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Introduction

1. Introduction

Plants produce signalling molecules, called phytotomes, which play a major role in
plant development and regulate growth at low cotraéons. Some hormones are
produced in one tissue and transported to anoissue, where they initiate specific
physiological responses. Other hormones act wiensame tissues where they are
produced. In both cases, they affect the developshen physiological state of cells,

tissues, and in some cases, separated organ systems

The word hormone comes from the Grdekma meaning “to set in motion”. For a
long time, it was thought that hormones act only diynulating plant growth.

However, recently, it has been found that someheft have inhibitory functions.
Therefore, it is more useful to regard them as tpgmowth regulators. Nevertheless,
this term also needs qualification because theoresp of a particular regulator
depends not only on its chemical structure but alsdiow it is “read” by the target

tissue.

There are five generally recognized classes oftglanmone. They are all organic
compounds and include auxins, gibberellins, cytolsinethylene, and abscisic acid
(Kende and Zeevaart, 1997). Recently, it has beggested that brassinosteroids,
salicylic acid, and jasmonates are major classese{®an and Mullet, 1997). The
brassinosteroids, which are complex organic moéscutlated to steroids, were found
to be required for normal growth of most plant uss. Salicylic acid has been
implicated as a signal in defence responses td pEthogens. The jasmonates volatile
compounds, recognized as components of floral &raggs, are now known to act as

regulators of plant development.

1.1. Discovery of the gibberellins

The observations of White in 1917, led to the cosidn that there is a certain factor,
which controls the length of pea plants (White, 2)91This factor was considered

responsible for the regulation of plant growth, aveis then later proposed to be GA.
The beginning of research on gibberellins can lbcdéed to Japanese scientists who

investigated the causes of the “bakanae” fooliskdlsey disease, which had

1
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destructive effects on the rice economy. In 1938pifa succeeded in isolating a
chemical compound from the funguSibberella fujikuroi that stimulated shoot
elongation in rice. This compound was named gillliereSubsequently, two fungal
growth active compounds, which they termed giblherél and gibberellin B were

successfully isolated (Yabuta and Sumiki, 1938).

In 1954, a new gibberellin, named “gibberellic dcMtas separated and had physical
properties different from those reported by theadase gibberellin A (Curtis and
Cross 1954). In addition, another three componesmtie extracted from the methyl
ester of gibberellin A. These components were nateuh gibberellins A A,, and A.
Gibberellin A; was confirmed to be identical to gibberellic aithkahashi et al.,
1955).

Brian and Hemming (1955) found that the applicadrGAz, obtained from culture
of G. fujikuroi, promoted dwarf pea plants to a normal growth andclcmled that
dwarf pea do not contain GARadley (1956) demonstrated that this substance,
purified from tall pea plants, induced stem elomyaiof dwarf plants and proposed
that GAs are produced naturally in higher plantmil@r observation was reported in
dwarf maize using plant-extracted substances wialike activity (Phinney et al.,
1957). In the same year, a new gibberellin wasatedl and named gibberellingA
(Takahashi et al., 1957). This was followed by gbparation of crystalline gibberellin
A1, As, As and A from Phaseolus multiflorous(MacMillan and Suter 1958;
MacMillan et al, 1959, 1960, 1962). After 1968, all gibberellinere assigned
numbers as gibberellin 14, regardless of their origin (MacMillan and Takahas
1968).

Theentgibberellane skeleton is the base to all gibbexeBtructures (Figure 1).

Figure 1: entGibberellane structure
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Gibberellins can be divided into two different gpsuthe Gg-gibberelins (Go-GAS)
that contain twenty carbon atoms and thg-d@bberellins (G-GAs) that have one
carbon atom less. There are other differences énbidisic structure, especially the
oxidation state of carbon 20 and the number andiposf hydroxyl groups on the

molecule.

Gibberellins are involved in all stages of plantvelepment: they promote stem
elongation, seed germination, leaf expansion, flovge and fruit development
(Crozier, 1983; Hedden and Proebsting, 1999; Rdhat al., 2001; Olszewski et al.,
2002). Furthermore, it has been shown that celhgdton and cell division were
affected by the level of GAs (Kende and Zeevad®$7). The activity of the catalytic
enzymes involved in the gibberellin biosynthetichpeay regulates the levels of the
bioactive GAs, which are responsible for the cdrifaggrowth and plant development.
Therefore, genetic manipulation of these enzymeddceerve as a tool for controlling
plant growth, which has a wide application in agitgral fields (Hedden and Kamiya,
1997; Lange, 1998; Phillips, 2004).

Gibberellins are chemically identified as naturefrdcyclic diterpenoid carboxylic

acids made up of four isoprenoid units. The develmp of chemical and analytical

techniques made it possible to isolate and ideratitarge number of gibberellins in

plants, fungi, and bacteria. Although, more tha6é ti#fferent gibberellins have been
identified, only a small number of them are consdebioactive GAs, the others are
supposed to be precursors or degradation proddetdden and Phillips 2000a). Based
on the facts described above, it is generally aatesd that gibberellin biosynthetic

pathway is highly complex (Graebe, 1987; MacMilld997; Sponsel and Hedden,
2004).

In higher plants, GA GAs, GA4, GAs, GAs, and GA are considered to be bioactive
gibberellins. They were found to promote plant depment in certain bioassays and
thus described as plant hormones (Graebe and Raop&rg8; Hedden and Phillips,
2000a). The complete biosynthetic pathway of gibllies was assessed in seed and
vegetative tissues of several plant species usidgactive precursor determination
(Kobayashi et al., 1996).
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1.2. Gibberellin biosynthetic pathway

Gibberellin biosynthetic pathways can be differatddl into three major stages
according to the localization and the nature ofeheymes involved. In the first stage
of the pathwayentgeranylgeranyl pyrophosphate (GGPP) is convedeshtkaurene

in the plastid. In the second stagatkaurene is oxidized by cytochrome P450 mono-
oxygenases at the endoplasmic reticulum (ER) tm fGA; -aldehyde. Finally, GA-
aldehyde is converted to bioactive GAs by solubl@x@glutarate-dependant
dioxygenases in the cytosol ( Figure 2; Graebe,71%8dden and Kamiya, 1997,
Lange, 1998; Hedden and Phillips, 2000a).

1.2.1. Stage 1: Production of terpenoid precursarsd biosynthesis of ent-kaurene

Isopentenyl pyrophosphate (IPP), the basic biokdgisoprene unit that is used in
gibberellin biosynthesis, is generally synthesimeglastids from glyceraldehyde-3-
phosphate (GAP) and pyruvate (Lichtenthaler et1897). However, in the endosperm
of pumpkin seeds, IPP is formed in the cytosol fnmevalonic acid (Graebe, 1987,
MacMillian, 1997). Isopentenyl pyrophosphate is \cemed to entgeranylgeranyl

pyrophosphate (GGPP) by only two enzymes, IPP-isaseeand GGPP-synthase,
followed by the conversion of GGPP ¢otcopalyl pyrophosphate (CPP) and finally
to entkaurene. Both steps require two diterpene cyclaG&F synthase (CPS) and
entkaurene synthase (KS). The cyclization step catalyby CPS is promoted by
protonation of C-14-C-15 double bond of GGPP. Tisisclassified as a Type-B

cyclization, while conversion of CPP @mtkaurene is initiated by ionisation of the
diphosphate (Type-A cyclization). The two enzyniest catalyse the reactions are
found in the proplastids of meristematic shootugss and they are not present in

mature chloroplasts (Aach et,a997).
1.2.2. Stage 2: Oxidation reaction at the ER tofoiGAs; and GAs;

In the second stage of gibberellin biosynthesistkaurene is transported from the
plastid to the endoplasmic reticulum, and is oxadiznroute tentkaurenoic acid
(KA) by entkaurene oxidase (KO), which is associated with phestid envelope
(Helliwell et al, 1999; 2001b). A methyl group oentkaurene is oxidized to a
carboxylic acid, followed by contraction of the BBg from a six to a five-carbon ring

to give GAcaldehyde. All the enzymes involved are cytochroR#50 mono-
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oxygenases and localized at the endoplasmic ratituGA »-aldehyde at C-7 is then
oxidized to GA,, which is the first gibberellin in the pathway atmlis the precursor
of all other gibberellins. Some gibberellins inmtk are also hydroxylated on carbon
13. The hydroxylation of C-13 of GAoriginates GAs.

1.2.3. Stage 3: Steps after GLaldehyde

The third stage of the GA biosynthetic pathway imes 2-oxoglutarate-dependent
dioxygenases (7-oxidase, 20-oxidase, 3-oxidase, zodidase) which results in

several side reactions and different GA produckss Tan be attributed to the fact that
dioxygenases have multiple functions depending lom nature of their substrate
(Lange and Graebe, 1993; Hedden and Kamiya, 19%8se enzymes are classified
as non-haem iron-containing oxygenases and oxid&sescott, 1993; De Carolis and
De Luca, 1994; Barlow et.all997).

In pumpkin, the C-7 of GA-aldehyde is oxidized by a soluble GA 7-oxidase
(CmGA7o0x), which was isolated from developing puimpkeeds, resulting in GA
in addition to the mono-oxygenase activity (Langeale, 1994b; Lange, 1997), but
there are some mono-oxygenase genes in other gperaies. This enzyme further
converts GA; to GAws, Which is considered to promote an earlyhdroxylation
pathway (Graebe, 1987; Frisse et al., 2003). Isy@tems known, GA is converted
by GA 20-oxidase and GA 3-oxidase enzymes in tffedint branches; namely non-
13-hydroxylated pathway and early 13-hydroxylatedhpray, resulting in bioactive
GAsand GA, respectively. In the 13-hydroxylated pathway, G3oxidase converts
GA12 to GAg3 to form the 13-hydroxylated metabolites. GAand GAjs are further
converted by GA 20-oxidase to GAnd GAy respectively. This occurs by the
oxidation of C-20 to an aldehyde followed by thenowal of this C atom and
formation of a lactone. GA 20-oxidasel from devalgp pumpkin seeds
(CmGA200x1) catalyses the oxidation of GA0 GAis, GAz4, and GAs, and GAgs to
GAu44, GAsg, and GA7, respectively (Lange, 1994; 1998; Lange et al9419 Frisse et
al., 2003). In some species, @And GA, are also converted to GAand GA,
respectively (Albone et al., 1990). The bioactivRsGGA, and GA, are then formed
from GAg and GAy, respectively, probably as side reactions of GéxRlase activity
(Spray et al., 1996).
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indicate major pathways in developing pumpkin seeds
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In pumpkin endosperm a bi-functional GA 3-oxidag€inGA3ox1, previously called
2 ,3 -hydroxylase, Lange et al., 1997b) catalyses bad#ipss 3-oxidation and 2-
oxidation. Moreover, 3-oxidases from other plard@es work mainly on {g-GAs but
CmGA3o0x1 prefers §-GAs as the substrate (Lange et al., 1997b; Hedb@99). In
addition, GA 3-oxidasel converted @AGA;5, and GA4 to GAys, GAs7, and GAg,
respectively. GA 2-oxidasel (CmGAZ2o0x1) from pumpkieactivates GAs by 2
hydroxylation to form GAand GAu. (Figure 2, Frisse et al., 2003).

1.3. Gibberellin biosynthesis enzymes and their ending genes

The discovery and establishment of the biosyntheicymes involved in gibberellin
biosynthesis made it possible to investigate theegeencoding their biosynthesis.
These encoding genes were first isolated fi@aturbita maximaand Arabidopsis
thaliana (Table 1). Eventually, many homologous genes wbreed from other plant
species, e.gP. sativum S. oleraceaZ. mays(Hedden and Kamiya, 1997; Lange,
1998; Kang et al 1999; Yamaguchi and Kamiya, 2000; Hedden et 2002,
Olszewski et a) 2002).

In Arabidopsis the enzymes that are involved in the early stigee pathway (CPS,
KS, and KO) were found to be encoded by single aggyes (Sun et al., 1992; Sun
and Kamiya, 1994; Yamaguchi et al., 1998; Hellivetlbl., 1998). In the second stage,
the P450 mono-oxygenas#i-kaurene oxidase (KO) was encoded by@#8 gene of
Arabidopsis(Helliwell et al., 1998). On the other hand, thexggenases controlling
the final stages of the pathway are encoded byigenie families: five GA 20-oxidase
(Phillips et al., 1995; Xu et al., 1995), four GAoRidase (Sponsel and Hedden, 2004)
and eight GA 2-oxidase (Thomas et al., 1999; Schwgbt al., 2003; Phillips, 2004).
The functions of GA 3-oxidase genes (Williams ef 998; Yamaguchi et al., 1998),
three of the GA 20-oxidase (Phillips et al., 1988) five of the GA 2-oxidase genes
(Thomas et al., 1999) have been confirmed throbghekpression of their cONAS in
E. coli. However, GA 2-0x5 is not been expressed anddpgeed to be a pseudo gene
(Table 1). In some cases, the concentration ofchive GAs was altered when these
genes were over-expressed in transgenic plants. imticates that the regulation of
these genes is important in controlling the laegstof the pathway (Hedden and
Phillips, 2000b; Yamaguchi and Kamiya, 2000).
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Table 1. Genes involved in GA biosynthesis, including thieinction and reported
from Hedden et al., 2002 and Lange, 1998.

Plant species Gene Enzyme function Reference
A. thaliana CPS CPP synthase (GGPP to CPP) Sun and Kamiya, 1994
KS entkaurene synthase (CPP to Yamaguchi et al., 1998
entkaurenoic acid)
KO entkaurene oxidase Helliwell et al., 1998
(entkaurene tentkaurenoic acid)
KAO1 entkaurenoic acid oxidase Helliwell et al., 2001a
(entkaurenoic acid to GA)
KAO2 entkaurenoic acid oxidase Helliwell et al., 2001a
GA200x1 GA 20-oxidase Phillips et al., 1995; Xu
(GA12/53 to GAQ/ZQ) et al., 1995
GA200x2 GA 20-oxidase Phillips et al., 1995
GA200x3 GA 20-oxidase Phillips et al., 1995
GA200x4 Undetermined
GA200x5 Undetermined
GA3oxl GA 3 -hydroxylase Chiang et al., 1995;
(GAy/20 to GAYY) Williams et al., 1998
GA30x2 GA 3 -hydroxylase Yamaguchi et al., 1998
GA30x3 GA 3 -hydroxylase Phillips and Hedden,
GA30x4 GA 3 -hydroxylase Unpublished information
GA20x1 GA 2-oxidase Thomas et al., 1999
(GA1/4lol20 10 GAg/34/51/29 aNd
corresponding catabolistes)
GA20x2 GA 2-oxidase Thomas et al., 1999
GA20x3 GA 2-oxidase Thomas et al., 1999
GA20x4 GA 2-oxidase Thomas, Phillips and
Hedden, unpublished
GA20x5 Probably pseudo gene
GA20x6 GA 2-oxidase Wooley, Phillips and
Hedden, unpublished
GA20x7 GA 2-oxidase Schomburg et al., 2003
GA20x8 GA 2-oxidase Schomburg et al., 2003
C. maxima K synthase Yamaguchi et al., 1996
CPS CPP synthase Smith et al., 1998
GA70x 7-oxidase Lange, 1997
(GAlz-ald./14-a|d. to GA2/14)
GA200x1 20-oxidase Lange et al., 1994b;
(GA153 10 GAxd/17) Lange, 1997
GA200x2 20-oxidase Lange et al., unpublished
(GA12 145310 GAdl4/20)
GA3ox1l 2 ,3 -hydroxylase Lange et al., 1997b
(GA15/24/25/17 10 GAgrl36/19/28)
GA3ox2 3-oxidase Frisse et al., 2003
(GA1 1524259 10 GA1 437/ 36/19 )
GA30x3 3-oxidase (GAto GA) Lange et al., unpublished
GA20x1 2-oxidase (GA/4/1t0 GAsi/348) Frisse et al., 2003




Introduction

Developing pumpkin seeds are considered a richceooir GA biosynthetic enzymes
(Graebe, 1987). Saito et al. (1995) purifEttkaurene synthase (KS) from pumpkin
endosperm, which was later cloned by Yamaguchile{(1®96). The activity of
CPS/KS (GGPP teentkaurene) was reported to be localized in wheatdlseg
developing chloroplasts and pumpkin endosperm lglasts (Aach et al., 1995).
Pumpkin GA 7-oxidase has been isolated and expgiesge coli (Lange et al., 1994a;
Lange, 1997).

GA 20-oxidasel, a multifunctional enzyme, has begemified from pumpkin
endosperm and its encoding cDNA was cloned (Lad§84; Lange et al., 1994b;
Lange 1998). The pumpkin enzyme (CmGA200x1) is aasible for the conversion
of GA1> to GAi5, GAy4, and GAs, as well as for the conversion of Ao GAy,
GA19, and GA17. The production of GA and GAy is characteristic for pumpkin
endosperm cell-free system (Lange et al., 19930)iadicates that the 20-oxidase in
this tissue is functionally different from those ofher plant species (Kamiya and
Graebe, 1983; Takahashi et al., 1986). Moreoveipx@@ases were also cloned from
various other plant species, eAgabidopsis(Phillips et al, 1995; Xu et aJ 1995), pea
(Martin et al, 1996), tobaccoNicotiana tabacum Ueguchi-Tanaka et al1998),
potato Solanum tuberosunCarrera et al 2000), and hybrid aspeRdpulus tremula

X Populus tremuloidesriksson and Moritz, 2002).

GA 3-oxidases catalyse the final biosynthetic dteproduce biological active GAs.
3 -hydroxylation results in the conversion of @Aand GA to GA; and GA,
respectively. GA 3-oxidase genes have been foundeweral species, including
Arabidopsis (Chiang et aJ 1995; Williams et aJ 1998; Yamaguchi et al1998),
lettuce (actucg Toyomasu et gl1998), peaRisum Lester et al 1997; Martin et a)
1997), pumpkin Cucurbitg Lange et al] 1997b), tobaccoNicotiang Itoh et al,
1999), and tomatoL{copersicon Rebers et al 1999). The pumpkin GA 3-oxidasel
(CmGA30x1) converts G& to GAgy (Lange et al.,, 1994a). This GA 3-oxidasel
(formerly called 2,3 -hydroxylase) is a bi-functional enzyme which cgdak both,

2- and 3-oxidation, and prefers€GAs as substrate (Lange et al., 1997b).
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The GA 7-oxidase from pumpkin has not been foundother plant species.
Phylogentically, pumpkin GA 20-oxidasel, and GA &(@dase from Marah
macrocarpusare closely related to each other; they sequeskas 67% identical
amino acids (Figure 3). The pumpkin GA 3-oxidas€m(GA3ox1l) amino acid
sequence is related to tiAeabidopsisGA 3-oxidase (GA4) at amino acid identity
level by only about 35%, which is typical of dioxgmases with different functions
(Prescott and John, 1996). Sequences of waterm@lan3-oxidases are highly
homologous to GA 3-oxidasel (Kang et, &002). The pumpkin GA 2-oxidasel
(CmGA20x1) shows highest amino acid similarity todi@xygenase of unknown
function previously cloned frorkl. macrocarpugMacMillan et al, 1997; Frisse et al.,
2003). Both share 84% identity, based upon thaiuded amino acid sequences and,
phylogenetically, both group withrabidopsisGA 2-oxidase (Thomas et al999).

At 2-0X

Mm dioxygenase

CmGA30x1 CmGA20x1

CmGA70ox

CmGA200x2

At 3-0x-1 At 20-0x-1
(GA4 (GAS)
" Cl 20-0x CmGA200x1

Mm 20-0x

Figure 3. Phylogenetic analysis of deduced amino acid siraes of selected GA
oxidases from diverse species (Frisse et 2003). GA 7-oxidase from pumpkin
(CmGA70x); GA 20-oxidase froritrullus lanatus(Cl 20-o0x),Marah macrocarpus
(Mm 20-0x), pumpkin (CmGA200x2) and (CmGA200x1)darabidopsis(At 20-0x-

1); GA 3-oxidases fron€C. lanatus(Cl 3-ox), pumpkin (CmGA3ox1), (CmGA30x2)
and (CmGA30x3), andArabidopsis (At 3-ox-1); GA 2-oxidase from pumpkin
(CmGAZ20x1), andArabidopsis(At 2-ox), and a dioxygenase of unknown function
from M. macrocarpugMm dioxygenase).
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1.4. Genetic modification of GA metabolism

The control of plant growth can be achieved cheltyiday using growth regulators.

Many crops and plants have been treated with aerahghemical growth promoters,
e.g. GA, which increase berry size (Christadoulou eti#68), and promote panicle
elongation (Hedden and Hoad, 1994), or with chehnatardants that act by impeding
different enzymes in the GA biosynthetic pathwagcéntly, genetic manipulation of
biosynthetic genes responsible for GA productioovialed an alternative approach in

order to controlling plant growth.

The over-expression of the genes encoding for eagytimat catalyse the early stages
of GA biosynthesis, e.gntcopalyl pyrophosphate synthagg@GPS) andentkaurene
synthase AtKS) in Arabidopsis showed no significant increased levels of bic@cti
GA and no effect on growth and plant developmenin(8nd Kamiya, 1994; Fleet et
al., 2003).

GA 20-oxidase, a high regulatory enzyme, has beesstigated intensively in genetic
manipulation of GA biosynthetic pathway (Hedderakt 1998). Huang et a(1998)
and Coles et a[(1999) reported that over-expressionAodbidopsisGA 20-oxidase in
transgenic Arabidopsis plants resulted in the elongation of seedling logbygls,
increased shoot growth, induced early flowering] arxcreased GAlevel. Similarly,
the over-expression dfrabidopsisGA 20-oxidase gene in hybrid aspen (Eriksson et
al., 2000) and over-expression of the same gene fivos @r Arabidopsisin tobacco
plants (Vidal et a] 2001; Biemelt et al., 2004) showed an increasedllof bioactive
GA and elongated phenotypes. Over-expression of3cakidase in hybrid aspen and
Arabidopsisshowed no significantly different in the morphafogf transgenic plants
(Israelsson et al., 2004; Phillips, 2004).

Recently, it has been shown that the so-calledngregolution genes are involved in
the GA signalling and biosynthesis (Peng etE399; Spielmeyer et.al002; Monna

et al., 2002; Sazaki et al., 2002). This approaffer® an alternative strategy to
introduce beneficial traits, such as dwarfism iotreal varieties to improve grain

yield.

Another approach to control plant stature by genatnipulation was the reduction of

the level of bioactive GA. For example, antisengpression of GA 20-oxidase in

11
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Arabidopsis(Coles et aJ 1999) showed reduced stem elongation, delayadefiog
and reduction of bioactive GA level. Carrera et(aD00) showed that the expression
of a GA20ox gene using antisense mRNA in potato reduced stemgation and
petiole length, and increased tuberization, withirammeased tubers yield. Transgenic
rice expressing antisense copies of OsGA3®&®8| showed semi-dwarf phenotypes
(Itoh et al., 2002). In addition, the ectopic exgsien of pumpkin GA 20-oxidasel that
produces mainly inactive GA products might prodaaeduction of bioactive GAs by
switching the pathway to the tricarboxylic acidsi@mow dwarf phenotype. Although,
the over-expression ocEmGA200x1in Arabidopsisresulted in the expected large
increase in C-20 carboxylic acid GAs, the stem lmeaf the transgenic plants were
only slightly reduced (Xu et al1999). The same approach $olanum dulcamara
resulted in the accumulation of GAand semi-dwarfed plants (Curtis et al., 2000). In
lettuce, dwarfed plants and a reduction of theltewéactive GA (GA) were obtained
by over-expression d@mGA20oxdunder a very strong promoter cassette (Niki gt al
2001).

Another possibility to reduce endogenous GA lesebiincrease the rate of catabolic
products by over-expression of GA 2-oxidases. Tit tDNA encoding GA 2-
oxidase was isolated from runner bedPhgseolus coccineusby a functional
screening method (Thomas et, al999). Sequence information for 2-oxidases is
available from a number of other species suchArabidopsis(Thomas et al 1999),
pea (Lester et al1999; Martin et aJ 1999), and rice@ryza sativa Sakamoto et 3l
2001). Ectopic expression of GA 2-oxidas@s(GA20x] gene in rice resulted in a
decrease of stem growth, small, dark green leaes destroyed development of the
reproduction organs (Sakamoto et &001). Whereas, expression of the same gene
under the control of the shoot-specifi2ssGA3ox2promoter induced only semi-
dwarfism without any negative effects on flower ayrdin development (Sakamoto et
al., 2003). In addition, over-expression of GA 2-oxdaenes ilrabidopsis tobacco
and poplar showed severe dwarf phenotypes (Schanddual., 2003; Biemelt et al.,
2004; Busov et al., 2003).

Over-expression of a runnery bean GA 2-oxidas&rabidopsisand wheat resulted in
a range of dwarf phenotypes, suggesting the suggriof this approach for the
breeding of dwarf plants (Hedden and Phillips 200db summary, the results

12
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demonstrate that GA levels and, hence, plant groaritd development, can be

manipulated by genetic engineering of the gendéseoGA biosynthetic pathway.

1.5. Aim of this work

The modification of plant stature is considered ohthe most important requirements
in agriculture, horticulture, and forest culturéhi§ has been earlier achieved by plant
breeding and the use of chemical plant growth @Egu$, which are exogenously
applied to stimulate or retard elongation, ofterotigh chemical modification of GA
biosynthesis. However, stature control through tplgrowth retardants requires
repeated application of synthetic chemicals thajgensive, variable in effectiveness,
and can have undesired environmental consequengaeshic perceptions. Therefore,
biotechnological manipulation of GA levels providas alternative approach that can
be achieved through up- or down-regulating genesding enzymes involved in GA

biosynthesis and catabolism.

The aim of this work is to manipulate the GA biodatic pathway through over-
expression of GA-oxidases isolated from develogignpkin seeds irabidopsis
thaliana We produced transgenikrabidopsisexpressing sense or antisense copies of
pumpkin genes encoding GA-oxidases: 7-oxidase,i@asel, and 2-oxidasel as well
as sense copies of GA 20-oxidasétabidopsisplants were transformed with the
pumpkin genes downstream of a strong constitutiaempter cassette (E12-359-

The phenotypes of the transgenic plants were apdlythe expression levels of
pumpkin GA-oxidase genes iirabidopsisplants were determined by competitive
RT-PCR, and the GA levels were quantified in tramsg plants to confirm to which
extent GA biosynthesis is altered and to determvhé&h steps of GA biosynthetic

pathway are affected.

13
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2. Material and Methods

2.1. Plant material and growth conditions
2.1.1. Plant material

All the work described was carried out usisgabidopsis thalianaecotype Columbia

provided from Botanischen Garten, Braunschweig.
2.1.2. Growth of plants in soil

Wild type (WT) seeds were sown onto the surfacgyrefwetted potting compost in
Arasystem pots (http: //www. arasystem.com). Thamponents of the potting compost
are described below. The seeds were stratifiedGfar 2-3 days before transfer to a
growth chamber, under long day conditions: 16 htlig.05-120 pmol is®) and 8 h

dark. The temperature was kept af@zand 26C during the light and dark periods,
respectively Arabidopsisplants used foAgrobacteriummediated transformation were

grown similarly but under relatively short day (18ght, 11 h dark).

Components of potting compost (Compo SANA): 92%tPea
5% green compost
3% Perlite
Agrisol®
200-450 mg/I N
200-400 mg/l s
300-500 mg/l KO
pH 5.5-6.5
Salt 1-2 g/l

Watering was performed regularly using tap waterti{®e per week). Macronutrients
(SUBSTRAL, Universal-DUNGER) were supplied at leaste a week for optimal
growth. To obtain more floral buds per plant, inflscences were clipped after most
plants had formed primary bolts. Apical dominancaswrelieved encouraging
synchronized emergence of multiple secondary iefloences of about 1-10 cm tall (4-

6 days after clipping).
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2.1.3. Germination of plants in plates

For plate growth assays, seeds were sterilized exsribed below (2.1.5.) and
germinated on 0.8% (w/v) plant agar in 0.5x Murgshand Skoog (MS) media
including vitamins as described in Table 2 (Murgshand Skoog, 1962). MS salts and
water were mixed by stirring, and the pH adjuste®.7 with KOH. Agar was added
and the media sterilized by autoclaving.

Seeds germinate under long day conditions on M$eglaPlates were used for
selection of transformants contain kanamycin (50milgwith or without 16 M GAa.
WT seeds were grown on MS media with or withouf M GAs. After growing on
MS media for 2-4 weeks, the plants were transfetoexbil.

Table 2: MS medium

Component Amount to be added to make 1 liter
1x MS 433 ¢
plant agar 89
H.O to 1000 ml

When adding GAto the medium:

GAs (346.4 mg) was dissolved in methanol?1d stock solution and stored at 20
After sterilization, MS medium was allowed to caol~50C; GAs was applied to a
final concentration of IOM.

2.1.4. Seed collection and storage

Plants were grown for 3-6 weeks until siligues weravn and dry. The inflorescence
shoots from each pot were kept together and seghfadm those of neighbouring
pots. Seeds were harvested by gentle pulling ofiggd inflorescences through the
fingers over a piece of clean paper. The majoritthe stem and pod materials were
removed by gentle blowing. Seeds were collecteénwelopes and stored at room

temperature.
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2.1.5. Seed sterilization

Seeds were weighted (20 mg seeds) and put in aen8pp tube and 200 pl of 70%
ethanol were added. Immediately 200 pl gDHwvere added and followed by 3x time
rinses with double sterile water, then seeds weeatdd with 200 pl sodium

hypochlorite (1.5%) for 5 min., followed by 3x timeinses with double sterilized,&

and quickly air-dried on clean bench for 30 min.

2.2. Bacterial strain and plasmid

Agrobacterium tumefacienstrain has a C58C1 Rif(50 mg/l) chromosomal
background and contained Ti plasmid pMP90-G&® mg/l). TheE. coli bacterial

strains and plasmids are listed in (Tables 3-5).

Table 3: The bacterial strains @&scherichia coli

Strain Genotype Reference

XL1- recAl, endAL, gyrA96,thil, hsdR7 (r, , Bullock et al., (1987)
Blue  my"), supE4,relAl, -, lac[F, proAB,
lacl, lacz M15, Tn1(Tc")]
NM522 Flacl? (lacZM15 proA'B*/supE thi  Gough and Murray, (1983)
(lac -proAB) (hsdMS-mcrB)5 ( mg
McrBC)
HB 101 supEl4hsd520(g mg ) recAl3ara-14  Boyer and Roulland, (1969)
proA2 lacYl galK2 rpsL20 xyl-5 mtlL ~ Boliver and Backman, (1979)

Table 4: Vectors

Plasmid Genotype Size (kb) Reference
pBlueskript SK Amp', lacPOZ 2.95 Stratagene
puC18 Amp, lacPOZ 2.69 Hanna et al., (1984)
E12 MCS Kari 11.5 Mitsuhara et al., (1996)
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Table 5: plasmid Constructs

Plasmid name DNA-fragments Vector Reference

7-oxidase (70x) CmGA7ox+Intron pBlueskript  Friggedrea, (1999)
20-oxidasel (20ox1) CmGA20ox1+Intron pBlueskript risée Andrea, (1999)
3-oxidasel (30x1) CmGA3ox1+Intron pBlueskript  BesAndrea, (1999)

2-oxidasel (20x1) CmGA20x1-433 bp pBlueskript  Frisse Andrea, (1999)
after digestion with
Hindlll

7-oxidase sense CmGA7ox sense EMZS Tomoya Niki, Japan

7-oxidase antisense CmGA7ox antisense BMES  Tomoya Niki, Japan
20-oxidasel sense CmGA200x1 sense E12 Niki et al., (2001)
3-oxidasel sense CmGAS3o0x1 sense BUZS  Tomoya Niki, Japan
3-oxidasel antisense CmGA3ox1 antisenE82 MCS  Tomoya Niki, Japan
2-oxidasel sense CmGAZ20x1 sense BUZS  Abeer Radi, this work
2-oxidasel antisense CmGAZ20x1 antisenE&2 MCS  Abeer Radi, this work

2.3. Bacterial culture and growth conditions
2.3.1. Media

After preparation, all the media are autoclaved IfW&anoclav; Shmidt,
Braunschweig) for 20 min. Some components and iatitb are added after

autoclaving as indicated.

(LB) Luria-Bertani-Medium;Sambrook et al. (1989)

Trypton 10g
Yeast extract 59
NacCl 5¢

Deionized water was added to approximately 1 liiére pH was adjusted to 7.5 with
1 N NaOH. The final volume was adjusted to 1 laed the media autoclaved (Wolf
Sanoclav; Shmidt, Braunschweig) for 20 min. Solil@ medium was prepared by

dissolving 35 g LB agar in 1 liter deionized water.
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SOC-Medium
Trypton 49
Yeast extract 1lg
NacCl 0.1¢g
KCI 0.04¢

The volume of solution was adjusted to 200 ml vdéionized water and sterilized by
autoclaving for 20 min.

Just before used, add:

MgCl,, 1 M 2ml
MgSQOy, 1 M 2ml
Glucose, 2 M 2ml

The MgC} and MgSQ solutions were sterilized by autoclaving. Gluceskition was

dissolved and sterilized by filtration through @B micro filter.

CPY-Medium;Sambrook et a(1989)

Trypton 1g

Yeast extract 0.2g
Sucrose lg
MgSQO,. 7H,0O 0.098 g

Deionised water was added to 200 ml. The pH wasséefjl to 5.8 with 1 N NaOH and
sterilized by autoclaving for 20 min. Solid CPY med was prepared by adding 3 g

agar.
2.3.2. Antibiotic

Stock solutions of antibiotics were prepared adogrdo Sambrook et al(1989),
sterilized by filtration through a 0.22-micro fitteand then frozen at -20. The
antibiotics were added to the autoclaved mediaectbdbwn to 58C at the following

final concentrations:

Carbenicillin 50 pg/mlin bOpigist
Kanamycin 50 pg/ml in Mpigist
Gentamycin 20 pg/ml in #ygist
Rifampicin 50 pg/mlin DMSO
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2.3.3. Bacterial growth

A single bacterial colony containing the plasmidimterest was picked up from an
agar plate and inoculated in LB-mediui. (col) or CPY-medium Agrobacteriun)
containing the appropriate antibiotic. TEecoli cultures were grown overnight (12-16
h) at 37C with vigorous shaking (Gesellschaft fir labortgi&hGmbH) and those of
A. tumefaciensvere grown for 2 days at 28 with vigorous shaking. Both bacterial
cultures were grown to late log phase (i.e., t@&Ry, of ~ 0.6). OD was determined

by spectrophotometer at wavelength 600 nm in cewdtil cm of liquid media.
2.3.4. Bacterial preservation

Bacteria can be stored for up to 2 years in cututentaining glycerol. In an
Eppendorf tube containing 830 ul of bacterial ad@t(2.3.3.), 170 ul of 87% (w/v)
glycerol (sterilized by autoclaving) was added. Thixture was vortexed to ensure
that the glycerol is dispersed. The tube was pldcefteezing in liquid nitrogen, and
then transferred to -7G for long-term storage. To recover the bactetia, frozen
surface of culture was scraped with a sterile ifeiocwy needle, and then the bacteria
adhered to the needle immediately streaked onutface of LB agar plate containing
the appropriate antibioti&. coli plates were incubated (Memmert GmbH) overnight
at 37C andAgrobacteriunplates 48 h at 2€.

2.4. Nucleic acid preparation
2.4.1. Work with RNA and DNA

To obtain undegraded samples of RNA it is importhat all equipment and solutions
used in the preparation are free from ribonucleggddases). All solutions were
prepared with RNase-free water and autoclaved Gomih (Wolf Sanoclav; Shmidt,
Braunschweig) 2x times prior to use. The glass duleed were thoroughly cleaned
and baked at 18CQ for 6 h before use. All other equipment (mortaestle, and
spatulas) were soaked in 0.1% (w/v) SDS overnigbtransed several times in double
sterilized water prior to use. The pipette-tipsdjseere sterilized 2x times, and baked.
As skin can be a potential source of RNase, glovese used through out the

preparation. The bench was cleaned with water pradyed with ethanol 70%.
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Diethyl pyrocarbonate (DEPC) was used to inactiRiMases that may contaminate
solutions, glassware, and plastic-ware that ateetased for the preparation of nuclear
RNA. Glassware was filled with a solution of 0.1%BC in HO were allowed to
stand for one hour at 3Z. The items were rinsed several times with DER@t&d

sterile distilled HO, and then autoclaved them for 15 min.
2.4.2. Phenol/chloroform extraction

For DNA-extraction, phenol/chloroform/isoamylalcoitb:24:1 (viviv), pH 7.6 was

used. For RNA-extraction, phenol/chloroform 5:vjypH 4.7 was used.

For extraction of nucleic acids, one volume of phenol/chloroform solution, then the
extracts were mixed and centrifuged at 10.000 »rg3f min at 4C (Sigma 3K30,

Osterode) to separate two phases. The upper phase m@moved and
phenol/chloroform extraction performed two moredgnAt the end of the extraction,

the upper layer was used for ethanol precipitafs.3.).
2.4.3. Alcohol precipitation

For DNA precipitation, 1/10 volume of 7 M ammoniwaoetate was applied, followed
by 0.6 volume of isopropanol. The mixture was irete at 20.000 x g for 20 min at
4°C, then centrifuged for 10 min at@ For RNA precipitation, 2.0-2.5 volumes of
cold ethanol 100% were applied, and the mixtureliated for 1 h at -?C, and then
centrifuged at 20.000 x g for 20 min &C4 (Sigma 3K30, Osterode). In both cases,
the pellet was washed with 70% ethanol and re-ifegé&d for 10 min. The pellet was
then dried at clean bench (Envirco, Ceag Schirpnfdam technik; Bork) for 2-10
min, and then dissolved with 30-50 p}®higis. The DNA solution was preserved at -
20°C while the RNA one was stored at °Z0

2.4.4. Determination of the concentration of nucteacid by OD

The concentrations of DNA and RNA solutions werd¢edeined at the absorption
wavelength (WL) 260 nm (Ofgy) (Gene Quant Il, Pharmacia Biotech; Cambridge).
The absorption of 1.0 at 260 nm corresponded tm fjeartz cuvette (Hellma GmbH)
was 50 pug/ml of double strand DNA (Davis et #80), and was 40 pg/ml for RNA
(Sambrook et al., 1989). The protein concentrati@s determined at WL 280 nm
(OD2sg). The ODsyf/OD2go ratio was determined. The concentration of DNARNA
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solutions were determined, analysed by agaroselgefrophoresis after staining with

ethidium bromide, and photographed.

2.5. Isolation of nucleic acids
2.5.1. Isolation of genomic-DNA with CTAB

Fresh plant material (100 mg, two rosette leavesevihomogenized with pestle and
mortar under liquid nitrogen, and then transfetedn Eppendorf tube. 150 pul CTAB-
extraction buffer was added. After homogenisatiatin\& micro-pestle, anther 500 pl
CTAB-extraction buffer was added. The mixture waserted several times and
incubated for 30 min at 66 in a water bath. The tubes were cooled down ¢onro

temperature and 600 pl chloroform was added. Theuna was several times inverted
and centrifuged for 2 min at 10.000 x g (Biofuged?iHeraeus, Osterode) at room
temperature. The aqueous phase was transferrettésraEppendorf tube and 5 pl of
RNase A solution (200 mg/ul) was added, incubatesb@m temperature for 30 min

and precipitated with alcohol (2.4.3.). The pelleds dissolved with (20-100 pl

H.Ovigisy), and stored at -2Q (Wilkie, 1996).

CTAB-extraction buffer:

Tris-HCI, pH 8.0 100 mM
EDTA 20 mM
CTAB (cetyltrimethylammonium bromide) 2%
NacCl 14 M
pH 8.0

2.5.2. Isolation of plasmid-DNA by mini preparation

From 10 ml of bacterial culture grown at°@7 700 ul was taken in 1.5 ml E-cup and
centrifuged at 12.000 x g (Biofuge Pico, Heraeustetdde) at room temperature for
10 min. The pellet was re-suspended with 100 |utem | (GETL-solution) and then
200 pl solution Il (SDS-solution) was applied, mixeand incubated for 3-5 min at
room temperature. After that, 150 pl solution Idalcium-acetate-solution) was
applied, the mixture chilled on ice bath for 10 pand re-centrifuged at 20.000 x g for
10 min at 4C. Supernatants were transferred in to fresh E-dopowed by

phenol/chloroform extraction (2.4.1.), and alcobg@recipitation (2.4.2.). The pellet
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was dissolved in 40 pl #Dygis. Plasmid-DNA was stored at -ZD (Birnboim and
Doly 1979).

Solution | (GETL-solution):

Tris-HCI, (pH 8.0) 25 mM
Glucose 50 mM
EDTA 10 mM

Solution | was stored at -20. Before use immediately, add 0.5 mg/ml lysozyme.

Solution Il (SDS-solution):

NaOH 200 mM

SDS 1% (wiv)
Solution Il (calcium-acetate-solution):

Calcium acetate 3M

Acetic acid 11.5% (v/v)

2.5.3. Isolation of plasmid-DNA by Qiagen PlasmididiKit

A single colony from a freshly streakéfl coli selective plate was picked up and
inoculated in 20 ml LB medium containing the sealectantibiotic, and incubated at
37°C for 16 h with vigorous shaking ~300 rpm (Geséilt fur labortechnik GmbH).
The bacterial cells were harvested by centrifuga(i®000 x g) for 15 min at°@
(Sigma 3K30, Osterode). The bacterial pellet wasuspended in 4 ml of buffer P1
and then 4 ml of buffer P2 added. The mixture wasiited 6x times, and incubated at
room temperature for 5 min then, 4 ml of chilledffeu P3were added, mixed
immediately but gently by inverting 6x times, ahe tmixture incubated on ice for 15
min and then centrifuged at 20.000 x g for 30 ni#’€. The supernatant was placed
in a fresh tube and re-centrifuged at 20.000 xrglfd min at 4C. A Qiagen-tip 100
was equilibrated by applying 4 ml QBT buffer by gta flow. The supernatant was
applied to the Qiagen-tip and allowed to enterrdsn by gravity flow. The Qiagen-
tip was washed by 2x 10 ml QC buffer and the DNAted with 5 ml QF buffer.
Plasmid-DNA was precipitated by adding 3.5 ml (9dlumes) room temperature
isopropanol, mixed, and then centrifuged immedya&|15.000 x g for 30 min af@.
The supernatant was carefully decanted. DNA pe&lies washed with 2 ml of 70%

ethanol at room temperature, and centrifuged @06x g for 10 min at %€. The
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pellet was dried for 5-10 min under the clean befithvirco, Ceag Schirp Reinraum
technik; Bork), and the DNA re-dissolved in 200 KH}Opigist. Finally, the DNA

concentration was determined (2.4.4.).
2.5.4. Isolation of total DNA from Agrobacterium

From 5 ml ofAgrobacteriumculture grown in CPY-medium, 1.5 ml was taken t® a
ml E-cup and centrifuged at 6.500 rpm ( BiofugeoPideraeus, Osterode) for 1 min.
Pellet was washed 2x times with 500 pl 100 mM HGI (pH 8.0) and re-centrifuged
at 6.500 rpm for 1 min. The pellet was re-suspendesDO plAgrobacteriumDNA
extraction buffer. Then, 50 ul Proteinase K (5 miyjivas added (without vortex), and
160 pl 10% SDS mixed gently, and then incubated2fdér at 68C. The E-cup was
cooled down at room temperature and 500 pl phemolaform added. Separation of
phases was taken place by centrifugation (15.000, for 20 min) and the DNA
precipitated with 0.6-volume isopropanol, followby 70% EtOH washing (2.4.3.).
DNA-pellet was dissolved in 20 pl TE buffer.

AgrobacteriumaDNA buffer (50 ml) pH (8.0):

Tris-HCI 110 mM

EDTA 55 mM

NaCl 1.54 M

CTAB 1.1%
TE-buffer (100 ml) pH (8.0):

EDTA 1 mM

Tris-HCI 10 mM
Tris-HCI, pH 8.0 (100ml): 100 mM
Proteinase K 5 mg/ml
SDS 10%

2.5.5. Isolation of RNA
2.5.5.1. Isolation of total RNA by Macherey-NageitK

Plant tissue (50 mg) was ground with mortar andl@édouble sterilized) under liquid
nitrogen. To lyse the cells, 350 pl RA1 buffer ad& pl -mercaptoethanol were

added to the ground tissue and vortexed vigorouslycleoSpin filter units were
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placed in collecting tubes. The lysis mixture wppleed, and centrifuged for 1 min at
11.000 x g (Biofuge Pico, Heraeus, Osterode). Tmate was transferred to a new
micro-centrifuge tube. To adjust RNA binding coiatis, 350 pl ethanol (70%) was
added to the recovered filtrate and mixed by vortéar each preparation, one
nucleoSpin-RNA plant column was taken in 2 ml cénge tube, the lysate loaded,
and then centrifuged for 30 sec at 8.000 x g. Tokinen was placed in a new
collecting tube. Then, 350 pl of MDB (Membrane O#sg Buffer) was added and

centrifuged at 11.000 x g for 1 min to dry the meame. DNase reaction mixture was
prepared in a sterile micro-centrifuge tube: focheasolation, 10 pl reconstituted
DNase-l was applied to 90 ul DNase reaction buféergd mixed by flicking. The

DNase reaction mixture (95 ul) was applied direatlyto the center of the silica
membrane of the column and incubated at room tesyoer for 15-20 min. The

nucleoSpin RNA plant column was washed by addin@ |20RA2 buffer to inactivate

the DNase and centrifuged for 30 sec at 8.000 Xhg column was re-washed by
adding 600 pl RA3 buffer and re-centrifuged forsg@ at 8.000 x g. After that, 250 pl
of RA3 buffer was applied to the column, and cémged for 2 min at 11.000 x g to
dry the membrane completely. The column was plaonta a nuclease-free 1.5 ml
micro-centrifuge tube. The RNA was eluted by add0g60 pl RNase-free water and
centrifuged at 11.000 x g for 1 min. The RNA pra@o@&centration was measured with
a spectrophotometer (2.4.4.), The RNA quality waalysed by gel electrophoresis

and aliquots were stored at °Q0
2.5.5.2. Treatment of RNA with DNase-I

To eliminate possible genomic DNA contaminationidsialways recommendable to
treat the RNA samples with DNase |. The reactiortine was prepared on ice to a

final volume of 60 ul as follows:

RNA-Probe 50 pl
10x MgCh-buffer 6 ul
DTT 1 M (end concentration 10 mM) 0.5 ul
RNasin (5U) 0.5 pl
DNase | 1 U/ul reaction
H2Ovidist up to 60 pl
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The reaction was incubated a@7or 20 min and stopped at “Z0 The probe (60 pl)
was extracted with 3x times 150 pl phenol/chlorofdr:1 (pH 4.7) (2.4.2.), mixed and
centrifuged. The upper phase was transferred antd ml Eppendorf tube with 10 pl
3 M sodium acetate (pH 5.5) and mixed. 250 ul (@Bbime) cold ethanol (95-100%)
was added. The probe was incubated 30 min &tC:2BNA was precipitated by
alcoholic precipitation (2.4.3.). The RNA pellet svdried on a clean bench and re-
dissolved in RNase-free water (DEPC). The conceatreof RNA was determined
(2.4.4.) and the RNA sample frozen at®G0

2.6. Agarose-gel electrophoresis

A horizontal electrophoresis apparatus (GNA 10QrRiacia Biotech etc. Midi-Wide
Agagel, Biometra) with chamber, comb and a tapefoion a mold was used.
Electrophoresis buffer (always 1x TAE) was preparedill the electrophoresis tank.
Agarose-gel was prepared at the concentration@Bin electrophoresis buffer. The
mixture was boiled in a microwave oven to dissdive agarose. The agarose solution
is cooled down and poured into the mold. Small am@d electrophoresis buffer was
poured on the top of the gel, and carefully the lccand tape were removed. The
probes were mixed with 0.20 volume of 6x gel-logdbuffer. The samples migrated
toward the positive (70 V for 90-120 min). The g&s stained by immersing it in
electrophoresis buffer containing ethidium bromige 10-15 min. The gel was
washed for 5 min with pDypigis;, and UV photographed.

50x TAE-buffer: 2 M Tris-acetate
50 mM EDTA
6x loading buffer: 40% sucrose (W/V) in®higist

0.25% bromophenol blue

Ethidium bromide staining: 0.5 pg ethidium bromidein 1x TAE-
buffer

2.6.1. DNA ladder and marker

The size of DNA fragments was determined by agagedeslectrophoresis (2.6.). To
estimate the size of DNA fragments between 100-38§)Ca 100 bp ladder was used
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(MBI-Fermentas, St. Leon-Rot). For determinatiod®fA fragments up to 1500 bp, a
Pstl marker which was prepared by digestion of 40 pghage DNA with Pstl was
used (2.7.1.).

Pstl bands of -restriction fragments in bp (Sambrook eti®189):

14055, 11497 5077, 4749, 4507, 2838, 2560459, 2443, 2140, 1986, 1700, 1159,
1093, 805, 514, 468, 339, 264, 247, 216,210, 268, 150, 94

(® Fragment can be compact together in the endRxstl

2.7. Modification of DNA with enzymes
2.7.1. Digestion of plasmid DNA with restriction eymes

The reaction mixture for the digestion of DNA withstriction endonuclease was

prepared on ice as following:

Plasmid-DNA (1 png) X Ml
10x reaction buffer 1l
Restriction endonuclease 2-10 U y ul

H2Ovidist Sterilized up to 10 pl

*Not more than 10% glycerol of the final volume ppg DNA was used. All
components were well mixed and incubated for 1e4 bvernight at 37C (Thermostat
5320, Eppendorf). The digestion was checked byasgagel electrophoresis (2.6.).
The digested plasmid DNA can be frozen af€0

2.7.2. Dephosphorylation of DNA

Self-ligation of DNA fragments was prevented by loegphorylation using Calf
intestine Alkaline Phosphatase. Calf intestine lalka phosphatase is an active
enzyme, which removes the 5 prime phosphate groam fthe ends of DNA
fragments. The reaction mixture for the dephosplation of DNA was prepared on

ice as following:

DNA solution 10-40 pl
10x CIAP-reaction buffer 5 ul
Water, nuclease-free to 49 pl
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Calf Intestine Alkaline Phosphate 1 U pix

The reaction mixture was incubated at@G7or 30 min and stopped by heating at®5

for 15 min.
2.7.3. Purification of DNA with Cycle Pure Kit

This method was used to extract and purify DNA framagarose gel. DNA samples
mixed with gel-loading buffer were used to carry electrophoresis. Agarose-gel was
stained with ethidium bromide as described in j2ahd the DNA band of interest
detected by UV. A sharp scalpel was used to cubalide of agarose containing the
band of interest, which was then transferred tdearc2 ml micro-centrifuge tube.
After cut out the band, the gel was photographedetmrd that the DNA band of
interest was removed. 4-5 volumes of CP-buffer adaed for fragments <200 bp or 6
volumes of CP-buffer for fragments >4 Kb. 3 volun@2-buffer plus 1 volume sterile
water were applied. The top of the tube was clogedgel melted by incubation for 10
min at 65C, and the solution re-cooled at room temperatlitee solution was
transferred into 2 ml collecting filter tube, andntrifuged for 1 min at 10.000 x g
(Biofuge Pico, Heraeus, Osterode) at room temperaflhe filter was washed with
750 pl of DNA-wash buffer (buffer concentrate pluS-volume absolute ethanol), and
re-centrifuged for 1 min at  10.000 x g. Theefilivas dried by centrifugation for 1
min at 10.000 x g, the column replaced in a fregpdadorf tube, and the DNA eluted
with 30 pl sterilized HOpigist. The DNA can then be frozen at 220

2.7.4. Ligation of DNA fragments

A 3:1 molar ratio of insert : vector DNA was usddhe master mix was prepared on

ice as following:

Linearized vector DNA (0.2-1 pg)
Insert-DNA fragment at 3:1 molar ratio X ul
10x ligation buffer 2 ul
PEG 4000 solution (for blunt ends only) pl2
Water, nuclease-free up to 20 pl

T4 DNA ligase (1-2 U) for sticky ends, 5 U for btuends

The mixture was vortexed, spin down and then intadbéor 1 h at 22C or overnight

at 15C in a thermocycler (Progene; Techne, Cambridgd). DNA ligase was
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inactivated by heating the reaction af@Sor 10 min. The ligation was cleaned up
with Cycle Pure Kit (Classic-Line; peqglab Biotecligie GmbH, Erlangen) (2.7.3.).
The resulting ligation reaction was used directy lhbacterial transformation or after

storing at -26C.

2.8. DNA transfer
2.8.1. Transformation of Escherichia coli
2.8.1.1. Preparation of competent cells of E. coli

In a 50 ml Greiner tube, 10 ml LB medium was added a single colony d&. coli
XL1-blue inoculated. The culture was grown overmigit 37C with shaking
(Gesellschhaft fur labortechnik GmbH). Then, 2.50fnthe pre-culture was inoculated
in 250 ml LB medium at 3T with shaking (250 rpm) until an QB 0.5-0.7 is
reached. The culture was transferred to ice foirg divided in four tubes (4x 50 ml),
and then centrifuged at 5000 x g for 5 min & 4Sigma 3K30, Osterode). The pellet
was washed with 60 ml double sterilizegdOgis;, re-centrifuged at 5000 x g for 5 min
at £C, and rewashed 2x times with cold double stedli#&Oyiq4is;,. The pellet was
suspended in 1.25 ml of 15% glycerol, and centatugt 5000 x g for 5 min. The
pellet was re-suspended with cold 250 ul of 15%ceigl. Aliquots (40 ul) were

frozen in liquid nitrogen and stored at 280until they come into use.
2.8.1.2. Transformation of E. coli by electroporati method

The frozen cells were placed on ice bath and imatetyi mixed with 2 pl plasmid
DNA. The DNA was mixed with competent cells, thextare transferred to a pre-

chilled electroporation cuvette, and the followanditions for electroporation used:

Capacitance: 25 pF
Voltage: 2.5 kV
Resistance: 200
Pulse length: 5 msec

Immediately after electroporation, 960 ul of SO€diim was added to the cuvette.
The mixture was transferred into a 15 ml Greindretand incubated at 37 for 1 h

with gentle agitation (Gesellschaft fur laborte¢h®mbH). The transformed cells
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were plated (100-200 ul) in LB agar plate with hiiic and incubated overnight at
37°C (Memmert GmbH).

2.8.2. Transformation of Agrobacterium tumefaciens
2.8.2.1. Preparation of Agrobacterium competentlisel

Agrobacteriumcultures harbouring Ti plasmids were grown at temperature (Z&)

to prevent “curing” of the Ti plasmid, on LB mediantaining antibiotics (Rif/Gent)
for 24-48 h until an Oy of 0.5-0.7 was reached. Cells were cooled on2€en(in)
and pelleted by centrifugation atGtfor 15 min at 4.000 x g (Typnr. 3K30; Sigma).
The media was completely poured off and the pe#iesuspended gently with cold
double sterilized bDyigist (50 ml). The cells were centrifuged and rewashét wold
water 3x times. The culture was washed with 1.50fntold 10% (v/v) glycerol, re-
centrifuged, and re-suspended in 250 ul of 10%aglylc Aliquots (80 ul) were frozen

in liquid nitrogen and could be stored at%Cdor at least 6 months.
2.8.2.2. Transformation of Agrobacterium by elecparation

The efficient transformation dgrobacteriumstrain can be obtained by application of
a high voltage electric pulse under conditions lsimio those giving high frequency

transformations oE. coli (Shen and Forde, 1989).

DNA for electroporation must be free of salt, RN, protein. Frozen competent cells
were thawed on ice and the 80 pl aliquot was teansfi to a pre-cooled 0.2 cm
electroporation cuvette. 1 pl of of plasmid-DNA 1@-ng) was mixed with the cell

suspension on ice and an electric pulse was applietediately using a Gene Pulser

(E. coli Pulser, Bio Rad). The highest transformatfficiencies were obtained at:

Capacitance 25 uF
Voltage 2.5 kv
Resistance 200

Pulse length 8-12 msec

LB medium (1 ml) was immediately added to the O.Bh rauvette, the mixture
transferred to a 15 ml Greiner tube and incubate@® th at 28C with gentle agitation.
Aliquots of 10 pl or 100 ul were plated on LB agaedium containing the appropriate
antibiotics (Kan/Rif/Gent), and incubated for 2-&yd at 28C.
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2.8.2.3. Transformation of Agrobacterium by Tri-Pantal Mating

Agrobacteriumstrain was inoculated into 3 ml CPY-medium andwgrdor 48 h at
28°C with (Rif/Gent). Next day, both of the Kaa. coliand a helper strai. coli HB
101 were inoculated in 3 ml LB medium and grownraight at 37C (Gesellschaft
fur labortechnik GmbH). One day after, 0.5 ml k&n coli cell culture, 0.5 ml helper
strainE. coli HB 101 cell culture, and 1 ml recipient cell cuéuAgrobacterium
strain) were mixed into the same tube. The mixtwelts were centrifuged for 5 min
at 2.000 rpm (Sigma 3K30, Osterode), and the sap&nh was removed. The pellet
was re-suspended in 500 pl CPY, then plated on @af plates without antibiotic
and incubated at 28 for 48 h. The thin layer of bacterial cells wasdulated in 0.5
ml CPY and dilutions made in CPY medium until®1®ating mixture, (100 pl) of 10
* and 1@ dilutions were spread on CPY agar plates contgiffRif/Gent/Kan) and
grown for 48 h at 2&. Small liquid cultures (3 ml) of the restreakexlonies were
grown and minipreps carried out (2.5.4.) and /olymperase chain reaction (PCR)

were preformed to verify the presence of the plddbilA (2.9.2.)

2.9. Polymerase chain reaction (PCR)
2.9.1. (PCR)

By PCR (Rlymerase_@Gain Reaction), a huge number of copies of a gene can be
obtained. There are three major steps in a PCRafdeation, annealing and
extension), which are repeated for 30 or 40 cycléss is done on an automated
cycler, which can heat and cool the tubes with réection mixture in a very short

time.

In a sterile 0.5 ml PCR-cup kept on ice bath, tiofing reagents were mixed in a

final volume of 10 pl:

10x PCR-buffer 1l
MgCl; buffer (25 mM) 0.6 pl
dNTPs (0.2 mM end concentration) 0.2 ul
Forward primer (10 pmol/ul) 0.2 pul
Reverse primer (10 pmol/ul) 0.2 pul
DNA-polymerase (5 U/pl) 0.06 pl
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Template DNA (0.2-1 pg) max 1 pl
H2Ohidist Sterilized up to 10 pl

The nucleic acids were amplified in a thermocygrogene or Techgene; Techne,
Cambridge) using one of the programs listed in &ahl The primer used and their
respective |, value are listed in Table 7 and 8.

Table 6: PCR programs

No. Program

1 3min 94C+35x [30sec 94C+30sec 56C+2min 72C]+5min 72°C+99h 4C
2 3min 94C+35x [30sec 94C+2min 72C]+5min 72°C+99h 4C
3 3min 94C+35x [30sec 94C+30sec 60C+2min 72C]+5min 72°C+99h 4C

Table 7: Primers for PCR, RT-PCR and bacterial screening

Name Sequences 5°-3’ Tm-value
7-ox For TGGCTAACACAGGCATCCCTACTGTGGACG (s
7-0X Rev TCTCATCCTCCACTCTTGAAGGTGGATGGG &0
RT 7-0x ATTTCATAATGTTTGATGC 45.8C

20-ox-1 For TGAACGGCAAGGTGGCAACCGAATCCGCTC 722
20-ox-1 Rev GCGGTAATAGTGGACCCAGTGTCCAACGCC 72

RT 20-ox-1  TTAAGCAGACGGGG 46°€
3-ox-1 For ACAAAACGGTCTCGATCCCGGTTGTCG 68
3-ox-1 Rev CCCTTCCCCGAGGCTTTAGCCTTGATG 6905
RT 3-0x-1 TTGTTAGGGCAGCA 47
2-ox-1 For CTCTGCAGCATTCTACTCTGGGATTCC 60
2-ox-1 Rev GGCCCACCGAAGTAGATCATTGAAACC 6C
RT 2-o0x-1 AGATGTTGGAATCC 42C
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Table 8: Primer sequence for checking DNA integration by PCR

Tm'

Name Sequences 5°-3° .

value
For (for all constructs) CTACAACTACATCTAGAGG 47°C
20-0x-1 For (S orientation) = CGAGAATTCATAGAAATGATGGG 60°C

20-ox-1 Rev (S orientation) GACGAATTCCAGCAACACATAARC 61°C
7-ox Rev (S orientation) TCACTCTAGAAGGTGGATGG
7-ox Rev (AS orientation) CAATTCAAGGAAACGCTGG
3-0x-1 Rev (S orientation) CGATTCTAGAAATATGCCATC
3-0x-1 Rev (AS orientation) ACCGTTCTGTGATAAAGTGG

B8 &g

Calculation of annealing temperature:
*Th=69.3 + 0.41 x (GC %) — 650/(length of primers])bp

2.9.2. Bacterial-colonies screening by PCR

A bacterial-colony was picked up from the growinigte using a sterile toothpick,
touched it in master plate containing antibioticl auickly washed the tip in 10 pl of
PCR mixture (2.9.1.). In another method, a coloraswicked up from the growing
plate and washed in 10 pl oL@higist in an Eppendorf tube. The tube was closed and
incubated in boiling water bath for 10 min (denatuhe templates and inactive
proteases and nucleases). The tube was placedecend centrifuged for 2 min at
10.000 x g (Biofuge Pico, heraeus, Osterode). THeml of DNA template was
applied to the PCR-master mix (2.9.1.). These patowere used for screening

colonies ofE. coliandAgrobacteriumand 10-20 colonies were checked.
2.9.3. Reverse transcriptase-PCR (RT-PCR)

For quantifying mRNA, a competitive RT-PCR withemal standard RNA was used.
The RNA standards were added in a defined quamptitgr to the reaction. The
resulting standard cDNA was co-amplified with tlzene primers as the endogenous
target sequence (Table 7). This method allowed areaent of small differences (as
low as a factor of 2) between RNA samples. cDNAtlsgsis (PCR template) was
generated in a double sterilized PCR-cup. The twse stored in ice water bath and

used the protocol described below:
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Total RNA (50-100 ng) 1pl
Standard RNA* (100 pg to 1 fg) 1 ul
RT-primer (5 pmol/ul) 1l
Water, nuclease-free up to 3 pl

The mixture was incubated at°@for 5 min and chilled on ice. The master mix was
prepared as following components:

5x reaction buffer 1l
10 mM dNTP mix 0.5 ul
Ribonuclease Inhibitor (20 U/ul) 0.25 ul

The master mix was divided to make 1.75 pl in e@€iR-cup and incubated at°g7
for 5 min and 0.25 pl of M-MULV (200 U/ ul) reversenscriptase were added. The
reaction mixture, containing the sequence-speéifieprimer, was incubated at 42
for 1 h, stopped by heating at°@for 10 min, and chilled on ice. The synthesized
cDNA was amplified by PCR (2.9.1.). Usually uselXPNA products as a template.
The RNA standard was prepared as described in4(2.8nd the total RNA was
isolated as described in (2.5.5.1.).

2.9.4. Generation of RNA-standards

Plasmid DNA of pblueskript SKvector containing the DNA of interest was linedze
with a restriction endonuclease (2.7.1.). 7-oxidag®s digested with restriction
endonucleaseECaRI), 20-oxidasel BanHl), 3-oxidasel BanHI) and 2-oxidasel

(Kpnl). The linerized DNA was purified with Cycle Puket (2.7.3.), and checked by
gel electrophphoresis (2.6.). The in vitro transtoon of the DNAs of interest was
performed using a T7 RNA promoter for 7-oxidaseo2@dlasel, 3-oxidasel and a T3

promoter for 2-oxidasel.In vitro transcription reac was prepared as following:

5x transcription buffer 4 ul
10 mM NTPs mix 2 ul
linearized template DNA (1 pg) X ul
Ribonuclease Inhibitor (1 U/ul) 0.5 ul
T3/T7 RNA Polymerase (40U) 2 ul
DEPC-treated water up to 20 pl
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The reaction was incubated at°@7for 2 h and stopped by freezing at Q0 The
internal standard RNA was then treated with 1 U &NBNase-lI and incubated at
37°C for 15 min to remove the plasmid DNA (the succefghis treatment was
checked by PCR without prior RT-PCR). The synthebiRNA was extracted with
phenol/chloroform (2.4.2.), and precipitated witthamol (2.4.3.). RNA standard
concentration was quantitated by photometer (3,4dduted in 10 ng/ul, and frozen at
-70°C. Standard concentrations are first added bytarfat 10 (1 ng/ul, 100 pg/ul, 10
pa/ul, 1 pg/ul, 0.1 pg/ul, 10 fg/ul, and 1 fg/ud) determine the range in which the
transcript amount is found. The main problem withARstandards is their instability.
We found that especially thawing and refreezing alges them. Therefore, we stored
the standards in small aliquots in different dous and discard them if thawed too
often. Standard RNA is analysed by agarose-geltrejgroresis (2.6.). Figure 4
showed the RNA standard analysed in agarose gaft@bdoresis.
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Figure 4: Analysis of RNA standard in agarose-gel (100 ng)
a: GA 3-oxidasel RNA-standard b: GA 7-oxidase RN#ndard
c: GA 20-oxidasel RNA-standard d: GA 2-oxidasel Rd@ndard

2.10. Culture of Agrobacteriumand inoculation of plants

Agrobacterium tumefacierstrain C58C1 (PMP90), carrying the binary vectetZ-
35S- ), was used in all experiments for which data &@s. Unless noted, bacteria
were grown to stationary phase in liquid cultur@&C at 250rpm in sterilized CPY-
media (Sambrook et .al1989) (2.3.1.) plus Kanamycin (50 pug/ml), Rifaoipi(50
pg/ml) and Gentamycin (20 pg/ml). Three days ptwoplant transformation, 5 ml of

34



Material and Methods

liquid culture ofAgrobacteriumcarrying the suitable binary vector was inoculsaed
incubated at 2& with vigorous agitation. After 2 days 400 ml oP¢-medium was
inoculated with 1 ml of the pre-culture and incidshaigain with vigorous agitation for
24 h at 28C. The cells were harvested by centrifugation fér rin at room
temperature at 6000 x g when a final §J3f approximately 0.80 was obtained. The
pellet was then re-suspended iBOglgist (100 ml). The revised floral dip inoculation
medium (Clough and Bent, 1998) was used contaifiediicrose and 0.05% (i.e. 500
pl) silwet L-77. For floral dip, the inoculums weaeded to sterile beaker, plants were
inverted into this suspension such that all abowegg tissues were submerged, then
removed after 1-2 min of gentle agitation. Dippddngs were removed from the
beaker, placed in a plastic tray, and covered \ittall plastic dome to maintain
humidity. Plants were left in a low light or dar&chtion overnight and returned to
growth chamber the next day. Plants were growraffurther 3-6 weeks until siliques
developed. The inflorescences shoot from each goé Wept together and separated

from neighbouring pots using the Arasystem (httpwiv.arasystem.com).

2.11. Selection of transformants

After surface sterilization (2.1.5.), seeds Agrobacteriuminoculated plants, were
suspended in 0.1% sterile agarose, spread on Kammareglection plates (0.5x MS
media, 0.8% plant agar, and 50 pg/ml Kanamycin rreuiphate) at a density of
approximately 500 seeds per 150x 15 fiptate. The plates were allowed to dry a
little, so that the seeds do not float when theepla moved. The seeds were cold-
treated for 2 days af@ and then grown for 2 weeks at’@2under 16h light/8h dark
(100-110 p Einsteins Bs™).

The excess moisture during growth was removed lBniog the plates and removing
moisture off the lid. Transformants were identifiasl Kanamycin resistant seedlings
that produced green leaves and well-establishets mihin the selective medium.
Gently the seedlings were pulled out of the agal mesidual agar removed with a
forceps. Roots were washed with sterilizegDhis: before transferred to soil. Some
transformants were grown to maturity by transplamti preferably after the

development of 3-5 adult leaves, into moistenedimpptsoil. The transformation rates
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were expressed as percentage transformation, émdatad as (# Kanamycin-resistant

seedlings) / (total # seedlings tested) x 100.

2.12. Analysis of endogenous GAs
2.12.1. Extraction and purification of endogenousAG

Plant material (2 g, wild type and transgenic) wé@vested from 7-week-old
seedlings grown in long day conditions. At harvéisg tissues were frozen in liquid
nitrogen and ground with a mortar and pestle. EHmpes, approximately of 2 g fresh
weight, were extracted with cold 80% (v/v) methaf®inl) at £C. After addition 2 ng
of the internal standards 2[;JGA1-Ald., [PHJGA1, [*HiGA.s [*HiGA1s,
[PHGAu, [PHAGA1, [HGAs, [PHiGAz, [HGA1s [PHa] GAss [*HiGAas,
[H2]GA4 [PH2]GAs, [PHolGA17, [PHo]GA2s, [PH2GA s [PH2lGAss [PHo]GAs7), from
Prof. L. Mandar, Australian National University, iiteerra, Australia, the samples
were mixed, incubated 1 h atGtwith shaking and centrifuged 5 min at 3000 U/min
(UJ2, Heraeus Christ GmbH, Osterode). The sampére we-washed 4x times with
cold 80% methanol and incubated 30 min on ice dutiire extraction. The combined
methanol extracts were concentrated in vacuo (Rp@vRE 111; Blchi, Schweiz)
and the resulting aqueous (aq.) residue was adjuste@H 8.0 with KOH 1 M and
extracted 3x times with ethyl acetate (ETOAc). T¢wmmbined aq. phases were
adjusted to pH 3.0 with HCI 1 N and extracted 3mets with ETOAc. The combined
ETOACc phases were extracted 2x times witlOkkist pH 3.2. The upper phases were
collected and dried by evaporation in vacuo to gimeacidic ETOAc-soluble fraction.
The dried samples were stored at °@0Samples were methylated with 100 pl
methanol and ethereal diazomethane (2x times 2P0Oant dried. Columns (&
cartridge (Waters) were washed with 10 ml MeOH exdashed with 10 ml $#Opigist
pH 3.2. Dry extractions were dissolved with 100néthanol and 2 ml acetic acid
water pH 3.2 (HOACc). Probes were passed throughcthemn. The glass tube of
probe was re-washed with 2 ml HOAc, then passeautir the column. Column was
washed with 10 ml acetic acid water to remove pnstelhe column was eluted with 6
ml of methanol (100%), and dried. The probes wéssalved in a small volume of 1:3
(v/v) methanol: HOpigist pH 3.2. For purification by HPLC the residues weee
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dissolved in 200 pl methanol-water pH 3.2 (1:1) andcted into a & reverse-phase

column (15 cm long, 8 mm, i.d., 4 mm, Novapack lidgGChromatography Cartridge

in a RCM100 radial compression system, Waters, limeh Germany). Samples were
eluted with a gradient from 25% methanol in waterl00% methanol in 40 min

delivered by a two pump HPLC system (Model 501 ah@d, Waters) at a flow rate of
1 ml min*. Eighteen fractions were collected at intervaisfr11.50 to 47.50 min and

fractionated by HPLC as the following program irblea9:

Pump A: HxOpigist (PH 3.2): Methanol= 3:1
Pump B: Methanol

Time: 50 min Cycle period: 55 min

Table 9 Gradient program

Time (min) Flow %A %B %C Curve
Initial 1.00 100 0 0 *
20 1.00 50 50 0 6
40 1.00 0 100 0 8
45 1.00 0 100 0 1
47 1.00 100 0 0 6

2.12.2. GC-MS analysis

Dried HPLC fractions were re-dissolved in (50 pkx 4imes methanol, dried,
trimethylsilylated with 2 pIN-methyl-N-trimethyl-silyltrifluo-acetamid (MSTFA) and
incubated for 30 min at 8G. The derivatized samples were analysed usingkirPe
Elmer TurboMass MS system (Perkin Elmer, USA) epep with a Perkin Elmer
AutoSystem XL gas chromatograph. Samples (1-2 djewco-injected into SGE
BPX5 capillary column (30 m long, 0.25 mm i.d., ®j2m film thickness; SGE, U.K.)
at an oven temperature of €0 The split value (30:1) was open after 1 min, el

temperature was increased by@5min™ to 220C and then with 2 miri* to 300C.

The He inlet was pneumatic pressure controlledarastant flow rate of 1.5 ml min
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and the injector, transfer line and source tempegatwere 220, 280, and 240
respectively. Data were acquired in the SIM-mod&erab min. The ions were
monitored for quantification of endogenous GAs klage retention time and the co-
occurrence of addition ions. Endogenous levels wateulated based on peak areas,
with reference to known amounts of deuterated matestandards, and calibration
curves for each compound. The concentrations cbgerabus GAs were calculated by
reference to calibration curves from the peak-aeg@ms of the following ion pairs:
506/508 (GA), 284/286 (GA), 207/209 (GAs), 284/286 (GAs), 239/241 (GAs),
314/316 (GA4), 270/272 (GA), 594/596 (GA), 207/209 (GA4), 374/376 (GAv),
418/420 (GAo), 506/508 (GA,), 492/494 (GA;), 300/302 (GAy), 270/272 (GAx
aldehyde), 298/300 (G4), 284/286 (GAg), 310/312 (GA,).
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2.13. Chemicals and enzymes

100bp-ladder marker

Acetone

Acetic acid

Agar

Agarose

Ammonium acetate
-Mercaptoethanol

Bromophenol blue

Calcium acetate

Calf Intestine Alkaline Phosphatase

Carbenicillin

Cetyltrimethyl ammonium bromide (CTAB)

Chloroform (CHCI 3)

Diethyl ether

Diethyl pyrocarbonate (DEPC)

Dimethyl sulfoxide (DMSO)

Dithiothreitol (DTT)

DNA-polymerase

DNA-polymerase

DNase |

dNTPs

Ethanol EtOH (CH 3CH,OH)

Ethidium bromide

Ethyl acetate

Ethylene diamine tetracetic acid (EDTA)

GA;

Gentamycin sulphate

Glucose

Glycerin (glycerol)

Helium

MBI-Fermentas, St. Leon-Rot
Acros Organics, New Jersey
Merck, Darmstadt

Sigma, Deisenhofen

Biomol, Hamburg

Sigma, Deisenhofen

Fluka chemic AG, Buchs
Serva Feinbiochemica, Heidelberg
Merck, Darmstadt
MBI-Fermentas, St. Leon-Rot
Biomol, Hamburg

Merck, Darmstadt

Merck, Darmstadt

Riedel-de Hoén, Seelze
Merck, Darmstadt

Sigma, Deisenhofen

Biomol, Hamburg
MBI-Fermentas, St. Leon-Rot
Genecraft, Munster

Sigma, Deisenhofen
MBI-Fermentas, St. Leon-Rot
Sigma, Deisenhofen

Sigma, Deisenhofen

Merck, Darmstadt

Merck, Darmstadt

Sigma, Deisenhofen
Sigma-Aldrich, Steinheim
Merck, Darmstadt

Sigma, Deisenhofen

West fallen AG, Muster
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Hydrochloric acid (HCI)
Isopropanol

Kanamycin mono-sulphate
LB-medium

Ligation puffer

Liquid Nitrogen

Lysozyme

Magnesium chloride (MgCh)
Magnesium sulfate (MgSQ)
Methanol MeOH (H3;COH)

MS-mineral salts medium with vitamins
N-methyl-N-nitrosu-p-toluolsulphonamid

N-methyl-N-trimethylsilytrifluoacetamid

(MSTFA)

NTPs

PEG 4000 solution

Phenol (pH 4.3)
Phenol/chloroform/isoamylalcohol
Plant agar

Potassium chloride (KCI)
Potassium hydroxide (KOH)
Primer

Proteinase K

Restriction endonuclease
Restriction buffer (10x)

Reverse transcriptase with 5x reaction buffer

Rifampicin

RNase A

RNase-inhibitor (RNasin)
RNA-polymerase buffer (5x)
Silwet L-77

Sodium chloride NacCl)

Sigma-Aldrich, Steinheim
Merck, Darmstadt
Sigma-Aldrich, Steinheim
Sigma, Deisenhofen
MBI-Fermentas, St. Leon-Rot
Linde, Hollriegelskreuth
Biomol, Hamburg
MBI-Fermentas, St. Leon-Rot
Merck, Darmstadt

Roth, Karlsruhe

Duchefa Haarlem, Netherlands
Merck, Darmstadt

Macherey-Nagel-Diren, Germany

MBI-Fermentas, St. Leon-Rot
MBI-Fermentas, St. Leon-Rot
Sigma, Deisenhofen

Biomol, Hamburg

Duchefa Haarlem, Netherlands
Fluka chemic AG, Buchs
Merck, Darmstadt

Metabion GmbH or Biomers.net
Merck, Darmstadt
MBI-Fermentas, St. Leon-Rot
MBI-Fermentas, St. Leon-Rot
MBI-Fermentas, St. Leon-Rot
Serva Feinbiochemica, Heidelberg
Sigma, Deisenhofen
MBI-Fermentas, St. Leon-Rot
MBI-Fermentas, St. Leon-Rot
LEHLE SEEDS

Roth, Karlsruhe
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Sodium dodecyl sulfate (SDS)

Sodium hydroxide (NaOH)

Sodium hypochlorite (NaOCI)

Sucrose

T3/T7-RNA-polymerase with 5x transcription
buffer (40U/ul)

T4-DNA-ligase

Tris

Trypton

Yeast extract

Serva Feinbiochemica, Heidelberg
Merck, Darmstadt

Fluka chemic AG, Buchs

Fluka chemic AG, Buchs

MBI-Fermentas, St. Leon-Rot

MBI-Fermentas, St. Leon-Rot
Biosolve LTD, Volkensswaard/NL
Roth, Karlsruhe

Roth, Karlsruhe
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3. Experiments and Results

Gibberellins (GAs) are involved in the regulatioh many aspects during plant
development. To investigate the effect of alterefl IBvels on growth, transgenic
Arabidopsis thalianglants have been engineered to express eithes s@dsantisense
copies of GA 7-oxidase gen€riGA70¥ 3-oxidasel geneCfmGA3ox) and 2-
oxidasel geneQmGAZ20x}) or sense copies of 20-oxidasel ge@mGA200x) from
developing seeds of pumpkin under a strong comisgtpromoter cassette E12-35S-
(Niki et al., 2001). The presence of the transgeas detected in the transformed
Arabidopsisplants by polymerase chain reaction in theg&neration. The transgenic
Arabidopsisplants were segregated three to one in thgeheration. Manipulation of
gibberellin biosynthesis by expression of pumpkiA-Gidase genes in the sense
orientation led to an altered growth and plant tlgsment in Arabidopsis(chapter
3.1.). The expression levels of pumpkin GA-oxidagmes inArabidopsis were
determined by competitive RT-PCR (chapter 3.2.).e Téffect of altered GA
biosynthesis by expression of pumpkin GA-oxidaseegeonArabidopsisGA content,
were determined by combined gas chromatography-msasstrometry (GC-MS)
(chapter 3.3.).

3.1. Over-expression of pumpkin GA-oxidase genes @mgeneration of transgenic

lines
3.1.1. Preparation of transformation constructs

A strong promoter cassette containing a translatienhancer (E12-35S) was used

to enhance the expression of pumpkin GA-oxidaségu(é 5). The construct was
prepared by replacing theglucuronidase gene of pBI121 with the pumpkin G 2
oxidasel CmGA200x1cDNA sequence in sense orientation as a Xbal-Bagment,
and the CaMV 35S promoter sequence with the stoomgtitutive promoter cassette
E12-35S- from pBE2113 as a Hindlll-Xbal fragment (Mitsuhagtial, 1996). The
construct carrying GA 7-oxidas€inGA7o) in sense and antisense orientation, GA 3-
oxidasel CmGA3ox] in sense and antisense orientation was prepayedirst

replacing the -glucuronidase gene of pBI121 with a synthetic DMAltiple cloning
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site (MCS) which has unique restriction endonudesites. GA 7-oxidase and GA 3-

oxidasel were then inserted in sense and antiseresgation at the EcoRlI site (Niki

and Masaiji).
Hindlll Xbal Sacl EcoRlI
— Pnos—— NPT-Il —Tnos J— E12— P35¢ CmGAZ200x: S J— Tnos J—
S
Hindlll Xbal BamHI Smal Sacl EcoRlI

—— Pnos— NPT-Il —Tnos J— E12+— P35¢ GUS J— TnosJ—

E12 GUS (pB2113-GUS)

!

5-GATCCGTTAACCTCGAGGAATTCGGTACCACTAGTGAGCT-3"
3"-GCAATTGGAGCTCCTTAAGCCATGGTGATCAC-5

Hindlll BamHI-Hpal-Xhol-EcoRI-Kpnl-Spel-Sacl

—— Pnost+— NPT-Il +—Tnos J— E12— P35¢ ~|:|— MCS — Thos —

E12 MCS (pB2113-MCS)

Figure 5: Structure of T-DNA region of pSG (Niki et al., 2001). Pnos, 5 -upstream
region of nopaline synthase gene. NPT-Il, Codingjae of nopaline synthase gene.
Tnos, Polyadenylation region of nopaline synthaseeg E12, 5 -upstream region of
CaMV 35S promoter (-419 to -90) X 2. P35S, 5 -ugmstn region of CaMV promoter
(-90to -1). , 5" -untranslated region of tobacco mosaic virus.

The pUC18 plasmid containing the cDNA insert ofngo2-oxidasel GmGA20x)
(Frisse et al., 2003) was isolated (2.5.3.) aneésted with EcoRI (2.7.1.). The E12-
35S- MCS vector was digested with EcoRI at the same aitd dephosphorylated
(2.7.2.). The 2-oxidasel cDNA fragment and the ameetere ligated (2.7.4.). The
plasmid DNA containing 2-oxidasel was transformao iXL1-blue competent cells
by electroporation (2.8.1.2.) and the bacteriabonis screened by using PCR (2.9.2.).
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The resulted PCR products were analysed by agaelselectrophoresis (Figure 6a
and b). The 13 colonies that gave positive resuPGR were grown overnight at %7
and their plasmid DNA were isolated by the minigamation method (2.5.2.).

T

L

= 1508

— —

- 1093

: == 804

o 504
" 447 447

| 5000000

' 11 12 13 14 15 16 17 18 19 20 + Hindlll  xhol  Undig.

Figure 6: a, b: Colony screening by PCR, - negative controlpositive control
(plasmid DNA of 2-oxidasel) and c: digestion ofsptad DNA from colony No. 1 and
No. 8, with Hindlll and Xhol to confirm the orieritan of the insert. Undig.,
undigested plasmid DNA.

Sense (S) and antisense (AS) orientations of tiidefugth cDNA insert encoding for
pumpkin GA 2-oxidasel were confirmed by restrictemdonuclease digestion. Clone
No. 1 CmGA20x1AS orientation) and No. &MGA20x1S orientation) were chosen
and digested with Hindlll and Xhol (Figure 6c). dIH cuts the 2-oxidasel gene at
two positions and the binary vector at one posjtr@feasing three fragments of 447
bp, 1598 bp and 10.7 kb in the case of 2-oxidasgoAentation, while 447 bp, 1093
bp and 11.3 kb in the case of 2-oxidasel S oriemtaiVhereas Xhol cut each, 2-
oxidasel gene and binary vector, at one positieleasing two fragments of 804 bp
and 12 kb in the case of 2-oxidasel AS orientatidmle 504 bp and 12.3 kb in the
case of 2-oxidasel S orientation. The constructe wansformed inté\grobacterium
tumefaciensstrain C58C1, carrying the virulence plasmid pMRg electroporation
(2.8.2.2.), or tri-parental mating (2.8.2.3.) methdren Agrobacterium colonies
obtained for each transformation with the sensantisense constructs were checked
by PCR using specific primers for each of the GAdages (Figure 7).
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7-oxidase sense

7-oxidase antisense

20-oxidase sense

3-oxidase sense

3-oxidase antisensegiess

2-oxidase sense

2-oxidase antisensq

Figure 7. PCR screening of thAgrobacteriumcolonies transferred with constructs
containing cDNAs of the pumpkin GA-oxidases in sem@®d antisense orientation.
Circled number, colonies were chosen for plasmidADpieparation to transform
Arabidopsisplants. PCR products: 7-oxidase sense and arngigénsx For./7-ox Rev.,
915 bp); 20-oxidasel sense (20-o0x-1 For./20-x-1 Red0 bp); 3-oxidasel sense and
antisense (3-ox-1 For./3-ox-1 Rev., 900 bp); 2-ag&l sense and antisense (2-ox
For./2-ox Rev., 800 bp).

The Agrobacteriumplasmid DNA for Arabidopsistransformation was checked by
restriction digestion with (Hindlll). Hindlll cutshe 7-oxidase gene and the binary

vector at one position, releasing two fragment$aif4 bp and 11.5 kb in the case of 7-
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oxidase S orientation (Figure 8a), while 1845 bg 26.7 kb fragments in the case of
7-oxidase AS orientation and cuts only the binasctor of 20-oxidasel gene,
releasing one fragment 12.7 kb (Figure 8a). WithxRlasel CmGA3o0x] and 2-
oxidasel CmGAZ2o0x] genes, Hindlll cuts each gene at two positiorns e binary
vector at one position, releasing three fragmes®s: bp, 961 bp and 11.3 kb in the
case of 3-oxidasel S orientation, while 503 bp,8164 and 10.6 kb in the case of 3-
oxidasel AS orientation (Figure 8b); 447 bp, 1093abd 11.3 kb in the case of 2-
oxidasel S orientation, while 447 bp, 1598 bp abd kb in the case of 2-oxidasel
AS orientation (Figure 8c).

7-0X 20-0x-1 3-0x-1 2-0x-1

961

.

503 503

447 447

e

L
—-—
—
b
-—
=
-
-

mpmuie

Figure 8: Agarose gel analysis of plasmid DNAs digested ithdll.
1 and 5 sense digested with HindllI
2 antisense digested with Hindlll
3 and 6 sense undigested
4 antisense undigested

3.1.2. Transformation and selection of Arabidopgilnts

Transformation ofArabidopsiswild type plant was performed by infection with
Agrobacterium tumefaciensarbouring the pumpkin GA-oxidases construct&gus
the floral dip method (Clough and Bent, 1998) (2100 get a high rate of
transformation Arabidopsisplants were dipped two times at seven-day intervEhe
first dip was done after clipping and the secoratie week later. Ten thousand seeds

for each construct were selected for kanamycirstasce. The rates of transformation
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obtained by kanamycin selection were (0.7% for idkase S, 1.0% for 7-oxidase AS;
1.1% for 20-oxidasel S; 0.9% for 3-oxidasel S, Of@3-oxidasel AS; 0.6% for 2-
oxidasel S, 1.0% for 2-oxidasel AS). Twenty-fimdependent transgenic lines of
three-week-old T seedlings of each gene in sense and antisensetraasderred to
soil. The T, seeds from the self-fertilized flowers were sownMS media containing
kanamycin. Resistant to sensitive seedlings wageegated 3:1. The agreement fits to
the theoretical 3:1 distribution predicted by mdrate inheritance. During the
segregation analysis dEmGA200x1S and CmGA20x1S seeds, the germination
exhibited a disturbed segregation ratio efg€neration seeds compared with wild type
and antisense lines and the seeds had a high defgdeeninance. The seeds exposed
to apply GA at 10°M during germination of seedlings for 4 weeks. Fasults show
that both homozygous and heterozygous lines regabt@GA when compared either
with WT plants, or AS lines. Jrosette leaves were collected, their genomic DNA
extracted (2.5.1.) and the integration of the puim@kA-oxidases were tested by PCR
using specific primers as illustrated in FigureT®. confirm the orientation of GA-
oxidase genes, we usedforward primer for all constructs. In the case7edxidase
sense (/7-ox Rev. sense primer) or antisensd7¢ox Rev. antisense primer), the
PCR products were 950 bp, and 826 bp, respect{iAadyre 9a). In 20-oxidasel sense
orientation ( /20-ox-1 Rev. sense primer) and (20-ox For./20-ev.R the PCR
products were 1350 bp, and 1001 bp, respectivelgu(é 9b). In the case of 3-
oxidasel sense (3-ox-1 Rev. sense primer) or antisensé3fox-1 Rev. antisense
primer), the PCR products were 937 bp, and 80&dxgpectively (Figure 9c). In the
case of 2-oxidasel sense/Z-ox Rev. sense primer) or antisense2fox Rev.
antisense primer), the PCR products were 952 kh,1@61 bp, respectively (Figure
9d).

Ten independent transgenic lines for sense orientand five lines for antisense
orientation were re-screened atgeneration to identify homozygous transgenic lines
Seedlings from the 7-oxidase transgenic plant®gliB.9, 12.8, 13.1 for sense and
15.9, 14.2 for antisense), 20-oxidasel transgplaats (lines 10.8, 2.2, 17.2 for
sense), 3-oxidasel transgenic plants (lines 1.3, 19.7 for sense and 6.1, 5.9 for
antisense), and 2-oxidasel transgenic plants (brfs9.8, 12.9 for sense and 3.1, 7.7

for antisense) were cultured in a growth chambet ased to select homozygous
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transgenic plants, which produced seeds 100% Rkdirof the subsequent experiments

were carried out with seeds from the homozygoweslof & and T, generation.
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Figure 9: PCR analysis of the integration of pumpkin GA-@€d genes by PCR. A
circled numbers, the plants were chosen for segjoggaf homozygous lines.

a) 7-oxidase selection lines b) 20-oxidasel seletines
c) 3-oxidasel selection lines d) 2-oxidasel sieledines

3.1.3. Expression of GA-oxidases affect plant groveind morphology

To understand the importance of pumpkin GA-oxidgesees in plant development, we
fused the full-length of 7-oxidas€MnGA70¥, 20-oxidaselEmGA200x}, 3-oxidasel
(CmGA3o0x) and 2-oxidaselmGA20x) cDNAs to E12-35S- promoter cassette in
sense and antisense orientation and introducedoitwild-type Arabidopsisplants by

Agrobacteriummediated gene transfer. We followed the develogroétwo to nine-
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week-old plants.Arabidopsis 14-day-old seedlings over-expressi@mGA7ox or

CmGA3oxIshowed altered root shapes when compared to yplkel $eedlings (Figure
10). The seedlings dEmGA7oxover-expression resulted in one thin long roohwit
very few lateral roots while the seedlings @hGA3oxlover-expression resulted in
many thick lateral roots. Seedlings over-expres&ingGA3ox1showed also enlarged
leaves and an increased number of trichomes reldtivseedlings over-expressing

CmGA7oxor wild type seedlings (Figure 10).

CmGA3ox1

Figure 10 Phenotypes of 14-day-old seedlings gown in MS imetVild type
seedlings (left) compared to seedlings expressamges copies o€mGA70x(S12.8,
middle) or expressing sense copie€aiGA30x1(S17.7, right). Bar =1 cm.

Most independent lines foEmGA70xS andCmGA30x1S for 7-week-old plants
showed slender phenotypes (Table 10). Slender pyyme® are characterized by
extremely rapid growth of seedlings and adult plstages. The mature plants were
tall, slender, and appeared to have constitutiver€fonses. At the time of flowering,
the homozygous plants were much taller than canestentially because of increased
internode length. The height @mMGA70xS12.8 line for 7-week-old was increased
relative to wild type or the tw€mGA70xAS14.2, AS15.9 lines. Similarly, the height
of CmGA30x1S17.7 line was extremely increased compared td tyie plants or
plants transformed with antisense copie€pfGA3oxlines AS6.1, and AS5.9 (Table
10). Their rosette leaf blades (nine-week-old) weate green, slightly longer and
wider than those of wild type plants and transgemitisense lines (Figure 11, 12).
CmGA70xS12.8 line andCmGA30x1S17.7 line flowered earlier (approximately 34
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and 30 days after sowing, respectively) comparedotarol plants (Table 10). The
internode length foCMGA70xS12.8 line andCmGA30x1S17.7 line of 7-week-old

were approximately twice the length of either witge plants or antisense lines.

Table 10: Phenotypic characterization of 7-week-olrabidopsis plants over-
expressing pumpkin GA-oxidases. Values are mean$ @lants/line + standard

deviation (SD).

Phenotype Height of Internode Nu_rr_lber of FI_owering
plant (cm) length (cm) Siliques Time/day
WT 74+1.0 1.2+0.1 0.0+£0.0 426+1.0
7-0x AS 14.2 84+0.5 1.2+0.1 0.0+0.0 42.2+0.8
7-ox AS 15.9 7.8+0.5 1.2+0.1 02+04 41.4+05
7-0x S 13.1 194+1.1 20+0.1 32+16 39.8+0.8
7-0x S 8.9 30.1+0.7 21+0.2 6.2+1.8 36.0+0.7
7-0x S 12.8 328+3.1 21+0.1 78+15 342+1.6
wWT” 115+ 0.7 1.4+£0.2 46zx2.1 41.2+04
20-0x-1 S 10.8 9.5+0.6 1.2+0.1 1.3+0.8 40.0£0.7
20-0x-1S2.2 3.1+1.0 0.0+0.0 0.0+0.0 48.6 +0.5
20-0x-1S17.2 1.3+0.1 0.0+ 0.0 0.0+£0.0 48.6 £ 0.3
WT 8.6+ 0.6 1.2+0.1 0.0+£0.0 428+1.1
3-0x-1 AS 6.1 7.2+0.5 1.3+0.1 0.0+£0.0 424+11
3-0x-1 AS 5.9 8.0+0.7 1.3+0.1 1.0+14 42.6 £ 0.5
3-0x-1S1.3 21.9+1.3 20+0.1 7.8+0.8 32.4+0.9
3-0x-1S19.4 289+1.7 20+0.1 176+15 294+1.1
3-0x-1S17.7 32.3+3.1 21+0.2 34.8+1.3 30.0+1.7
WT” 11.3+0.9 15+0.2 1.0+1.4 41.0+1.0
2-ox-1 AS 3.1 10.8+0.8 1.6+0.1 1.0+1.4 40.6 £1.3
2-0x-1 AS 7.7 12.0+0.4 16+0.1 3.0+£1.2 42.0+1.6
2-0x-1S 9.7 15+0.5 0.0+£0.0 0.0+£0.0 53.6+1.0
2-0x-1S5.5 1.3+ 0.4 0.0+0.0 0.0+0.0 548+1.1
2-0x-1S12.9 1.1+0.1 0.0+ 0.0 0.0+£0.0 57.0+1.0

* Plants have been transferred to soil after 2&dayS media containing TM GA;
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The axes were slightly thinner and the number dfj@s was much more in
CmGA30x1S thanCmGA70xS over-expressors (34.8 to 7.8). The phenotypeaoits

expressing antisense copies did not change compatbd wild type plants.

WT AS S -
Q A £ & A g
FrYyYyry
Leaf area
‘ g d “:.8.9
WT CmGA70) AS CmGA70 S

Figure 11: Morphological characterization of 7-week-oldrabidopsis plants
containing sense (S) or antisense (AS) copies ofipsin 7-oxidase CmGA70¥
Wild-type plants (WT) and antisense lines are a@igptl as control.

NI

Leaf area

CmMGA30x. AS CMGA30x: S

Figure 12: Morphological characterization of 7-week-ol@rabidopsis plants
containing sense (S) or antisense (AS) copies ofptin 3-oxidasel GmGA3ox]L
Wild-type plants (WT) and antisense lines are @igpetl as control.
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Most of transgenic lines (10 lines) obtained fmGA200x1S andCmGA20x1S
showed dwarf phenotypes (Figure 13 and 14). Thesgenic Arabidopsis plants
carryingCmGA200x1S10.8, S2.2, and S17.2 lines showed a range ofopyyes. The
height of the transformants ranged from 9.5 toch3 whereas that of the wild type
was 11.5 cm (Figure 13 and Table 10). The transg&ii7.2 line had a dwarf
phenotype and showed the strongest expressioned@nitGA200xlas examined by
RT-PCR (Figure 18). After the same number of ddysegetative growth, the size of
the leaves of thEmGA20oxIover-expressors were considerably less than thiode
control plants (Figure 13). These leaves had awotar petioles and a slight bluish
green colour compared to those of the control plait addition, there was a
difference in the time of the flowering between ttantrol plants andCmGA200x1
expressing lines. The control plants bolted andnéat flowers well before the
CmGA200x1S expressing lines did (Table 10). The controhf@gWT) began to bolt
at 41 days, whereas the over-expressing lines &2d2 S17.2 took 48 days. The
CmGA200x1S expressing plants went on to form flowers, sig and set seed. The
final seed yields were considerably less than tiaained with control plants. The
lower yield of seed was due to, at least in pag,GmGA200x1S17.2, and S2.2 lines
producing fewer axillary shoots. The control plaimésl an average of seven leaves per
rosette, whereas t@mGA20oxlover-expressing lines S10.8, S2.2, and S17.2 had 9

6, and 12 leaves per rosette, respectively.

BIX

Leaf arec

WT CmGA200x: S

Figure 13: Morphological characterization of 7-week-ol@rabidopsis plants
containing sense (S) copies of pumpkin 20-oxidg€sthGA200x) Wild-type plants
(WT) are displayed as control.
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The Arabidopsisplants over-expressing the pumpkin 2-oxidas&hGA2ox) showed

a typical phenotype for GA deficient dwarf plantigure 14). The plants were
dwarfed with a strongly retarded phenotype. TherfiWae possess small and dark
green rosette leaves compared to that of wild gype to the plants having copies of
the CmGA2o0x1in the antisense orientation (Figure 14). A rangedwarf phenotypes
was observed for th€EmGA2oxlover-expressors. The lines S9.7, S5.5, and S12.9
were chosen for further characterizatiddmmGA20x1S12.9 line showed the most
severe dwarf phenotype compared to S5.5 and S&g (Figure 14). It had a reduced
height of 1.1 cm whereas the wild type had a hegfht1.3 cm. In line S12.9, the
flowering was delayed up to 2 weeks compared ts@mse lines and wild type plants.
Internode elongation in the extremely dwarfed tfamsants was not observed even

with nine-week-old plants. The transgenic linesvang severely dwarf phenotypes

did not bear any seeds after 7 weeks (Figure 14Tabte 10).

Leaf area

WT CmGAZ20x. AS CmGAZ20x: S

Figure 14: Morphological characterization of 7-week-oldrabidopsis plants
containing sense (S) or antisense (AS) copies ofpin 2-oxidasel GmGA20x]).
Wild-type plants (WT) and antisense lines are @igpetl as control.
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Arabidopsisplants over-expressing pumpkin 7-oxida€eGA7o0x and pumpkin 3-
oxidasel CmGA3ox]) resulted in plant that develop more siliquesoing day at week
nine after sowing. The siliques of tRenGA3oxlover-expressors matured earlier than
those of theCmGA7oxover-expressors. Figure 15 shows the effect of-expressing
CmGA70x512.8 line an€CmGA30x1S17.7 line on final seed weight p&rabidopsis
plants. The final seed weight f&mGA3oxlsense over-expressors was significantly
higher (2.6 g) thattmGA7oxsense over-expressors (1.7 A)abidopsisplants over-
expressing pumpkin seed specifienGA20o0x1sense oiICmGA2oxl1sense had less
siliques (Table 10). Figure 15 demonstrates thgbression of both pumpkin
CmGA20o0xIsense an€mGA2oxI1sense affect the yield of surviving seeds. Thalfin
seed weight observed wiBmGA200x1S17.2 line over-expressors was reduced to 0.6
g, while withCmGA20x1S12.9 line over-expressors seed mass was redoded g.

There was no significant different in seed weightween antisense and wild type

plants.
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Figure 15 Seed weight of 9-week-oldrabidopsisplants expressing sense (S) or
antisense (AS) copies of pumpkKBmGA7o0x CmGA3oxland CmGA2oxland sense
copies of pumpkin CmGA200x1 Wild-type plants (WT) of the respective
developmental stage are displayed as control.
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3.2. Quantification of pumpkin GA-oxidase expressio by RT-PCR
3.2.1. Quantitative RT-PCR

RT-PCR (reverse transcription-polymerase chain ti@ac is the most sensitive
technique for mRNA detection and quantificationreatly available. RT-PCR can be
used to quantify mRNA levels of small samples. deotf this technique is sensitive
enough to quantify RNA from a single cell (Predig&01). Because of its sensitivity,
RT-PCR has been coupled with other protocols fephlie quantification purposes. In
competitive RT-PCR, known amounts of an internahdard are co-amplified in the
same reaction tube with the sequence of interdstyiag the expression levels of the
gene(s) under investigation to be determined (Fageet al, 1999) (Figure 16).

Target RNA Standard RNA
(known dilution series of competitor)
l Reverse transcription l
Universal Gene-specific Universal Linker Gene-specific
SEll———73 52 ll—3
Target cDNA Competitor cDNA
\‘ Polymerase chain reaction ‘/
. <— .
DNA (Target sample 5 ——— 3
>
- — ’
DNA (Competitor sample) 521 Ill————3
=5

v

Electrophoresis
Competitor sample\AE
Target sample/v

Imaging analysis and quantification

Figure 16: Diagram of quantitative RT-PCR.
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The internal standard competes with the native esgcpi of the gene(s) of interest for
primers, deoxynucleoside triphosphates, enzyme p#iret reagents, thus reducing the
signal of the native gene when the standard ixéess. As the amount of the internal
standard increases, the signal of the native geneedses. Co-amplifying an internal
standard provides an efficient method of relatimg product yield to the initial amount

of transcript (Wong et 311994).

3.2.2. Quantification of the expression of pumpkiBA-oxidases in the transgenic
Arabidopsis lines by RT-PCR

For the preparation of internal RNA standards, @iredl genomic DNA of each GA 7-
oxidase CmGA70X and GA 20-oxidaselCmGA200x)L genes was used containing
~200 bp-long introns. For the GA 3-oxidas€ImGA3ox] gene, amplified genomic
DNA containing ~150 bp-long introns was used (F&is$999). For preparation of
internal RNA standards for the GA 2-oxidas€mGA2o0x]), pBluescript SK plasmid
was digested with Hindlll that released a 448 lggiinent. The vector containing the
remaining cDNA was re-ligated and used for stand@NA synthesis (Frisse et.al
2003). Plasmid-DNA was isolated from single transfants by using a Qiagen
plasmid Midi Kit (2.5.3.). Plasmids (1 pg each) tning inserts in sense orientation
coding forCmGA70xCmGA200xlandCmGA3oxIwere transcribed in vitro by using
a T; transcription kit (MBI-Fermentas, St. Leon-Rot, r@@any), whereas a 3T
transcription kit was used to transcripinGA2oxIgene. RNA molecules were purified
by using phenol/chloroform (2.4.2.), ethanol préeied (2.4.3.), stored at -%0, and
used as internal RNA standards.

Before performing quantitative RT-PCR, total RNAmgdes were analysed by agarose
gel electrophoresis (2.6.) to ensure that the RN& not degraded. For quantification,
total RNA (50 ng) supplemented with different amsumf RNA standards and

sequence-specific antisense RT primers (5 pmoBléTd) for each of the four genes
were reverse transcribed using first-strand cDNAtlsgsis reactions in a total volume
of 5 pl. One micro-liter of each of the reversaseribed products was amplified by
PCR (2.9.1.) using sequence-specific sense (F)aamtidense (R) primers (2 pmol

each) (Table 7). Products were analysed by eldotrgsis on 1% agarose gel, stained

by ethidium bromide and visualized by UV transluation. Quantification of RNA

56



Experiments and Results

expression levels were done by comparing the irttein$ the bands for each gene

with those produced by internal RNA standards.

RNA expression levels for the four GA-oxidase gewese determined in pre-selected
homozygous lines dhrabidopsisby RT-PCR. Transcript levels of pumpkin 7-oxidase
were determined for the three sense lines (S1838, &nd S12.8) by comparison of
CmGA7oxtranscript (915 bp, lower bands) and different amie of CmGA70x
standard (1100 bp, upper bands). They containe@8®0and 100 pg of transcripts per
g of total RNA, respectively. No transcripts weoairid in the wild type plants and
antisense lines. The difference in the phenotypectaded with the difference of 7-
oxidase expression levels in the sense lines (EigLif), plants having higher

expression levels showed a more pronounced phemalifference when compared to

wild type plants or antisense lines (Figure 17).
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Figure 17. Expression levels of transgemcabidopsisplants containing sense (S) or
antisense (AS) copies of pumpkin GA 7-oxidaSenGA70xX lines. The upper bands
represent the standard (1100 bp); the lower ar&dinscript bands (915 bp). - negative
control, +1 positive control (plasmid DNA of 7-osske plus intron), +2 positive
control (plasmid DNA of 7-oxidase). 100 pg; 10 faigpg; 0.1 pg; 0.01 pg and O are the
amounts of the RNA standard.
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Transcript levels ofCmGA20ox1were identified in only one line (S17.2) of the
Arabidopsisplants transformed with sense copies of pumpkinZBAoxidasel. In line
S17.2 was estimated to 10 ug of transcripts pef tptal RNA by comparison of
CmGA20oxdranscripts (1140 bp, lower bands) wieimGA20oxIstandard (1340 bp,
upper bands). In the other two transgenic lines&Hhd S2.2 as well as in wild type
plant no transcripts were detected by RT-PCR (lEdi®).
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Figure 18 Expression levels of transgemaabidopsisplants containing sense (S)
copies of pumpkin GA 20-oxidaseCiGA200x} lines. The upper bands represent
the standard (1340 bp); the lower are the transbapds (1140 bp). - negative control,
+1 positive control (plasmid DNA of 20-oxidase plugron), +2 positive control
(plasmid DNA of 20-oxidase). 100 pg; 10 pg; 1 pg; Pg; 0.01 pg; 5 fg; 1fg and O are
the amounts of the RNA standard.

Transcript levels o€EMGA3oxlwere determined in three sense lines by compaadson
CmGA3ox1transcript (900 bp, lower bands) with differentamts of CmGA3ox1

standard (1051 bp, upper bands) and were calcutatée 20, 100, and 1000 pg of
transcripts per g of total RNA for S1.3, S19.4, &t7.7 lines, respectively. No

transcripts levels were detected in antisense tinegld type plants (Figure 19).
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Figure 19 Expression levels of transgercabidopsisplants containing sense (S) or
antisense (AS) copies of pumpkin GA 3-oxidasefin(GA3ox]) lines. The upper bands
represent the standard (1051 bp); the lower ar&dinscript bands (900 bp). - negative
control, +1 positive control (plasmid DNA of 3-osse plus intron), +2 positive
control (plasmid DNA of 3-oxidase). 100 pg; 10 Agpg; 0.1 pg; 50 fg; 0.01 pg; 5 fg
and 0 are the amounts of the RNA standard.

CmGA2oxIexpression levels were estimated to be 20, 901@bd.g transcripts per g
of total RNA for the three most dwarf lines S5.8.&and S12.9, respectively. No
transcripts for the pumpkin GA 2-oxidasel were clet inCmGA20x1AS lines and
WT plants. The difference in the phenotypic seyaritthe 2-oxidase sense lines was
due to the different pumpkin GA 2-oxidasel expmss$evels (Figure 20). Line S12.9

showed the highest expression level and the mustsewarfed phenotype.
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Figure 20 Expression levels of transgercabidopsisplants containing sense (S) or
antisense (AS) copies of pumpkin GA 2-oxidaseinGA2ox} lines. The upper bands
represent the transcript (800 bp); the lower aeestndard bands (344 bp). - negative
control, +1 positive control (plasmid DNA of 2-oxisk), +2 positive control (plasmid
DNA of 2-oxidase minus 448 bp fragment). 100 pgp#01 pg; 0.1 pg; 0.01 pg; and 0
are the amounts of the RNA standard.

3.3. Quantification of endogenous GA levels in trasgenic lines

We analysed endogenous GA levels in 7-week-oldsganic Arabidopsis plants
(shoot part) by gas chromatography-mass spectrgmntetranalyse whether GA
biosynthesis is altered in the phenotype of tranisgines and to determine to which
extent and which step of the GA biosynthetic pathaee affected. The later stage of
the GA biosynthesis pathway branches downstream Géf;,. The non-13-
hydroxylation branch and the early 13-hydroxylatimanch are parallel portions of
the pathway that produce GAnd GA, respectively (Figure 1). We measured the GA
levels of both branches in WT plalf@mGA70xAS line, andCmGA70xS line that
show a high transcript levels. The amount of,&&8ldehyde of 7-oxidase sense over-
expression line iMrabidopsisplants were increased compared to wild type pdauok

transgenic antisense line (Figure 21a). The levebA;, in WT plant was near in
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CmGA70xAS line. The GA; level was dramatically increased in the 7-oxidseese
over-expressing line compared with those of wildetyplant or transgenic antisense
line. The non-13-hydroxylated metabolites &and GAs were slightly elevated in
CmGA7o0xS line; however, the levels of Gfand GA4 were similar to WT plant and
antisense line. The levels of bioactive £And inactivated G#& were slightly

increased compared to control plants (Figure 21a).
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Figure 21: Endogenous GA levels in 7-week-old wild type (Wand transgenic
Arabidopsis plants expressing sense (S) or antisense (AS)esopi pumpkin 7-
oxidase CmGA7o0¥. a: non-13-hydroxylation pathway. b: 13-hydratidn pathway.

Overall metabolite levels were higher in the norhy8roxylated pathway than in the

parallel 13-hydroxylation pathway. This may be etpd because GAs the primary

61



Experiments and Results

active inArabidopsisplants (Taln et al, 1990). In the 13-hydroxylated branch, the
intermediate GA and G/Ayo were unaffected in thEmGA70xS line relative to WT
plant and antisense line. However, the amount of;Géas significantly different

between WT plant and transgenic antisense linau(Eiglb).

The pumpkin GA 20-oxidaselC(mGA20ox}l is known to produce inactive
tricarboxylic acid GAs of no known physiologicalriction (Lange, 1998). As shown
in Figure 22a for non-13-hydroxylated GAs, the lewd endogenous GA (a
biologically active GA) and its precursor @GAand GA were reduced in dwarf
CmGA200x1S line compared to WT plant, whereas, inactive;§3Acarboxylic acid
was increased. Moreover, the level of endogenoug BACMGA200xsense line was
increased relative to wild type plant, and {zAldehyde together with GA which
initiated the first stage in non-hydroxylated padlywwere reduced. The content of
GAz and GA in the dwarf line over-expressolSmGA20ox1were unaffected
compared to WT plant. In addition, the level of GAvas extremely increased in

dwarf over-expressors line relative to wild typarl(Figure 22b).
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Figure 22 Endogenous GA levels in 7-week-old wild type (Wdnd transgenic
Arabidopsis plants expressing sense (S) copies of pumpkin x&asel
(CmGAZ200x]) a: non-13-hydroxylation pathway. b: 13-hydratidn pathway.
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Arabidopsis slender plant over-expressit@mGA3ox1showed increased levels of
endogenous GA as well as slightly increased levels of the preots GAsand GA
compared to AS line and WT plant. The level of egefious GA (a biologically

active) and GA, were increased relative to antisense line or WARtp(Figure 23a). .
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Figure 23 Endogenous GA levels in 7-week-old Wild type (Wdnd transgenic
Arabidopsis plants expressing sense (S) or antisense (AS)esopi pumpkin 3-
oxidasel CmGA3o0x). a: non-13-hydroxylation pathway. b: 13-hydroxida

pathway.

64



Experiments and Results

In the 13-hydroxylated branch, the intermediates&3And GAp were not significantly
different between transgenic sense line and coplesits (Figure 23b). The level of
GA: was unaffected in over-expressi@BgnGA30x1S lines compared to control plants
(Figure 23b).

We quantified GAs in shoot parts that might be @#d by ectopic expression of the
GA 2-oxidasel CmGA20x). Consistent with our expectations, the main Hivac
GAs (GA,) was substantially reduced in severe dwamiGA20x1S line compared to
control plants. GAs, which is the inactive C-2 hydroxylated catabalitd GA,, was
higher inCmGA20x1S line than in WT plant and AS line. Moreover, teeels of
GA20 and GA were decreased relative to WT plant and AS lineaddition, GA»
aldehydeGA12, GAz4, and GA were all present at low contents@mGA20x1S line
(Figure 24a). GAhs, GAz, and GA were present in low amounts in sense line
compared to WT plant. Whereas, there are no saamifi different in GA levels

between antisense line and wild type plant (Fidiie).

Tablell GA levels of early 3-oxidation pathway (ng/plamt)7-week-old wild type
(WT) and transgenic expressing sense (S) or astes€éAS) copies ofCmGA7ox
CmGA200x1CmGA3o0x1andCmGA20x1 *plants have been transferred to soil after
28 days in MS media containing @ GAs. nd, no dilution of internal standard.

GAs WT WT* 7-0x 7-ox 20-0x-1 3-0x-1 3-0x-1 2-0x-1 2-ox-1

AS S S* AS S AS* S*
GA1, 0.01 nd 0.07 nd nd nd nd nd nd
GAj3; 0.03 nd nd 0.01 0.01 0.01 0.01 nd nd

GAz 092 048 132 0.82 0.87 1.13 0.91 0.55 0.31

Table 11 shows the GA levels of the early 3-oxmatpathway (Figure 2). There was
no significant difference between @fand GAy- in all transgenic lines compared to
control plants. The level of GAwas increased iEmGA200x1S line relative to WT
plant. INCmGAZ20x1S line, the GAs was decreased relative to control plants, whereas
in CmGA70xS line andCmGA30x1S line GAg was unaffected compared to control

plants.
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Figure 24 Endogenous GA levels in 7-week-old wild type (Wand transgenic
Arabidopsis plants expressing sense (S) or antisense (AS)esopi pumpkin 2-
oxidasel CmGAZ20x). a: non-13-hydroxylation pathway. b: 13-hydroxida

pathway.
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4. Discussion

Most genes encoding the enzymes of GA biosynthkaige been identified in
Arabidopsisand other plant species. However, the function thedregulation of the
GA pool is not entirely understood. Over-expressidrthe enzymes catalysing the
final steps of the GA biosynthetic pathway may beesource to help understanding
the role of GAs in regulating plant development ahacidating the GA biosynthetic
pathway. Pumpkin seeds contain GA-oxidases witlguar catalytic properties

resulting in GAs of unknown function for plant déyement.

In order to understand their potential to achigvanges in GA levels and their role for
plant development, cDNA molecules of GA 7-oxida€enGA70% GA 20-oxidasel
(CmGA200x), GA 3-oxidasel CmGA3ox)] and GA 2-oxidasel mGAZ2ox})
isolated from developing pumpkin seeds have beesr-expressed irArabidopsis
thaliana ecotype Columbia under the control of a strongruter cassette (E12-35S-
). The four pumpkin GA-oxidases that were studrethis thesis offer a suitable tool
for manipulating GA biosynthesis, controlling platgvelopment, and might therefore

be useful in agriculture and horticulture.

Possible approaches for increasing bioactive GAl&ewn our transgenic plants include
over-expression cEMGA7oxandCmGA3ox1(4.1., 4.2.; Figure 25). For reduction of
GA levels by over-expression @mGA20oxlandCmGA2oxlhas been utilized (4.3.,
4.4.; Figure 25).

4.1. Over-expression o€CMGA70x

Pumpkin contains GA 7-oxidase (CmGA70x), a solubitxygenase, which oxidizes
GA;s-aldehyde to GAy and, as a side reaction,-Bydroxylates GAp to GAw4 (Lange,
1997; Frisse et al., 2003). The function of thikise GA 7-oxidase is unclear and not
found in other plant species. To study the infleenaf CmGA70x on plant
development and control of GA biosynthesis, cDNAlenales of CmGA7oxhave
been over-expressed in sense orientation undarothieol of strong promoter cassette
in Arabidopsis thaliana Wild type plants and antisense lines, obtained by

transformingArabidopsiswith antisense copies @mGA7oxwvere used as controls.
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The homozygous transgenic lines were characterizegrms of height, internode
length, number of siliques, final seed weight, dloevering time. The homozygous
transgenicArabidopsisseedlings expressingmGA7oxgerminated earlier and had a
two- to three-fold increase in root length compatedcontrol plants (Figure 10).
Effects of gibberellins on root growth have beeporéed earlier (Tanimoto, 1994;
Yaxley et al., 2001; Fu and Harberd, 2003). Reger@da et al. (2003) studied the
effect of XSP30gene expression in the roots of cucumb@uoumis sativys by
applying gibberellins to the shoot, suggesting tiiaberellins are translocated to the
roots or that gibberellins stimulate the productiof a mediator in the shoot that
causes a response in roots. In the case oAthkidopsisGA-deficient mutangal-3,
root growth can be regulated by the DELLA geR€3AandGAl, suggesting that GAs
stimulate root growth by inducing the degradatiérihese DELLA proteins (Fu and
Harberd, 2003; Fleet and Sun, 2005). Moreover, rotfoemones, for example, both
auxin and ethylene that play a role in regulatimg @ction of GAs in root growth, can
affect GA-regulated root and hypocotyls growth bgdifying the stability of RGA
(Fu and Harberd, 2003; Achard et al., 2003).

At the later developmental stage, the homozygowsisgenic plants had tall

phenotypes, with longer internodes, early floweriagd more developed siliques
compared to control plants (Figure 11, Table 10§ARexpression levels in different

sense lines were determined by RT-PCR. The difteenn the phenotypes can be
attributed to the differences in the expressiorlle¥ 7-oxidase sense lines with higher
expression levels resulting in taller plants coregato control plants (Figure 1land
17).

Shoot parts of 7-week-old sense lines, antisemgs,liand wild type plants were used
for analysis of endogenous GAs. In the non-13-bygated pathway, th€EmGA7o0x
over-expressors resulted in an increase ofJ &Antent and only a slightly increase in
the GA; content relative to wild type plants or transgeamntisense lines. GAs the
predominant active GA irabidopsis(Tal n et al., 1990). Moreover, there are no
differences in the endogenous GA levels of thehgdroxylation pathway between
sense lines and control plants indicating that 3hénydroxylation side activity of
CmGA7o0x has no apparent effect on GA biosynthesithe transgeniérabidopsis
lines. In addition, of the early 13-hydroxylatedipmay, GA and GAg contents were
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unaffected inCmGA7oxsense lines, but GAlevels decreased relative to transgenic

antisense lines or wild type plants (Figure 21).

The above-mentioned small variations in GA contenight be because the whole
shoot system was investigated. It is possible blyaising different types of tissues or
other developmental stages for the analysis of @Atent would give increased
differences in GA content betwe€mGA7oxover-expressors and the control plants.
Coles et al. (1999), for example, found that thereaxpression of GA 20-oxidase
encoding genes iArabidopsisplants gave rise to elongated hypocotyls of segdli
with increase in shoot growth, and early flowerinigh no significant differences in
the levels of GA and GA between shoot tips of the transgenic lines and wipe
plants. On the other hand, when they analysed rdegenous GAs in rosette leaves
only, they reported a two- to three-fold increasdhie level of GA. It might also be
that GA levels inArabidopsisare closely regulated, so marked alternationslantp
growth and development can be observed, while thexenly small variations in the
endogenous GA levels. These apparently small difisgs in GA content may have
very significant physiological effects, as foundoea. In pea, it has been obtained that
a relatively minor increase of GAevels in the ovary produced maximum fruit
development whereas much higher doses of G#@ve to be treatment exogenously

produce a same effect (Rodrigo et al. 1997).

The over-expression aéntcopalyl pyrophosphate synthase (CPS) anélkaurene
synthase (KS) irArabidopsis which catalyse the first steps in GA biosynthedid
not produce any effect on plant morphology butléwel of entkaurene increased as
well as the level of GA (Fleet et al ., 2003). The authors demonstratatl @PS is
limiting for entkaurene production and suggested that the comveddientkaurenoic
acid (KA) to GA, by entkaurenoic acid oxidase (KAO) may be an importatée+
limiting step for production of bioactive GAs. Theyggest that over-expressing KAO
in combination with CPS and/or GA 20-oxidase migegult in plants with higher
levels of bioactive GA compared to plant that haeen obtained by over-expressing
GA 20-oxidase (Fleet et al., 2003).

Until now, only over-expression of GA 20-oxidase®duced GA-overproduction
phenotypes. InMArabidopsis GA 20-oxidase over-expression had longer hypdsoty

and petioles, larger rosette leaves, accelerabeeefing and bolting, and longer stem,
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as well as increased levels of bioactive GAs (Huangl, 1998; Coles et gl1999).
The same results were obtained in pot&olgnum tuberosunCarrera et al., 2000). In
tobacco, over-expression of a citrus GA 20-oxideB&IA showed shoot elongation
with high increase in the level of GAVidal et al., 2001). In addition, over-expression
of ArabidopsisGA 20-oxidase showed that GAs not only affect pklongation but
also seems to effect biomass accumulation andnlifprmation in transgenic tobacco
plants (Biemelt et al., 2004). In hybrid aspen,resgpression ofArabidopsisGA 20-
oxidase resulted in increased of bioactive GA lgvehd taller trees (Eriksson et al.,
2000).

The data presented show that it is possible to podatie the plant stature by over-
expressing pumpkin GA 7-oxidase iArabidopsis which produced GA-

overproduction phenotypes with elongated internadmot, and early flowering as
well as increased root growth. These results detraipsthat over-expression of
pumpkin GA 7-oxidase can be utilized to alter GAels and regulate growth and

development in transgenic plants.

4.2. Over-expression o€CmGA3o0x1

It is well known that GA 3-oxidases convert inaetiGA precursors to biological
active GAs and it is important to control plant depment in the life cycle of the
plant (Lester et al., 1997; Williams et al., 199%®h et al, 1999; Yamaguchi et al.,
2001). In general, GA 3-oxidases catalyse reaatahe C-3 position of Go-GAs to
form biological active plant hormones (e.g. SAr GA.) (Figure 2). Further
hydroxylation at C-2 position, catalysed by a GA 2-oxidase, leads tactine
products GA; and GA, respectively. In pumpkin endosperm, a bi-funcioBA 3-
oxidasel (CmGA3ox1) catalyses both steps, 3-oxidadind 2-oxidation, and prefers
C,0-GAs to Go-GAs as the substrate (Lange ef &D97b). In order to understand the
function of this seed specific GA 3-oxidas€linGA3oxlhas been over-expressed

under the control of a strong promoter cassetferabidopsis

Over-expression of the seed specilimGA3oxlleads to dramatic changes in plant
growth and development (Figure 12, Table 1abidopsisseedlings (14-day-old)

over-expressingCmGA3oxlhad increased leaf growth and contained thicketsro
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with more lateral roots as compared to wild typanpd (Figure 10). Over-expression
of CmGA3oxlin Arabidopsis (7-week-old) resulted in phenotypes similar to the
transgenic plants over-expressi@gnGA7o0x a slender phenotype that flower earlier
relative to wild type plants or transgenic antigenses (Figure 12, Table 10).
CmGA3oxlover-expressing sense lines showed early full mgtand even displayed
an increase in the seed set relative to contraitplalhe difference in the slender
phenotypes was due to the differabnGA3ox1lexpression levels (Figure 19). In
addition, the internode length, the number of siig, and the total seed weight per
plant increased (Table 10). Furthermof@nGA30x1S17.7 line developed more
siliques than the control plants. Interestinglye thumber of siligues and the seed
weight recorded per plant were even higherdmGA3oxlin comparison with
CmGA7oxover-expressors (Figure 15, Table 10). Accordioghis observation, it

development of the fruits in both type of over-eequors may proceed differently.

The analysis of endogenous GA levels in transgéni¢&sA3oxIplants showed a two-
fold increase in GAcontent compared to control plants, as well aggatancrease in
the inactive product GA (Figure 23). The high levels of GAand the correlation
between GA and final shoot length suggest that Gplays an important role in
growth and development of the transgefirabidopsisplants. Furthermore, the GA
producing activity of CmGA3ox1l was higher than i&A;-producing activity,
suggesting that the CmGA3ox1 may stronger congitbatthe non-13-hydroxylation
pathway than to the early 13-hydroxylation pathwdyhe role of GA as the
predominant bioactive GA can be attributed to igthlr concentrations as compared
to GA; in Arabidopsis(Xu et al, 1997; Cowling et al 1998).

On the other hand, a small increase insG&vels was observed BmGA7oxover-
expressors, suggesting that the differences int plavelopment can be explained by
the local modulation of GA levels in bo@BmGA7o0xandCmGA3oxlover-expressors.
The expression on rice genes involved in GA-bidsgsis and signaling, gives the
indication that GAs are produced at the site wlieeg act (reviewed by Sponsel and
Hedden, 2004). Also on tobacddty gene encoding 3hydroxylase is expressed at
the site of GA action during stem elongation arwvBr organ development (Itoh et
al., 1999).
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The GA, GAz, GAg, and GAs levels were elevated i@BmGA3oxlover-expression
lines compared to antisense lines and wild typatpléFigure 23). However, G4
GAs; and GAgs (early 3-oxidation pathway) were unchanged in cangon to
antisense lines and wild type plants (Table 11in&wof endogenous GAs from the
non-13-hydroxylation pathway increased while thokéhe early 3-oxidation pathway
and early 13-hydroxylation pathway remained unaéfécsuggesting th#&rabidopsis
plants over-expressin@mGA3ox1metabolises GAs mainly through the non-13-
hydroxylation pathway, thus preventing them fromingeavailable for the 13-

hydroxylated pathway.

Phillips (2004) reported that the over-expressibA 3-oxidase inArabidopsishad
no effect on the development of transgenic plakiisteover, Isaelsson et al. (2004)
found that over-expression of a GA 3-oxidase frAamabidopsisin hybrid aspen
resulted in increased dhydroxylation activity but showed no major changeshe
morphology of the plant and also found only smalhrmges in GAand GA levels.
The authors suggested that the limiting step ié&dion of GA and GA is 20-
oxidation rather than 3-oxidation and that expsf GA 3-oxidase alone cannot

increase the flux towards bioactive GAs.

The results presented here imply that GA 3-oxidaselwell as GA 7-oxidase
catalyses rate-limiting steps of the GA biosynthetthway inArabidopsis However,
further investigations on hormone cross talk wiba us to understand how GAs and
other hormone interact to control plant developmehCmGA7oxand CmGA3ox1

over-expressors.
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Figure 25 Strategies for manipulating plant developmenirmzyeasing bioactive GA
levels in transgenic plants, (over-expressionConGA7oxand CmGA3ox]) or by
reduction of GA levels (over-expressing@nGA200xlandCmGA20x)L

4.3. Over-expression o€CmGA200x1

Mutants deficient in GA-biosynthetic enzymes haeerbshown to cause dwarfism in
a variety of plant species (Martin et al., 1997dtken and Proebsting, 1999). In GA
biosynthesis, GA 20-oxidase is regulated by bothetigpmental and environmental
stimuli (Phillips et al 1995; Xu et a] 1995; Garcia-Martinez et.all997).

The normal activity of GA 20-oxidase is to carryt the sequential oxidation of GA
and GAj; to GAy and GAy, respectively (Figure 2). However, a seed speG#ic 20-
oxidasel (CmGAZ200x1) isolated from pumpkin seesldunctionally different from
other GA 20-oxidases. It convertedoGAs to C-20 carboxylic acid GAand GAz-.
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GAzs and GA7 have no known physiological function, rather titagGAs (GAs and
GAz0) (Lange, 1994, 1998; Lange et al., 1994b; Frigsal.e 2003). Theoretically,
over-expression of this enzyme in tissues involve@A biosynthesis should change
the pathways leading to inactive products and lay thduce the levels of bioactive
GAs resulting in dwarf plants. Several groups uglifterent plant species tested this

strategy and produced divert results.

In Arabidopsisecotype Wassilewskija, over-expression @hGA20ox1resulted in
reduction of GA levels and unaffected GAevels but only a slight reduction in the
height of the transgenic plants (Xu et al., 199%e authors argued that the reduction
of stem elongation required a large reduction endbntent of GA Curtis et al. (2000)
were successful in producing semi-dwarf phenotygeSolanum dulcamaray over-
expression oCmGA200x1In their transgenic lines GAevels were reduced but GA
levels were unaffected and this indicated that hirs tplant the 13-hydroxylation
pathway is preferred. It was demonstrated thaked feack control mechanism in GA
biosynthesis, resulting in up-regulation of endagen GA 20-oxidase gene
(Arabidopsisand Solanumy and GA 3-oxidase gene was accountable for the non
success in reducing plant height. However, in tetfiNiki et al. (2001) obtained dwarf
plants with high reduction of bioactive GAnd GA and large accumulation of GA
and GAs, which are inactive products by over-expressionpafmpkin GA 20-

oxidasel.

We over-expressed sense copies of pumpkin GA 2@asril CmGA200x}1 in
Arabidopsis thalianaecotype Columbia under the control of a strongstitutive
promoter cassette (E12-3539; similar to one used to expreSsnGA200x1in lettuce
(Niki et al., 2001). The phenotypes of homozygaasidgenic lines over-expressing
CmGA20oxIwere dwarfed compared to the wild type plants. photogical changes
showed a reduction of rosette leaf size and sheigthh (Figure 13). Furthermore, we
observed that flowering was delayed and siliqualpction was reduced compared to
wild type plants (Table 10). Moreover, seed dormnyameas observed in both
heterozygous and homozygous lines, and these seedsntrast to wild type plants,
germinated only in the presence of £&Ahis behaviour is similar to GA-deficient
mutants ofArabidopsisand tomato, where the application of GA is requii@ a full

germination response (Koornneef and Van der Ve880;1Groot and Karssen, 1987;
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Karssen et al 1989, Derkx and Karssen 1994). In contrast, &n ¢hse ofSolanum
dulcamara the semi-dwarfed plants over-expressing the pum@A 20-oxidasel

flowered earlier and produced more fruit and s€€dstis et al, 2000).

To determine the expression levels of the transgeAeabidopsis MRNA levels were
guantified from rosette leaves by RT-PCR. The tesabtained showed, that the
CmGA200x1S17.2 line had the highest transcript level (10gutgtal RNA) (Figure
18). This line expressed a dwarf phenotype (FidiBeand the dwarfed plants had
reduced levels of the biologically active Gfcigure 22). In the other lines, transcript
levels were not found fo€CmGA200x1S10.8 and S2.2 lines. The phenotype of
CmGA200x1S10.8 line was nearly unchanged compared to wid plants. However,
CmGA200x1S2.2 line had dwarfed phenotype.

It is well known that GA 20-oxidase can contribute the two branches of GA
biosynthetic pathway; the non-13-hydroxylation atite early 13-hydroxylation
pathway, which convert GA to GA; and GAj3 to GAy, respectively (Figure 2). In
pumpkin, GA 20-oxidase converts more effectivelg thubstrates of the non-13-
hydroxylated pathway than of the early 13-hydrotgda pathway (Lange et al.,
1994b). In our experiments, over-expressioCofGA200x1in Arabidopsisresulted in
reducing most of the endogenous GAs of the nonytBexylated pathway including
GA4, by increasing the level of the tri-carboxylic &AThe concentrations of GAs of
the early-13-hydroxylated pathway were similar ochanged relative to wild type
plants, except for G& where a high accumulation was observed, beingtheunt of
GA17 higher than the amount of GA(Figure 22). The transgenfrabidopsisplants
over-expressingCmGA20ox1had increased levels of the tri-carboxylic £&/Aand
GA17, and reduced bioactive GAevels resulting in dwarfed phenotypes consistent
with those obtained when the same gene was oveessgd irArabidopsis(Xu et al.,
1999). Furthermore, the elevated levels ofsgiAdicate the presence of an increased

2-oxidation activity operating in the transgeniark.

Expressing pumpkin GA 20-oxidasel, which conved thosynthetic pathway to
inactive products, is one possible strategy foucaty GA content and plant height.
We succeeded in producing dwéifabidopsisplants using this strategy that was also
used successfully in lettuce (Niki et al., 2001} grartially in Solanum ducamara

(Curtis et al., 2000). Other approaches have beadento reduce the levels of
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bioactive GAs including antisense expression of PYAoxidase inArabidopsisand
potato (Coles et al., 1999; Carrera et al., 2000gr-expression of KNOTTED-1 class
of homeobox transcription factors may reduce theression level olGA200xgenes.
For instance, over-expressionTH15 a tobaccdNOX gene, in transgenic tobacco
decreases expression of endogenous GA 20-oxidases,geesults in reduced GA
levels and abnormal leaf and flower morphology ¢®aéto et al., 2001). Antisense
suppression of GA 3-oxidase genes was also efeeativeducing GA levels in rice
plants (Itoh et al., 2002). The transgenic ricenfdaby over-expressing antisense
copies ofOsGA3oxzhad reduced expression of the target gene anttegsn a semi-
dwarf phenotype. Our results showed that over-esging CmGA20oxlunder the
control of strong promoter cassette is a usefaltestyy, which can be extended to other

plant species, for reduction of GA content and drdf plant development.

4.4. Over-expression o€CmGA20x1

The balance between synthesis and catabolism ¢®ti pool of bioactive GAs. GA
2-oxidase is a catabolic enzyme that catalysesoneersion of bioactive GAs into
inactive GAs by 2-hydroxylation (Ross et al., 1995). The applicatmnGA; was
reported to stimulate the expression of GA 2-oxédgsnes irArabidopsis implying
that the expression of these genes may be regutateagh feed-forward mechanisms
to maintain endogenous levels of bioactive GAs (fas et al., 1999). The authors
found that two of three studiedrabidopsis2-oxidase were most abundant in the
inflorescence and developing siliques. This expoespattern was consistent with the
role of GA 2-oxidases in reducing GA levels in se&a promote dormancy. Martin et
al. (1999) provided another evidence for this tgen studying th&LENDERgene of
pea, which also encodes GA 2-oxidase. They obsenypér-elongation of slender
mutant phenotype in seedlings, resulting in higlele of GA precursors in seeds,

which are converted to active GAs upon germination.

Over-expression of genes encoding GA 2-oxidaseboldtaenzyme offer another
possible approach to decrease GA levels and rgalaoé height (Thomas et al., 1999;
Schomburg et al., 2003; Sponsel and Hedden, 2@ehetic manipulation of GA 2-
oxidase encoding genes has been carried out iereliff plant species. In rice, over-

expression of GA 2-oxidase resulted in inhibitidnsteem growth, small, dark green

76



Discussion

leaves, and decayed development of reproductivansrdSakamoto et al., 2001).
Over-expression of poplar GA20PtaGA20x) caused a dwarf transgenic hybrid
poplar (Busov et al., 2003). Moreover, over-expms®f ArabidopsisGA 2-oxidase
in tobacco produced dwarfed phenotypes and it waad that GA not only affects
dwarf phenotype but also seems to affect biomassnawlation and lignin formation
(Biemelt et al., 2004). Over-expression of twolu# eightArabidopsisGA 2-oxidases
(AtGA20x7 and AtGA20x8, that hydroxylate € instead of @-GA precursors,
showed decreased levels of active GAs and correspgpndwarf phenotypes in
Arabidopsis(Schomburg et al., 2003).

In pumpkin, only one GA 2-oxidasel ger@n{GA2o0x} is known and its recombinant
protein converts G-GAs as a precursors. It efficiently inactivateshhdioactive GA
and GA (Frisse et al., 2003). To study the impact@hGA2oxlon altering GA
biosynthesis and, by this, plant growth and develeqmt, we have over-expressed the
pumpkin GA 2-oxidasel ifrabidopsisplants. The morphological characteristics of
Arabidopsisplants transformed with sense copiesCoiGA2ox1lwere similar to the
phenotype of the deficient mutants that contaireckefe GA biosynthetic genes. They
share severely reduced stem elongation, decreasédcsize, and dark green colour
(Sun and Kamiya, 1994; Helliwell et.al998; Yamaguchi et .al1998; Schomburg et
al., 2003).

The transgenic plants obtained had severe dwatfedqgtypes and delayed flowering.
The leaf base was reduced in length resultingamdeclusters (Figure 14). The severe
dwarf transgenic line (S12.9) had a dramatic degrea the number of siliques, and
seed weight per plant compared to wild type plamd antisense transgenic lines
(Figure 15, Table 10). The phenotype of plants esging antisense copies of
CmGA20x1did not change compared to wild type plants. Tlféer@nce in the
phenotypic severity was due to the differ@mGA2oxlexpression levels (Figure 20).
In rice, over-expression of GA 2-oxidas®sGA20x}, using rice actin promoter,
resulted in severe dwarf phenotypes and inhibiacebpment of reproductive organs
(Sakamoto et al., 2001). However, over-expressfdhesame gene under the control
of shoot specific promote©OsGA30x2 showed semi-dwarf phenotypes but the

flowering and grain development were unaffectedké®#oto et al., 2003).
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The transgenic GA 2-oxidaseCriGA20x]) lines examined exhibited a disturbed
segregation ratio of ;Tand T generation seeds compared to wild type plants and
antisense transgenic lines. Exogenous applicatiorGAs, which is resistant to
catabolism by GA 2-oxidase, rapidly restored geatian to resistant lines, strongly
suggesting that the dwarf line is a result of tle@iaiency of the bioactive GAs. The
physiological role of GAs irArabidopsisseed germination is also in agreement with
previous results suggesting that the GAs are requor normal seed germination in
the gibl tomato mutant (Groot et al., 1987) and in GA-defic mutants of barley
(Chandler and Robertson, 1999).

In previous studies, over-expression of runner b&#Pox gene, PCGA20x1 in
transgenic wheat under the maize promoter prodaaeshge of phenotypes including
semi dwarf and severe dwarf plants (Phillips, 20@4)er-expression of the same gene
in sugar beet, to increase resistance to vernialisashowed reduction of leaf
expansion and dwarf phenotype. However, the transgelants grown under
inductive conditions bolted at a similar time th@ncontrols, but the flowers were
infertile (Phillips, 2004). Sakai et al. (2003) oxexpressed the novel rice gibberellin

2-oxidase genedsGA2ox3and showed an extremely dwarfed phenotype in rice

In our results, analysis of GA content in seveiyarf GA 2-oxidaselGmGA20x)
Arabidopsisplants showed decreased levels of the bioactive é@fpared to control
plants, and an increase of inactive £aAThe levels of GAx-aldehyde and GA were
decreased in comparison to antisense lines andtyyplel plants. GA contents of the
intermediated precursors (GAGAz4, GAg, and GAs) were decreased of the non-13-
hydroxylated GAs pathway (Figure 24). The resultsspnted show that it is possible
to manipulate the plant stature by over-expreseibrf€mGA2o0x1 which led to a
reduction of GA content, an increase in inactive productssfand to severely
dwarfed phenotypes iArabidopsis GA 2-oxidase may provide a strategy for the

development of dwarf varieties of plant species.

In conclusion, our study shows that over-expressiothe CmGA7oxandCmGA3ox1
results in increase GA levels with extremely eldedaphenotypes ifrabidopsis
showing that both enzymes catalyse rate-limitingpstin the GA biosynthesis of
Arabidopsis In contrast, over-expression dEmGA200x1 and CmGA20x1 in

Arabidopsisresults in dwarf plants with decreased GA levélse four pumpkin GA-
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oxidases exploited in this study, may thereforertfseful tools for controlling plant

stature in other agricultural and horticultural cps.
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5. Summary

Manipulation of plant stature has been a major tochgriculture, horticulture, and
forest culture. It previously has involved planeéding and the use of plant growth
regulators produced by the chemical industry. Thase exogenously applied to
promote or retard elongation, through chemical raften of GA biosynthesis.
Biotechnological manipulation of GA levels providas alternative approach and can
be achieved through various means, including umtosvn-regulating genes encoding

enzymes involved in GA biosynthesis and catabolism.

To elucidate the effect of GA biosynthetic enzyraagplant growth, development, and
on GA levels, we expressed sense copies of cDNAcotds encoding GA 7-oxidase
(CmGAT70¥ GA 3-oxidasel@mGA3o0x}, GA 20-oxidaselGmGA20ox}iand GA 2-
oxidasel CmGA2ox} in Arabidopsis thalianaecotype Columbia under the control of
a strong promoter cassette (E12-355-Wild type plants and antisense lines, obtained
by transformingArabidopsiswith antisense copies of respective GA-oxidasesewe
used as controls. The constructed binary vectors wansformed witti\grobacterium
tumefaciensand introduced into wild type plants using flodap transformation. I
seeds were screened for 3:1 (resistant: sensiki@eamycin resistance. Transgenic

lines were re-segregated atdeneration to identify homozygous lines.

The results presented show that it is possible doipulate the plant stature by over-
expression o€EmGA7o0xandCmGA3oxIgenes that lead to an increase of;Géntent
and to an extremely elongated phenotype Arabidopsis thaliana Phenotypic
characteristics conferred by the over-expressio@Af7-oxidase can be visualized at
early stages of seedling growth, by increasedaifdgeowth and root elongation. At the
later developmental stage, the transgenic lines talldr phenotypes with longer
internodes that flower earlier, and develop moligugs relative to control plants. Our
RT-PCR analysis showed high transcript levels atttiree different lines of GA 7-
oxidase over-expressors. The differences in theqtigpe observed correlated to the
different expression levels of the 7-oxidase géheer-expression of GA 7-oxidase in
transgenicArabidopsisplants resulted in an increase in zAevels and a slightly

increase of GA levels. In addition, we successfully isolated ¢hteansgenic lines of
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GA 3-oxidasel; one of the homozygous lines (S1fiag) a very tall phenotype with
higher levels of GAcompared to control plants. Furthermore, thesgsgenic plants

expressed high transcript levels (1000ug/g). Gdliyertne transgenic plants over-
expressing GA 3-oxidasel sense lines developed siliqaes and mature earlier than

the GA 7-oxidase sense lines.

Over-expression of the pumpkin GA 20-oxidasel tesuin altered leaf morphology,

dwarfism and decreased silique production and seed_eaves were small and dark
green. The petioles were reduced in length regultinleaves closer together. Over-
expression lines exhibited dwarfism as a resulediiced internode length. The most
severe dwarf plants correlated with the highesellewf pumpkin GA 20-oxidasel

transcript. Transgenic lines share many aspectieophenotypes obtained with GA-
deficient mutants including dwarfism, reduced intate elongation, and promoted
seed dormancy. Exogenous application of;@éscued germination of homozygous
and heterozygous seeds, indicating that over-egjmedines were responsive to GA.
The levels of bioactive GA were reduced in overfespion lines with inactive GA

products (GA; and GAs) accumulating. The use of pumpkin GA 20-oxidasel t
divert the GA biosynthetic pathway to inactive prots is an attractive strategy for

reducing GA content and plant stature.

In another manner, over-expressing genes encodirgaBabolizing enzymes, such as
pumpkin GA 2-oxidasel results in dwarfed plantsarnBgenicArabidopsisexpressing
pumpkin GA 2-oxidasel showed a range of phenotyddsese severe dwarfs
developed darker green, wider, and shorter lealies.difference in the phenotypic
severity was due to the difference in the GA 2-agell expression levels, which were
estimated by RT-PCR. Finally, in GA 2-oxidasel egrpressing plants GA levels
(catabolic product of GA increased, whereas the Glevels decreased. In general,
the phenotype of plant expressing antisense cagfigdhe respective pumpkin GA-
oxidases studied here did not change comparedetavild type plants. Our results
demonstrate that expression of pumpkin GA-oxidasesbe used to alter GA levels

and by this regulate growth and development insgenic plants.
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7. Appendix

5-week-old

7-week-old

9-week-old

WT 7-0Xx S

Figure 7.1 Plant development of sense (S) or antisense ¢aBies of pumpkin 7-ox
lines inArabidopsisplants. Wild type plants (WT) are displayed astan
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Figure 7.2 Plant development of sense (S) copies of pum@rox-1 lines in
Arabidopsisplants. Wild type plants (WT) of the respectiverelepmental stage are
displayed as control.
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Figure 7.3 Plant development of sense (S) or antisense ¢ARies of pumpkin 3-0x-
1 lines inArabidopsisplants. Wild type plants (WT) of the respectiverelepmental
stage are displayed as control.
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5-week-old
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Figure 7.4 Plant development of sense (S) or antisense ¢afies of pumpkin 2-0x
lines in Arabidopsisplants. Wild type plants (WT) of the respectivevelepmental
stage are displayed as control.
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