pH 2.5-3 with HC1. The samples were then partitioned against ethyl acetate (4 partitions 

o f  equal volumes). The pooled ethyl acetate phases were then partitioned three times 

against 1/5 volume o f  freshly prepared N aH C 03. The pooled aqueous phases were 

carefully adjusted to between pH 2.5-3 with 1M HC1 and then partitioned three times 

against an equal volume o f  ethyl acetate. The pooled ethyl acetate phases were
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evaporated to dryness in vacuo, The residue was dissolved in 5ml water (pH8), adjusted 

to pH 8.15 with 0.05M  KOH and applied to a columns o f  QAE-Sephadex A25  

(Pharmacia (5ml bed volume), which had been prepared in 0.1M  NaCOOH and washed 

with 20ml water (pH8). The flasks were washed out with water (pH 8)(3 x 5 ml), which 

was also applied to the column.

Table 6.1: Amounts o f  deuterated [17- H2] GAs added to young leaf samples
Amount (ne) o f  each deuterated standard added

G A H O I C E 7 G S A S 13 C F A  G S
1 5 5 5 5
3 5 5 5 5
4 5 5 5 5
8 5 5 5 5
9 5 5 5 5
12 5 5 5 5
15 5 5 5 5
19 10 10 5 5
20 5 5 5 5
24 5 5 5 5
25 5 5 5 5
29 10 10 5 5
34 5 10 5 5
44 5 5 5* 5
53 5 5 5 5

Table 6.2: Amounts o f  deuterated [17-2H2] GAs added to shoot tip samples
Amount (ne) o f each deuterated standard added

G A H O I C E 7  G S A S 13 C F A  G S POI

1 5 5 5 5 5

3 5 5 5 5 5

4 5 5 5 5 5
8 5 5 5 5 5
9 5 5 5 5 5
12 5 5 5 5 5
15 5 5 5 5 5
19 10 10 5 5 5
20 5 5 5 5 5
24 5 5 5 5 5
25 5 5 5 5 5
29 10 10 5 5 5
34 5 5 5 5 5
44 5 5 5 5 5
53 5 5 5 5 5

G As were eluted from the QAE-Sephadex with 20ml 0.2M  formic acid through a Cis 

Sep-Pak cartridge (Bond Elut Varianic, 1ml), which had been pre-equilibrated with 5ml 

methanol and 5 ml water at pH 3.0. The G As were eluted from the Cis cartridge with
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5ml methanol, o f  which 50pl was removed for scintillation counting (0.5ml methanol 

added, then 3ml Optiphase ‘H iSafe’ 3 added). The rest was evaporated to dryness in 

vacuo, dissolved in methanol (ca. 200 p i), and, in order to form methyl esters, treated 

with excess ethereal diazomethane and evaporated to dryness in vacuo. The dry residue 

was dissolved in 5ml ethyl acetate and passed through an aminopropyl ion exchange 

cartridge (Varian BondElut). The eluate was evaporated to dryness in vacuo, dissolved  

in methanol (50 pi) and made up to 20% methanol (v/v) with water. The sample was 

then separated by reverse phase HPLC as described by Croker et al. (1990). Forty 1ml 

fractions were collected and 50pl aliquots were removed for scintillation counting to 

locate the tritiated GAs. Fractions based on the location o f  these G As were combined 

and taken to dryness in vacuo. The dried fractions were converted to trimethyl silyl 

ethers by heating with MSFTA (Sigma-Aldrich) (5pl) at 90°C  for 30 mins. The 

derivatised samples were analysed by GC-MS using a Thermoquest GCQ, as described 

in C oles et al. (1999) (by P. Hedden and S. Croker, IACR Long Ashton).

6.2.18 GA rescue experiment

Between 20 to 25 shoots from lines H 01, P01, AS 13 and non-transgenic GS control 

were rooted and transferred to the soil as described previously. The plants were 

arranged in a com pletely randomised block design o f 8 blocks o f  eight treatments 

created using GenStat for W indows 5 th Edition software. Growth conditions were 16h 

days o f 200pm ol m 'V 1 o f  photosynthetically active radiation (400-700nm ) at a constant 

23°C . Plants requiring GA3 treatment were m oved to a separate room and sprayed until 

the whole plant was wet with 200m g.l‘1 Berelex (approximately 92% G A3, ICI) 

containing 0.1% (v/v) Tween 20® at once w eekly intervals. The plants were left to dry
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for 10 to 15 mins and were then returned to the growth room. The plants were watered 

once every two days with water supplemented with O.Sg.l'1 Vitax fertiliser. After 6 

w eeks o f  growth the plants were photographed and measured on separate days. Two  

days after physical measurement the plants were harvested for RNA extraction 8 hours 

into daylight (midday). Young leaves, the shoot apex together with the first and second  

intem odes, and root tips were collected separately and imm ediately frozen in liquid 

nitrogen and pooled according to their treatment.

6.2.19 Grafting

D avid Morrice at HRI East M ailing performed grafting o f  potted material in spring 

2002. Dormant rootstock was cut approximately 15cm above ground level and a vertical 

diagonal incision was made in using a sharp knife to expose fresh wood. A similarly cut 

piece o f scion approximately 115 to 20cm  long was placed against the rootstock so that 

freshly exposed wood was in contact. The graft union was wrapped in plastic film  and 

the w hole scion including the graft union was dipped in warm wax in order to seal the 

graft union. The plants were placed in cool polytunnels to allow the grafts to take.

6.2.20 List of Primers

NEJA1 (sense): 5’ AARYTNCCNTGGAARGARAC 

NEJA2 (sense): 5’ GGNACNGGNCCNCAYTGYGA 

NEJA3 (anti-sense): 5’ TCRCARTGNGGNCCNGTNCC 

NEJA6 (anti-sense): 5’ SWRTTNACNACNGCNCKRTG 

NEJA7 (anti-sense): 5’ TYNGGRCANARRAARAANGC

219



Sean Bulley 2002 Materials and Methods

F5R (anti-sense): 5 ’ GTCTGCTCAGGTTTCTGGCATGGTGGGT

F3R (sense): 5 ’ GCT ACTCCGCCG A A A A AGGCTC A ATC A A

L5R (anti-sense) 5 ’ TGGGGGCCTGTTCCT AGTGTTA ATTCTG

L3R (sense) 5 ’ CCATGTGATGGGCGAAGACTTCAGAGAA

NL5R (anti-sense) 5 ’ CATTGACCGAGGACTGGTTATTGGCACT

N O R  (sense) 5 ’ CAGAATTAACACTAGGAACAGGCCCCCA

20ox2-3R A C E (sense): 5 ’ CGCAGAAGCAAAGGGCTCAGAGAAAGGC

20ox2-N 3R  (sense): 5 ’ CGGTCAATGACTATTTTGTGAACGTGATGGGT

23R  (sense): 5 ’ CCAATGCGATAATGGAGCTACTCGGAATG

2N 5R  (anti-sense): 5 ’ GGCCCGGTTCCTAGTGTTAAGTCTGGTTT

20o x lF  (sense): 5 ’ CCGAAAAAGGCTCAATCAATA

20o x lR  (anti-sense): 5 ’ GGGGGCCAGTTCCTAAAGT

20ox2F  (sense): 5 ’ ATAGTGCCAATAACCAGTCCTCGG

20ox2R  (anti-sense): 5 ’ TTTTGCACATTGGGTAGTAGTTCA

Q R T 20oxlF  (sense): 5 ’ CAAGGAATTCGGGAGGGTTTA

Q R T 20oxlR  (anti-sense): 5 ’ CTTT ATCGTCTCTCGG AC AC A AG A

QRT20ox2F (sense): 5 ’ TTTGTGAACGTGATGGGTGAAGATTT

QRT20ox2R (anti-sense): 5 ’ TTTGGGACAGAGGAAGAAGGTGAGA

GF3F (sense): 5 ’ TCCGCACTGTGACCCAACTTCTTT

GF3R (anti-sense): 5 ’ AGCCCGCTTTTGTACTTCCCATTT

G U S27 (sense): 5 ’ CCTGTAGAAACCCCAACCCGTG

G U S392 (anti-sense): 5 ’ CCCGGC AAT A AC AT ACGGCGTG

NTTIIF (sense): 5 ’ GAGGCTATTCGGCTATGA

NTTIIR (anti-sense): 5 ’ ATCGGGAGCGGCGATAC

NativeF (sense): 5 ’ GGCCTTG AAGTCTTTGTTG ATG AT
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NativeR (anti-sense): 5 ’ AGTTTTTGGTTGGTTTTCTGTTG  

M F (sense): 5 ’ CTGTGGAAGAGACCCGTAAGAAGA  

M R (anti-sense): 5 ’ ATTGTGATGTTGGGTTGGAAAGAG  

N F (sense): 5 ’ CGGCCGCTTGGGTGGAGAG

NR T7 (anti-sense): 5 ’ TAATACGACTCACTATAGGGAGCAAGGTGAGATGA
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