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Flowering in Tobacco Needs Gibberellins but is not Promoted by the Levels
of Active GA1 and GA4 in the Apical Shoot

Lina Gallego-Giraldo 1, José L. Garcı́a-Martı́nez 1, Thomas Moritz 2 and Isabel López-Dı́az 1, *
1 Instituto de Biologı́a Molecular y Celular de Plantas, Universidad Politécnica de Valencia-CSIC, Avda. de los Naranjos s/n,

46022 Valencia, Spain
2 Umeå Plant Science Centre, Department of Forest Genetics and Plant Physiology, Swedish University of Agricultural Science,

S-90183 Umeå, Sweden

Flowering of Nicotiana tabacum cv Xhanti depends on

gibberellins because gibberellin-deficient plants, due to over-

expression of a gibberellin 2-oxidase gene (35S:NoGA2ox3)

or to treatment with the gibberellin biosynthesis inhibitor

paclobutrazol, flowered later than wild type. These plants also

showed inhibition of the expression of molecular markers

related to floral transition (NtMADS-4 and NtMADS-11).

To investigate further the role of gibberellin in flowering,

we quantified its content in tobacco plants during develop-

ment. We found a progressive reduction in the levels of GA1

and GA4 in the apical shoot during vegetative growth,

reaching very low levels at floral transition and beyond.

This excludes these two gibberellins as flowering-promoting

factors in the apex. The evolution of active gibberellin content

in apical shoots agrees with the expression patterns of

gibberellin metabolism genes: two encoding gibberellin

20-oxidases (NtGA20ox1¼Ntc12, NtGA20ox2¼Ntc16),

one encoding a gibberellin 3-oxidase (NtGA3ox1¼Nty) and

one encoding a gibberellin 2-oxidase (NtGA2ox1), suggesting

that active gibberellins are locally synthesized. In young

apical leaves, GA1 and GA4 content and the expression of

gibberellin metabolism genes were rather constant. Our

results support that floral transition in tobacco, in contrast

to that in Arabidopsis, is not regulated by the levels of

GA1 and GA4 in apical shoots, although reaching a threshold

in gibberellin levels may be necessary to allow meristem

competence for flowering.

Keywords: Flowering — Gibberellins — Tobacco.

Abbreviations: GA2ox, gibberellin 2-oxidase; GA3ox,

gibberellin 3-oxidase; GA20ox, gibberellin 20-oxidase; PCB,

paclobutrazol; RT–PCR, reverse transcription–PCR.

Introduction

Floral transition, during the life cycle of plants, is

precisely determined by environmental and endogenous

signals. Flowering involves changes in the identity of the

primordia arising at the flanks of the shoot apical meristem,

from leaves to flowers. Gibberellins have been suggested

as intermediate messengers for the transition to flowering

induced by environmental or endogenous signals

(Parcy 2005).

In Arabidopsis thaliana, an integrated network of

genetic pathways has been proposed to regulate the

induction of floral meristem identity genes and floral

transition (Araki 2001). The two main pathways mediating

environmental responses are the photoperiod and vernali-

zation pathways. The other two are the autonomous

pathway and the gibberellin pathway, which acts upon

flowering in non-inductive short-day conditions. A large

number of genes have been identified, including those

regulating the integration of these pathways (LFY, SOC1

and FT, the so-called floral pathway integrators; Mouradov

et al. 2002). The mRNA of FT has been recently identified

as a component of the long sought ‘florigen’ (a graft-

transmissible floral signal that moves from leaf to shoot

apex) and induces flowering in response to photoperiod

induction (Huang et al. 2005).

The involvement of gibberellins in Arabidopsis flower-

ing is supported by physiological and genetic evidence.

Mutants in which gibberellin levels are severely reduced,

such as ga1-3, are unable to flower in short days (Wilson

et al. 1992), and the exogenous application of gibberellins,

in these conditions, accelerates flowering in wild-type

Arabidopsis (Langridge 1957). Furthermore, gibberellins

activate molecular targets such as the floral meristem

identity gene LFY (Blázquez et al. 1998), and the levels of

GA4 increase dramatically in the shoot apex shortly before

floral initiation (Eriksson et al. 2006), indicating that in

Arabidopsis GA4 is the active gibberellin in the regulation

of both shoot elongation and flower initiation during

short-day conditions. Tobacco (Nicotiana tabacum) cv

Xhanti is a day-neutral plant, and flowering time is not

substantially influenced by photoperiod, although the

number of nodes produced (i.e. the amount of vegetative

growth before floral initiation) can be affected by tempera-

ture, light intensity, photoperiod, nutrition and other

factors. Nicotiana tabacum plants, when growing under

a specific set of environmental conditions, produce

*Corresponding author: E-mail, ilopez@ibmcp.upv.es; Fax, þ34 963877859.
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a uniform number of nodes before the meristem ends

growth by forming a terminal flower (McDaniel 1996).

Many genes homologous to those known in Arabidopsis

regulating floral transition and flower development have

been cloned and investigated in tobacco, and shown to

have characteristics similar to or distinct from those in

Arabidopsis. For instance, in tobacco, two genes homo-

logous to the Arabidopsis LFY have been identified (NFL1

and NFL2; Kelly et al. 1995). These genes show divergences

in their functional roles with Arabidopsis LFY since the

ectopic expression of 35S:NFL1 is less effective in promot-

ing precocious flowering than 35S:AtLFY in both tobacco

and Arabidopsis (Ahearn et al. 2001).

Several findings have suggested that an increase in

gibberellin biosynthesis contributes to the promotion of

flowering by long photoperiods in different species. On one

hand, gibberellins accumulate when plants are induced to

flower by transferring them to inductive conditions

(Arabidopsis whole plants, Xu et al. 1997; Arabidopsis

petioles, Gocal et al. 2001; Spinacea oleracea, Zeevaart et al.

1993; Lolium temulentum, King and Evans 2003), and, on

the other, exogenous application of gibberellins to certain

species can be as efficient as single long-day treatments to

promote flowering (Pharis et al. 1987, Gocal et al. 2001).

These results cannot be extrapolated to all plant species.

For instance, gibberellins do not seem to be a major

flowering signal in Sinapis alba (Corbesier et al. 2004).

Furthermore, in Fuchsia (King et al. 2000) and grapevine

(Boss and Thomas 2002), gibberellins actually inhibit

flowering. Therefore, although the role of gibberellins in

the regulation of stem elongation is believed to be true

in most species, this is not the case for flowering.

In higher plants, active gibberellins are synthesized

from the common intermediate GA12 by two parallel

pathways that differ in the presence or absence of an early

step of C-13 hydroxylation. Both pathways progress by

successive oxidations at C-20, catalyzed by gibberellin

20-oxidases (GA20oxs), to produce GA20 or GA9. These

intermediates are converted into the active GA1 and GA4,

respectively, by gibberellin 3-oxidases (GA3oxs). The

content of bioactive gibberellins (GA1 and GA4) and

their precursors (GA20 and GA9) can be regulated by

gibberellin 2-oxidases (GA2oxs) that, by catalyzing their

2b-hydroxylation, generate inactive forms (Hedden and

Phillips 2000; Fig. 1). Both active GA1 and GA4 are present

in tobacco, but their relative abundance, and that of some

of their precursors, indicates that the early 13 hydroxylation

pathway is the prevalent one in this species (Jordan et al.

1995, Vidal et al. 2001).

Manipulation of the gibberellin pathway in tobacco

results in conspicuous differences in plant stature and

gibberellin levels. Thus, transgenic plants overexpressing

a GA20ox gene (35S:CcGA20ox1), coding for a limiting

gibberellin biosynthetic enzyme, have a higher content of

active gibberellins and elongated phenotype but essentially

unaltered flowering (Vidal et al. 2001; Fig. 1). In contrast,

transgenic plants overexpressing a GA2ox gene

(35S:NoGA2ox3), which reduces the level of active gibber-

ellins and induces dwarfism, flowered later than the wild

type (Ubeda-Tomás et al. 2006; Fig. 1). This phenotype

agrees with results obtained by constitutive overexpression

of other GA2oxs in species such as rice (OsGA2ox1;

Sakamoto et al. 2001b), Arabidopsis (AtGA2ox7 and

AtGA2ox8; Schömburg et al. 2003) and Nicotiana sylvestris

(SoGA2ox3; Lee and Zeevaart 2005). Delay of flowering in

transgenic 35S:NoGA2ox3 tobacco plants was proportional

to the intensity of the dwarf phenotype and therefore to the

gibberellin deficiency (Ubeda-Tomás et al. 2006). Extremely

dwarf tobacco plants rarely flower and, when they do,

the development of flower buds is very frequently aborted

and they do not produce seeds. Flowering of these

dwarf plants is induced by exogenous GA3 application.

In contrast, the phenotype of semi-dwarf plants was similar

to that of control plants during early vegetative growth

until approximately the eighth internode, and subsequently

the developing stem of these plants showed a gibberellin-

deficient phenotype with shorter internodes (Ubeda-Tomás

et al. 2006). Flower development is slightly affected in these

plants, but seeds are viable. When treated exogenously with

GA3, the semi-dwarf phenotype (height and flowering time)

reverted to wild type (Ubeda-Tomás et al. 2006), indicating

that gibberellin levels might be important for floral

initiation.

To investigate the role of gibberellins in the control

of flowering in tobacco, we have quantified the levels of

active gibberellins and the expression of gibberellin metab-

olism genes in apical shoots and young apical leaves

during development. We found that the content of GA1

and GA4 in apical shoots and the expression pattern of

gibberellin metabolism genes did not correlate with flower

promotion in tobacco but rather with the ontogenic

variation of stem growth.

GA 20-oxidase
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Fig. 1 Last steps of gibberellin metabolism showing feedback
(dotted line with bar) and feedforward (dotted lines with arrow)
regulation. Active gibberellins are in filled squares and inactive
metabolic products in open squares.
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Results

Effect of gibberellin content modification on tobacco

flowering

Developmental stages and flowering molecular markers.

As a first step to study the relationship between gibberellins

and flowering, we identified the transition from vegetative

to reproductive development under our experimental

conditions and tested for suitable molecular markers for

these phases. Freshly cut apices of plants at different ages

were analyzed under a microscope. The stage of phase

transition was established by counting the number of leaves

(�3 cm) when floral initiation (change in the shape of the

meristem and in the type of primordia) was apparent. In our

conditions, floral transition took place in the apex of plants

bearing 20–25 leaves longer than 3 cm (stages 2 and 3)

although the flowering node (determined after the plant has

completed growth) was about no. 38 (Table 1). The

evolution of leaf and internode sizes during development

is probably due to growth rate changes in the apex. Fig. 2A

displays the lengths of leaves and internodes of 83-day-old

wild-type plants. The sizes of both organs increased in

parallel during the initial vegetative stages, reaching

maximum sizes around node no. 10–12. Then, the internode

lengths decreased progressively before floral transition

(to about half of the largest length), but the sizes of leaves

remained constant (Fig. 2A).

Two MADS-box genes involved in floral transition,

NtMADS-4 and NtMADS-11, have been described pre-

viously in tobacco (Jang et al. 2002). Since these genes were

shown to be expressed during reproductive development,

by RNA blot analyses (Jang et al. 2002), we tested their

expression by semi-quantitative reverse transcription–PCR

(RT–PCR) to determine if we could use them as markers of

floral transition in our experiments. We found that both

genes were detected only in apical shoots of plants at stage 2

of development (Fig. 2B) and subsequently. In young apical

leaves, the expression of NtMADS-11 was delayed even

further, transcripts being detected in plants at stage 3

(Fig. 2B). These results confirm the relationship between the

expression of these genes and floral transition in tobacco

and their convenience as developmental markers.

Table 1 Phenotype of wild-type tobacco plants treated with GA3 and paclobutrazol (PCB)

Untreated GA3 PCB PCBþGA3

Stem length (cm) 137.4� 3.8 240.6� 5.9 20� 1.2 158� 4.3

Flowering time (days to anthesis) 94.5� 3.4 100.7� 4.5 4200 145� 6.2

Flowering time (no. of nodes) 38.4� 0.4 46.8� 1.0 461 45� 2.5

Treatments were performed by irrigation of 15-day-old plants during 2 months once per week with nutrient solution containing GA3

(10�5M), PCB (10�5M) and PCB (10�5M)þGA3 (10
�5M). Results are the average of 9–10 plants per treatment �SE.
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wild-type Nicotiana tabacum at day 83. The values are the average
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gibberellin quantification and RT–PCR analysis. Leaves and
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(B) Expression of NtMADS-4 and NtMADS-11 by semi-quantitative
RT–PCR, in apical shoots and young apical leaves from
wild-type plants at different stages of development (1¼ 8 leaves,
2¼ 20 leaves, 3¼ 25 leaves and 4¼ 35 leaves �3 cm). NtActin

was amplified as an internal control. (C) Expression of NtMADS-4

and NtMADS-11 by semi-quantitative RT–PCR, in apical shoots
from wild-type and L45 semi-dwarf transgenic plants at
different stages of development (1¼ 8 leaves, 2¼ 20 leaves,
4¼ 35 leaves and 5¼ 45 leaves �3 cm). NtActin was amplified
as an internal control
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Flowering in semi-dwarf transgenic plants overexpress-

ing a GA2ox. Semi-dwarf transgenic plants

(35S:NoGA2ox3, line L45) overexpressing a GA2ox,

which reduces the active gibberellin content, have about

37% more vegetative nodes than wild-type plants and

therefore show flowering delay (Ubeda-Tomás et al. 2006).

We compared the expression of the molecular markers

NtMADS-4 and NtMADS-11 in apical shoots of L45 and

wild-type plants during development (Fig. 2C) to see if

molecular events associated with floral transition were also

altered in transgenic plants. We only detected NtMADS-4

transcripts in semi-dwarf transgenic plants at or after stage

4 (35 leaves �3 cm), when flower development was

completed in the wild type but not in L45. Furthermore,

NtMADS-11 could be detected only at stage 5 (45 leaves

�3 cm). Therefore, the late flowering phenotype of L45

plants correlated with late expression of the genetic

markers NtMADS-4 and NtMADS-11.

Flowering in tobacco plants treated with GA3 or

paclobutrazol. Treatment of wild-type tobacco plants with

the gibberellin biosynthesis inhibitor paclobutrazol (PCB)

reduced stem height and inhibited flowering (Table 1).

None of the nine plants treated with 10�5M PCB flowered

after producing 60 vegetative leaves in 200 d of growth.

Untreated plants flowered at about node 38 after 95 d of

culture. However, simultaneous application of 10�5M GA3

and PCB reduced the inhibition of flowering, indicating that

flowering delay was due to the lack of gibberellins (Table 1).

On the other hand, the application of GA3 alone (Table 1),

which stimulated stem elongation (plants treated with GA3

were 75% taller), produced a slight delay on the flowering

node (flowering node on GA3-treated plants was 46.8� 1.0

vs. 38.4� 0.4 on the wild type).

The inhibitory effect of PCB on flowering was

associated with a delay in the expression of markers

NtMADS-4 and NtMADS-11, detected by the absence of

transcripts in young apical leaves of these plants (Fig. 3).

The application of GA3 partially reversed the effect of PCB

on NtMADS-4 but not on NtMADS-11. Interestingly,

application of GA3 alone reduced the expression of both

flowering markers (Fig. 3), in agreement with the slight

delay produced on the flowering node.

Evolution of gibberellin content in apical shoots and young

apical leaves of tobacco during development

In order to study the relationship between gibberellins

and flowering, we quantified the active gibberellins, GA1

and GA4, and the immediate precursor of GA1, GA20, in

wild-type and transgenic 35S:NoGA2ox3 plants during

development. The developmental stage at sampling is

expressed by the number of leaves �3 cm. The content of

GA1 and GA4 (Fig. 4A, B) was very high in apical shoots at

stage 1 (plants with eight leaves), decreased considerably at

floral transition (stages 2 and 3) and remained low

afterwards. GA4 was less abundant than GA1 but its

pattern of variation was similar. The content of GA20 in

apical shoots was low compared with active gibberellins

during vegetative development, decreased slightly during

flower transition and increased afterwards (Fig. 4C). Active

gibberellins were less abundant in young apical leaves than

in apical shoots, and their levels evolved differently

during development (Fig. 4D, F). The content of GA1,

the predominant active gibberellin, remained constant and

did not show the strong decline that took place in the apices

during flowering induction (Fig. 4D), whereas GA4

levels decreased during the reproductive stages (Fig. 4E).

In contrast to apical shoots, GA20 in leaves was the most

abundant gibberellin and its level presented a maximum

in early flower transition (Fig. 4F).

We also quantified gibberellin levels in the semi-dwarf

transgenic line L45, which has a late flowering phenotype as

described before (Ubeda-Tomás et al. 2006, and Fig. 2C).

In apical shoots, levels of GA1, GA4 and GA20 were lower

in L45 than in wild-type plants, as expected (Fig. 4A–C).

The same occurred for the gibberellin content in young

apical leaves (Fig. 4D–F). In this case, however, the

differences in content were greater for GA1 and GA20.

At the vegetative stage, the contents of GA1 and GA4 were

similar between wild-type and transgenic plants. After this

stage, the contents of active gibberellins in transgenic plants

decreased more than in the wild type, but followed a similar

pattern before and after flowering (Fig. 4). The gibberellin-

deficient phenotype in transgenic plants (35S:NoGA2ox3)

was displayed only at late vegetative phases and it was never

detectable before the stage of eight leaves (Ubeda-Tomás

et al. 2006, this work). Therefore, the differences in contents

of gibberellins (mostly GA1 and GA20) between transgenic

and wild-type plants correlated with the late dwarf

phenotype.

Apical young leaves

Untreated

NtMADS-4

NtMADS-11

NtActin

a b a b a b a b

PCB GA3 PCB+GA3

Fig. 3 Effect of GA3 and paclobutrazol on the expression of
flowering molecular markers NtMADS-4 and NtMADS-11 by semi-
quantitative RT–PCR in tobacco wild-type plants. Plants were
untreated or treated with GA3 (10�5M), PCB (10�5) or both, by
irrigation until the plants had 20 leaves (�3 cm). Samples were
young apical leaves of three plants, and two samples (a and b) were
analyzed per treatment. NtActin was amplified as an internal
control.
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Expression pattern of gibberellin metabolism genes during

development.

The GenBank database contained sequences encoding

two GA20oxs (NtGA20ox1, Ntc12; and NtGA20ox2,

Ntc16), one GA3ox (NtGA3ox1, Nty) and two GA2oxs

(NtGA2ox1 and NtGA2ox2, 97% identical) of N. tabacum

at the time of starting this work. We completed the

30 untranslated region of the NtGA3ox1 (Nty) and isolated

a new cDNA GA3ox clone (NtGA3ox2, 98% identical to the

N. sylvestris gene NsGA3ox1) and two new cDNA clones

for GA2oxs (NtGA2ox3 and NtGA2ox5). The functions

of all these genes have been inferred from their high

homology to previously identified gibberellin clones, except

for the product of Nty whose enzymatic activity had been

confirmed in vitro (Itoh et al. 1999).

Relative levels of mRNAs from genes encoding

GA20oxs (NtGA20ox1 and NtGA20ox2), GA3oxs

(NtGA3ox1 and NtGA3ox2) and GA2oxs (NtGA2ox1,

NtGA2ox3 and NtGA2ox5) were quantified by real time

RT–PCR, to see whether the changes in gibberellin content

correlated with the expression of gibberellin metabolism

genes. Some of these genes showed significant changes of

expression in apical shoots during transition from vegeta-

tive to reproductive development (Fig. 5A–C). For instance,

NtGA20ox1 and NtGA3ox1 transcript levels increased

10- and 4.5-fold, respectively, between stages 1 and 2,

while NtGA20ox2 showed the opposite pattern, with a

reduction of expression of about 9.5-fold. NtGA2ox1

transcripts increased four times between stages 1 and 2.

The other GA3ox (NtGA3ox2) and GA2ox (NtGA2ox3 and

NtGA2ox5) genes showed minor variations of expression

during plant development.

In young apical leaves, the expression of gibberellin

genes was much lower than in apical shoots and remained

rather constant during plant development (Fig. 5D–F).

Discussion

Gibberellin content and flowering induction in tobacco

The treatment of wild-type plants with the gibberellin

biosynthesis inhibitor PCB produced dwarfism and delay in
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flowering (Table 1). This PCB effect mimics the pheno-

type of semi-dwarf 35S:NoGA2ox3 transgenic plants

(Ubeda-Tomás et al. 2006). The flowering delay in these

plants is associated with the down-regulation of flowering

molecular markers. (Figs. 2C, 3). In tobacco wild-type

plants, floral transition seems to correlate with a rise in

the expression of the molecular markers NtMADS-4

and NtMADS-11 (Jang et al. 2002; Fig. 2B) but this rise

is not detected in semi-dwarf 35S:NoGA2ox3 and PCB-

treated plants, in contrast to the wild type (Figs. 2C, 3).

The application of GA3, via irrigation, rescued the late

flowering phenotype in PCB-treated and semi-dwarf trans-

genic plants (Table 1; Ubeda-Tomás et al. 2006) and

induced the expression of the flowering molecular markers

NtMADS-4 and NtMADS-11 (Fig. 3). This suggests that

flowering delay in these plants was due to the gibberellin

deficiency. The flowering delay of PCB-treated and

transgenic plants did not stop meristem activity (because

the apex continued producing vegetative leaves), but just

induced a much longer vegetative phase before floral

transition took place.

On the other hand, in the tall transgenic

35S:CcGA20ox1 plants with a higher gibberellin content,

flowering time is not modified (Vidal et al. 2001). This

suggests that an increase in the active gibberellin content

cannot promote early flowering in tobacco. Interestingly,

GA3 application to wild-type plants which stimulated stem

elongation had a negative effect on the expression of

NtMADS-4 and NtMADS-11 (Fig. 3) and a slight delay

in the flowering node (Table 1). The inhibition of floral

transition caused by GA3 application was probably due to

an excess in the content of active gibberellins. This excess

would be achieved by GA3 application and not by ectopic

expression of 35S:CcGA20ox1, since GA3 is very poorly

metabolized, because it is resistant to GA2ox inactivation

compared with active GA1 and GA4, and therefore

remained in the plant for longer (Nakayama et al. 1990).

The occurrence of a gibberellin inhibitory effect on flower-

ing has been reported previously in other plant species.

For instance, the application of GA3 had an inhibitory

effect on Fuchsia hybrida and Pharbitis nil (King et al. 2000),

resembling the case of tobacco. Also in grapevine

(Vitis vinifera) gibberellin may have an inhibitory effect

on flowering because a dwarf gibberellin-insensitive mutant

flowers earlier than the wild type (Boss and Thomas 2002).

This is in contrast to the gibberellin-insensitive gai mutant

of Arabidopsis, which is delayed in flowering (Wilson et al.

1992). Therefore, it is possible that in tobacco flowering

is only allowed, or favored, when gibberellin levels are

between a minimum (which is not reached in dwarf

transgenic and PCB-treated plants) and a maximum

(which was overcome with continuous application of GA3

at 10�5M). Interestingly, the flowering delay due to

gibberellin excess seems to be smaller than that due

to gibberellin shortage (Table 1).

To investigate further the role of gibberellins in

flowering, we determined the gibberellin content in apical

shoots and young apical leaves of tobacco during develop-

ment. The levels of active GA1 and GA4 in apical shoots

decreased during the vegetative phase, reaching very low

levels at floral transition and afterwards (Fig. 4A, B).

This would not be expected if any of these two gibberellins

were flowering-promoting factors. Our data on the

progressive reduction in the content of active GA1 and

GA4 in the apices of tobacco plants correlated with the

reduction of internode lengths before floral transition

(Fig. 2A). Interestingly, in contrast to internodes, the size

and active gibberellin content in leaves remained constant

before and after floral transition (Figs. 2A, 4D, E).

The decline of GA1 and GA4 in apical shoots before

floral transition is probably related to the decrease in stem

growth and does not seem to have a role in inducing the

reproductive phase, since semi-dwarf late flowering plants

(L45) displayed a similar decline. However, we cannot

exclude that the levels of GA1 and GA4 in tissues other

than apices and apical leaves (for instance old leaves or

roots) may have relevance in floral transition signaling.

In summary, we can conclude that floral transition in

tobacco was associated with a significant reduction in stem

growth rate and a significant reduction in active gibberellin

in apical shoots but not in leaves.

Although GA1 and GA4 have been established in many

species as the active gibberellins for stem elongation, their

roles in floral induction have not been demonstrated so

clearly. In Arabidopsis, GA4 is the active gibberellin,

regulating stem elongation as well as floral initiation,

under short-day conditions (Eriksson et al. 2006).

However, in the long-day monocot Lolium temulentum,

the florigenic gibberellins are GA5 and GA6, which have

little effect on stem elongation. In contrast, GA1 and GA4

cause stem elongation and seem to be inactive in floral

induction (King and Evans 2003). Our results in tobacco do

not show any peak of GA1 and GA4 before floral induction,

in contrast to Arabidopsis, which has been proposed as

a model for dicot flowering (Eriksson et al. 2006).

Therefore, we cannot exclude the possibility that specific

gibberellins, other than GA1 and GA4, are responsible for

flowering induction in tobacco.

The role of active gibberellins in the control of

flowering is not universally accepted. The evidence for the

involvement of gibberellin biosynthesis in the regulation of

floral induction comes mainly from photoperiod-responsive

rosette plants, where stem elongation (bolting) coincides

with flowering. In other cases such as pea (Pisum sativum),

mutations causing gibberellin deficiency have minimal effect

on the node of flower initiation (Murfet and Reid 1987).
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Tobacco, like pea, is not a rosette plant and flowering is

not associated with stem elongation. In fact, the internode

length of tobacco plants diminishes when approaching

floral transition (Fig. 2A), and a similar ontogenic variation

in internode length is found in pea, correlating with a GA1

decline in young apical tissues (Ross et al. 1992). Therefore,

floral transition in tobacco, as well as in pea, might not be

induced by an increase of active gibberellins in the apical

shoot. However, gibberellins are necessary for flowering in

tobacco because dwarf transgenic and PCB-treated plants

show an extended vegetative phase and late flowering.

This requirement for gibberellins may imply only a

minimum level, or gibberellin threshold, that would be

important for the meristem to reach a stage of competence

for flowering. In fact, there is evidence supporting a role for

gibberellin in cell differentiation. Sakamoto et al. (2001a)

found that the expression of a GA20ox gene (Ntc12) of

tobacco is excluded from the apical meristem by direct

repression of a KNOX homeodomain protein, suggesting

a role for gibberellins in determination of cell fate in

tobacco. In rice, the ring-shaped expression around the

shoot apex of the GA2ox (OsGA2ox1) is drastically reduced

after the phase transition from vegetative to reproductive

growth (Sakamoto et al. 2001b), which may indicate a

role for gibberellins in cell differentiation. Therefore, the

presence of a certain amount of gibberellin within some

meristematic cells may be necessary for acquiring compe-

tence for flowering. In dwarf transgenic and PCB-treated

plants, this amount of gibberellin would not be reached,

competence for flowering would not be achieved, and plants

would continue through vegetative growth. On the other

hand, the application of high doses of GA3 (10�5M) may

alter the normal pattern of gibberellin distribution

within the meristem and this may also interfere with

flowering (Table 1).

However, once the meristem becomes competent for

flowering, floral transition will take place depending on

signals different from the levels of GA1 or GA4. In fact,

an increase in gibberellin levels, within certain limits, should

not accelerate flowering because gibberellins only affect

the meristem competence and not the floral transition.

This may explain why flowering time is not affected in tall

transgenic plants (35S:CcGA20ox1) with high gibberellin

content (Vidal et al. 2001) and why the application of

moderate doses of GA3 (10�6M) does not have any effect

on flowering (unpublished results).

Expression of gibberellin metabolism genes in apical shoots

and leaves

We found major changes of expression in some of

the gibberellin metabolism genes, in the apical shoots

of tobacco, between vegetative and reproductive growth

(Fig. 5A–C). Many gibberellin genes, coding for the

dioxygenases GA20oxs, GA3oxs and GA2oxs, can be

positively or negatively regulated by the levels of active

gibberellins (Fig. 1; Hedden and Phillips 2000). The changes

of expression found between stages 1 and 2, in NtGA20ox1

(NTc12) and NtGA3ox1 (Nty) (Fig. 5A, B), could be

explained by negative feedback regulation, which has been

previously described for these genes (Tanaka-Ueguchi et al.

1998, Itoh et al. 1999). In contrast, NtGA20ox2 (NTc16),

which shows little feedback regulation (Tanaka-Ueguchi

et al. 1998), had a continuous reduction of expression

in the apical shoot, matching the decline of active

gibberellins. The expression pattern of the GA2ox gene

NtGA2ox1 (which increased about four times between

stages 1 and 2) also fits the evolution of active gibberellins.

These results may suggest that both enzymes (encoded by

NtGA20ox2 and NtGA2ox1) could contribute to the

reduction of active gibberellin, before floral transition,

and are probably regulated by ontogenic signals. The

transcripts levels for the other three genes had relatively

milder variations.

The patterns of expression of gibberellin biosynthesis

genes in leaves diverged considerably from those in apical

shoots (Fig. 5). In general they showed very small changes

in expression, in agreement with the low variation in the

content of active gibberellin, mainly GA1. Most of the genes

were expressed at lower levels in leaves than in apical shoots

(Fig. 5). However it is interesting to note that the active

gibberellin content in leaves was not much lower than in

apical shoots (see Fig. 4, stage 3). This result could be

explained by a reduction in the expression of gibberellin

biosynthesis genes compensated by a reduction in the

expression of gibberellin catabolic genes in leaves. This may

indicate a poorer requirement for gibberellin content

regulation in the leaves (with low variation in their levels)

than in the apical shoots. In contrast to Arabidopsis

(Eriksson et al. 2006), there is a reasonable correlation

between active gibberellin content and the expression

pattern of gibberellin genes in both tissues, apical

shoots and apical leaves, which indicates that the active

gibberellins are locally synthesized and not imported from

other tissues.

Interestingly, GA20, the precursor of active GA1

(Fig. 1), was the most abundant gibberellin in leaves and

showed a maximum during flower transition. This variation

in the content did not correlate with the expression pattern

of any of the gibberellin metabolism genes investigated.

Because of the great number of members in the gibberellin

dioxygenase families in Arabidopsis, we cannot exclude

the existence of as yet unidentified genes in tobacco that

could be responsible for that pattern. The rather different

pattern of GA20 and its product GA1 suggests that leaves

could be a source of gibberellin precursors that can be

exported to other organs.
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In summary, the results presented in this work show

that floral transition in tobacco depends on gibberellins but,

in contrast to Arabidopsis, is not regulated by the levels of

GA1 and GA4 in apical shoots. Also, in contrast to

Arabidopsis (Eriksson et al. 2006), the active gibberellin

content in apical shoots correlated roughly with the

expression of gibberellin metabolism genes, suggesting

that active gibberellins are not imported from other

organs but are locally synthesized.

Materials and Methods

Plant material and growth conditions

Nicotiana tabacum cv Xanthi (photoperiod independent) and

transgenic tobacco (L45 overexpressing 35S:NoGA2ox3) plants

were used as experimental material. The plants were cultured in

pots containing vermiculite:peat (1 : 1), watered with nutrient

solution and grown under long-day conditions (16 h light and 8 h

of darkness at 258C).

The stage of plant development was established according to

the total number of plant leaves �3 cm in length. We established

five stages of development named: stage 1, plants with eight leaves

�3 cm; stage 2, plants with 20 leaves �3 cm; stage 3, plants with 25

leaves �3 cm; stage 4, plants with 35 leaves �3 cm; and stage 5,

plants with 45 leaves �3 cm. Floral transition in the wild type takes

place between stages 2 and 3.

The time of floral transition was determined by studying the

morphological changes of the meristem from shoot apices of plants

at different developmental stages, using freshly cut apices observed

under a stereomicroscope (model SMZ88, Nikon). Flowering time

was established by the number of days to the first anthesis and

by the number of nodes on the primary shoot formed below

the terminal flower.

Apical shoot samples consisted of the entire apical portion of

the shoot containing leaves �0.5 cm long. Young leaf samples

consisted of apical leaves 0.5–3 cm in length. Samples were frozen

immediately in liquid N2 before storage at �808C, until analysis.

Gibberellin quantification

Gibberellins were quantified in apical shoots and apical

young leaves of five biological replicates from plants at different

stage of development. Each sample consisted of material from five

plants. Aliquots of 10mg of lyophilized material were homo-

genized using a mortar and pestle and extracted using an MM301

Vibration Mill for 3min (Retsch GmbH and Co., Haan, Germany)

in 1ml of 80% MeOH þ 0.02% diethyl dithiocarbamate as

antioxidant containing gibberellin internal standards ([2H2]GA1,

[2H2]GA8, [2H2]GA19, [2H2]GA20, [2H2]GA44, [2H2]GA53,

[2H2]GA19, [2H2]GA4, [2H2]GA9, [2H2] GA24, [2H2]GA34)

(purchased from Profesor Lewis Mander, Australia). After

centrifugation (13,000 r.p.m. for 3min), the supernatant was

evaporated to dryness under vacuum. The residue was dissolved

in 500 ml of 1% acetic acid at pH2.5–3. This solution was loaded

onto a pre-equilibrated Isolute C8-EC cartridge (International

Sorbent Technology, UK). The cartridges were washed with 2ml

of 5% MeOH–1% acetic acid, eluted with 2ml of 80% MeOH

and evaporated to dryness. The residue was dissolved in 200 ml of

2-propanol and methylated with trimethylsilyl-diazomethane in

hexane (Aldrich). The gibberellins were separated by HPLC and

the fractions were dried, trimethylsilylated in 20 ml of pyridine and

BSFAþ 1% TMCS, and analyzed by GC–MS in selected reaction

monitoring mode using a JEOL JMS MStation (JEOL, Tokyo,

Japan). as described previously by Moritz and Olsen (1995).

RNA isolation and reverse transcription

Total RNA was isolated from apical shoots and young apical

leaves using an RNeasy Plant Mini Kit and treated with RNase-

free DNase set (Qiagen), according to the manufacturer’s instruc-

tions. RNA concentration was measured using a Nanodrop

ND-1000 Spectrophotometer (Wilmington, DE, USA). A 1.5mg

aliquot of total RNA was used for cDNA synthesis using a Taq

Man� Reverse Transcription Kit (Applied Biosystems, Foster

City, CA, USA) with oligo(dT) primers, at final volume of 20 ml.

PCR primer design and real-time RT–PCR analysis

Primers were designed using Primer ExpressTM v2.0 software

(Applied Biosystems). The primer concentration for real-time PCR

was optimized for each primer gene pair, and the best primer

concentration was determined by calculating PCR efficiency

and CT values (SYBR� Green PCR Master Mix and RT-PCR

Protocol Applied Biosystems).

Gene transcription of Nt20ox1 (Ntc12, AB012856.1),

Nt20ox2 (NTc16, AB016084), Nt3ox1 (Nty, AB032198),

NtGA2ox1 (AB125232.1), NtGA3ox2, NtGA2ox3 and NtGA2ox5

(cloned in our laboratory, EF471116, EF471117 and EF471118)

was analyzed by quantitative real-time PCR. NtActin (U60489)

was amplified as a loading control. The primer pairs displayed

in Supplementary Table S1 were used for PCR amplification.

The analyses were carried out using two biological replicates

of apical shoots and apical young leaves at different stages of

development. Each sample consisted of material from five plants.

All PCRs were performed in triplicate and a template-free control

was included for gene amplification. The entire experiment was

carried out twice at different times of the year, with similar results.

Only results from one of the experiment are shown in this work.

PCRs were performed in an optical 96-well plate with an ABI

PRISM� 7000 Sequence detection System (Applied Biosystems),

using SYBR� Green to monitor double-stranded DNA synthesis.

The reactions contained 12.5ml of SYBR� Green Master Mix

reagent (Applied Biosystems), the optimal concentration of

primers for each gene, RNase-free water and 1ml of cDNA

solution in a final volume of 25ml. The thermal profile conditions

for all PCRs were: 508C for 2min; 958C for 10min; 40 cycles of

958C for 15 s and 608C for 1min. A melting curve program was

used to confirm the presence of only one amplicon according to the

Tm expected for each gene amplification. Data were analyzed by

the SDS 2.0 software (Applied Biosystems). To compare data from

different PCR runs, CT values for all genes were normalized to

the CT value of NtActin. PCR efficiency (E) was estimated with

the LinRegPCR: Analysis of Real-Time PCR Data v7.5 program

(Ramakers et al. 2003) for each gene. Relative expression

of mRNA was calculated by the ratio¼ (ECt control/ECt target),

as described by Pfaffl (2001).

Semi-quantitative RT–PCR

Transcription of NtMADS-4 and NtMADS-11 genes

(Jang et al. 2002) was analyzed by semi-quantitative RT–PCR.

The primer pairs used for PCR amplification were: NtMADS-4

(forward 50-CGAGTTCCACTTCGATTGTCAT-30 and reverse

50-TGCGGATTAGCCACAGCAA-30) and NtMADS-11 (forward

50-ACAAGCTCTCGAAGCAGGTGAA-30 and reverse 50- CAG

TGTTCTGTTGTTGTTGCCG-30). NtActin (U60489; primer

Gibberellin in tabacco flowering 623



pairs was the same as used in real-time PCR) was amplified as

a loading control. The appropriate number of PCR cycles (PCR in

exponential phase) was determined for each gene by trial runs.

Application of GA3 and paclobutrazol

Separate and joint applications of GA3 (Duchefa Biochemie,

Haalen, The Netherlands) and PCB (Duchefa Biochemie) were

performed by irrigation of plants with 10�5M solutions once per

week during 2 months. Treatments (10 plants per treatment)

started when the plants were 15 d old.

Supplementary material

Supplementary material mentioned in the article is available

to online subscribers at the journal website www.pcp.oxford

journals.org.
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Gibberellin Homeostasis in Tobacco is Regulated by Gibberellin Metabolism
Genes with Different Gibberellin Sensitivity
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Thomas Moritz 2 and Isabel López-Dı́az 1,*
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Gibberellins are phytohormones that regulate growth

and development of plants. Gibberellin homeostasis is

maintained by feedback regulation of gibberellin metabolism

genes. To understand this regulation, we manipulated the

gibberellin pathway in tobacco and studied its effects on the

morphological phenotype, gibberellin levels and the expres-

sion of endogenous gibberellin metabolism genes. The over-

expression of a gibberellin 3-oxidase (biosynthesis gene) in

tobacco (3ox-OE) induced slight variations in phenotype and

active GA1 levels, but we also found an increase in GA8 levels

(GA1 inactivation product) and a conspicuous induction of

gibberellin 2-oxidases (catabolism genes; NtGA2ox3 and -5),

suggesting an important role for these particular genes in the

control of gibberellin homeostasis. The effect of simultaneous

overexpression of two biosynthesis genes, a gibberellin

3-oxidase and a gibberellin 20-oxidase (20ox/3ox-OE), on

phenotype and gibberellin content suggests that gibberellin

3-oxidases are non-limiting enzymes in tobacco, even in a

20ox-OE background. Moreover, the expression analysis of

gibberellin metabolism genes in transgenic plants (3ox-OE,

20ox-OE and hybrid 3ox/20ox-OE), and in response to

application of different GA1 concentrations, showed genes

with different gibberellin sensitivity. Gibberellin biosynthesis

genes (NtGA20ox1 and NtGA3ox1) are negatively feedback

regulated mainly by high gibberellin levels. In contrast,

gibberellin catabolism genes which are subject to positive

feedback regulation are sensitive to high (NtGA2ox1) or to

low (NtGA2ox3 and -5) gibberellin concentrations. These two

last GA2ox genes seem to play a predominant role in

gibberellin homeostasis under mild gibberellin variations,

but not under large gibberellin changes, where the biosynth-

esis genes GA20ox and GA3ox may be more important.

Keywords: Feed-back — Gibberellin — Homeostasis —

Over-expression — Regulation.

Abbreviations: GA2ox, gibberellin 2-oxidase; GA3ox,

gibberellin 3-oxidase; GA20ox, gibberellin 20-oxidase; 3ox-OE,

gibberellin 3-oxidase overexpressor; 20ox-OE, gibberellin 20-

oxidase overexpressor; RT–PCR, reverse transcription–PCR.

Introduction

Bioactive gibberellins are important natural regulators

of growth and development throughout the life cycle of

higher plants, including seed germination, stem elongation

and flowering (Hedden 1999). The gibberellin metabolic

pathway has been elucidated and the majority of the genes

encoding the enzymes have been cloned and characterized

(reviewed in Hedden and Phillips 2000a). The early steps

in gibberellin biosynthesis are catalyzed by enzymes [i.e.

ent-copalyl diphosphate synthase (CPS), ent-kaurene

synthase (KS), ent-kaurene oxidase (KO) and ent-kaurenoic

acid (KAO)] mostly encoded by single-copy genes produc-

ing GA12. In the final stages of gibberellin biosynthesis,

GA12 or its C-13 hydroxylated form GA53 are converted

into active GA1 and GA4 by two parallel pathways that

differ in the presence or absence of the early step of C-13

hydroxylation (Fig. 1). Both pathways progress by succes-

sive oxidations at C-20, catalyzed by gibberellin 20-oxidases

(GA20oxs), to produce GA20 or GA9. These intermediates

are converted into the active GA1 and GA4, respectively,

by gibberellin 3-oxidases (GA3oxs). Both active GA1 and

GA4 are present in most species, but their relative

abundance differs. In tobacco, the predominance of GA1,

and of some of their precursors, indicates that the early

C-13 hydroxylation pathway is the prevalent one (Jordan

et al. 1995, Vidal et al. 2001).

The content of bioactive gibberellins (GA1 and GA4)

and their precursors (GA20 and GA9) can be regulated by

gibberellin 2-oxidases (GA2oxs) that generate inactive

forms by catalyzing their 2b-hydroxylation (Fig. 1).

In addition to GA2ox-inactivating genes, the importance

of GA20ox and GA3ox in regulating gibberellin content
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has also been demonstrated (Hedden and Philips 2000a).

These three enzymes are 2-oxoglutarate-dependent dioxy-

genases encoded by small multigene families with some

degree of functional redundancy. Differential and tissue-

specific regulation of gibberellin gene family members is

frequently found, presumably to maintain appropriate

levels of gibberellins in different organs during development

(Mitchum et al. 2006). In tobacco, two GA20ox, two GA3ox

and three GA2ox genes are known to be differentially and

tissue specifically expressed (Itoh et al. 1999, Sakamoto

et al. 2001. Gallego-Giraldo et al. 2007). Moreover, enviro-

nmental stimuli such as light and temperature specifically

regulate the expression of some gibberellin genes (Kamiya

and Garcı́a-Martı́nez 1999, Ait-Ali et al. 1999, Stavang

et al. 2007). In addition to developmental and environ-

mental regulation of gibberellin biosynthesis, there are

homeostatic mechanisms that control gibberellin levels.

Gibberellin homeostasis is maintained by negative feedback

regulation of GA20ox and GA3ox biosynthesis genes

(Fig. 1). Transcript levels of some of these gene family

members are reduced by elevated gibberellin levels or

gibberellin treatment, and increased by gibberellin defi-

ciency conditions (Hedden and Phillips 2000a). Positive

induction of GA2oxs by elevated levels of gibberellins may

also contribute to gibberellin homeostasis, and has been

demonstrated in several species such as Arabidopsis

(Thomas et al. 1999) and pea (Elliott et al. 2001).

Gibberellin promotes plant growth by relieving the

restraint of a family of nuclear growth-repressing DELLA

proteins via the 26S proteasome pathway (Harberd 2003).

When gibberellin signaling is altered by mutations in

DELLA proteins that act as negative regulators, the

expression of GA20ox and GA3ox is altered (Sun and

Gubler 2004), indicating that feedback regulation operates

through the gibberellin signal transduction pathway.

However, whether the feedback regulation of GA2ox gene

expression takes place through DELLA and the signal

transduction pathway has not been reported, to our

knowledge.

Overexpression of gibberellin metabolism genes in

transgenic plants is informative because increased flux

through the pathway could identify rate-limiting steps

in gibberellin biosynthesis (Hedden and Phillips 2000b).

For instance, the overexpression of genes controlling the

early steps of gibberellin biosynthesis in Arabidopsis

(AtCPS and AtKS) confers no phenotypic alterations or

increase in active gibberellins (Fleet et al. 2003), suggesting

a critical limiting step later in the pathway. However,

overexpression of GA20oxs produces elongated phenotypes

associated with gibberellin overproduction in Arabidopsis

(Huang et al. 1998, Coles et al. 1999), potato (Carrera et al.

2000), hybrid aspen (Eriksson et al. 2000), rice (Oikawa

et al. 2004) and tobacco plants (Vidal et al. 2001, Biemelt

et al. 2004), indicating the limiting activity of this enzyme in

the gibberellin pathway. Overproduction of GA3ox, which

catalyzes the last step in gibberellin biosynthesis, has

generated conflicting results. In hybrid aspen, overexpres-

sion of a GA3ox from Arabidopsis resulted in no major

changes in morphology and only small changes in GA1 and

GA4 levels (Israelsson et al. 2004), leading the authors to

conclude that 20-oxidation rather than 3-oxidation is the

limiting step for gibberellin biosynthesis. In contrast,

overexpression of a pumpkin GA3ox in Arabidopsis resulted

in a gibberellin overdose phenotype with increased levels of

endogenous GA4 (Radi et al. 2006), suggesting that GA3ox

catalyzes a rate-limiting step in Arabidopsis.

In order to understand the contribution of GA3ox,

relative to the GA20ox, we have investigated the effect of

overexpressing a GA3ox gene alone and in combination

with GA20ox in tobacco plants. In addition to studying

their effect on active gibberellin levels and morphological

phenotype, we also examined the effect on the expression of

endogenous gibberellin metabolism genes. To expand our

understanding of how gibberellin homeostasis is maintained

in plants, we also studied the expression pattern of

gibberellin metabolism genes in response to different GA1

concentrations and its correlation with the hypocotyl

elongation response. Our data indicate that gibberellin

metabolism genes respond to different gibberellin levels:

some of them are sensitive to low while others are

responding to high gibberellin concentration. Our results

suggest that feedback regulation of different GA2ox genes

shows differences that may be related to different roles in

the regulation of gibberellin homeostasis.

Results

Effect of PsGA3ox1 overexpression on tobacco phenotype

A total of four homozygous transgenic 35S:PsGA3ox1

overexpressor (3ox-OE) lines with diverse levels of

PsGA3ox1 expression (L24, L33, L38 and L44) were isolated

(Fig. 2A). All the transgenic 3ox-OE lines had a longer

GA12/GA53 GA9/GA20 GA4/GA1

GA51/GA29 GA34/GA8

GA 20-oxidase GA 3-oxidase

GA 2-oxidase

Negative feedback regulation

Positive feedback regulation

GA response

pathway

Fig. 1 Gibberellin metabolic pathway showing gibberellin 20-, 3-
and 2-oxidation steps. Active gibberellins are indicated by a filled
square and inactive gibberellin products by open squares. Positive
and negative regulations are indicated by dotted lines.
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hypocotyl, although only three of them (L24, L38 and L44)

were significantly different from control plants (9–20%

longer) (Fig. 2B). Final plant height of the four lines was

significantly longer (about 7%) compared with wild-type

plants (Table 1). The width and length of leaves were also

significantly greater in transgenic 3ox-OE plants compared

with the wild type, except for the leaf width of L24 (Table 1).

Other phenotypical characters such as percentage germina-

tion, flowering node, stem diameter and fruit weight were

not affected in tobacco transgenic 3ox-OE plants (Table 1).

We verified that in planta PsGA3ox1 was active in convert-

ing the substrate GA20 into its product GA1 (Fig. 1). With

that purpose, the in vivo activity of PsGA3ox1 was deter-

mined by growing seedlings of these transgenic 3ox-OE

plants in a MS medium containing different GA20 doses. At

low concentration of GA20 (10
–8M), there was an increase in

hypocotyl length of 11–20% in the transgenic 3ox-OE lines,

while wild-type hypocotyl increased only 3.4% (Fig. 2C and

inset). These results suggest that GA20 was converted more

efficiently into active gibberellin in transgenic 3ox-OE

that in wild-type plants, presumably due to PsGA3ox1

overexpression.

Gibberellin levels in homozygous transgenic 3ox-OE plants

Gibberellin levels were quantified in the apical portion

of transgenic 3ox-OE and wild-type plants at the stage of

18 developed leaves. Compared with control plants, GA20

concentration was dramatically reduced in all transgenic

3ox-OE lines (Fig. 3A). Since GA20 is a substrate of GA3ox,

the decrease of GA20 in transgenic 3ox-OE provides further

evidence of effective PsGA3ox1 activity in vivo. In contrast,

the GA1 level showed mild but significant increases in

some transgenic 3ox-OE lines (L24 and L38; Fig. 3B).

Interestingly, the level of GA8 in all transgenic 3ox-OE lines

was higher than in wild-type plants (Fig. 3C), suggesting the

production of more GA1, because GA8 is a catabolic

product of GA1 (Fig. 1). No significant differences of

GA4 content were found between wild-type and transgenic

3ox-OE plants (Fig. 3D).

Expression analysis of gibberellin metabolism genes in

transgenic 3ox-OE plants

To investigate if transcriptional regulation of gibber-

ellin metabolism had been modified in transgenic 3ox-OE

plants, we quantified mRNA expression of endogenous

genes encoding GA20oxs (NtGA20ox1 and -2), GA3oxs

(NtGA3ox1 and -2) and GA2oxs (NtGA2ox1, -3 and -5).

In wild-type seedlings (hypocotyls plus cotyledons), the

transcript abundance of gibberellin metabolism genes was

different: NtGA20ox2 had undetectable expression (data

not shown), while NtGA3ox1, NtGA20ox1 and NtGA2ox1

had intermediate levels, and NtGA2ox3, NtGA2ox5 and

NtGA3ox2 were the most abundantly expressed genes
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Fig. 2 Phenotypic characterization of wild-type (Wt) and homo-
zygous transgenic tobacco plants overexpressing 35S:PsGA3ox1

(3ox-OE). (A) Northern analysis of PsGA3ox1 expression in wild-
type and 3ox-OE transgenic lines (L24, L33, L38 and L44). rRNA
transfer into the membrane was used as the loading control.
(B) Hypocotyl length of 7-day-old wild-type and homozygous
3ox-OE transgenic lines (L24, L33, L38 and L44) grown in MS
medium. Results are means� SE (n¼ 30). Values with a different
letter above the bars were significantly different (P50.05).
(C) Response sensitivity of wild-type and 3ox-OE lines to GA20.
Seedlings were cultured in MS medium without or with different
doses (10–8, 10–7 and 10–6M) of GA20. Results are the means of
50 seedlings� SE. Increases of hypocotyl lengths between 0
and 10–8M GA20 or 0 and 10–7M GA20 are represented in the
inset of C.
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(Fig. 4A, B, C in Wt). In the transgenic 3ox-OE plants, the

expression of NtGA20ox1, NtGA3ox1 and NtGA3ox2

(gibberellin biosynthesis genes) was similar to that in wild-

type plants (Fig. 4A, B). In contrast, transcript levels of

NtGA2ox3 and NtGA2ox5 (gibberellin catabolism genes)

showed a large increase (between 10- and 60-fold) in

transgenic 3ox-OE (Fig. 4C). These results suggest that

gibberellin catabolism genes were induced in transgenic

3ox-OE compared with wild-type plants, consistent with the

increase in GA8 levels found in these plants (Fig. 3C). The

three NtGA2ox genes studied in this work have not been

tested in vitro for GA2ox activities, but their functions have

been inferred from their high homology to previously

identified genes whose activity have been experimentaly

confirmed (Supplementary data S4). The comparison of

the sequences suggests that NtGA2ox1, -3 and -5 are most

probably active enzymes of group I (Lee and Zeevaart 2005)

that catalyze C19- gibberellins (GA20, GA1, GA9 and GA4)

as substrates. However, we cannot predict if they are

multicatalytic (Serrani et al. 2007) or if they have substrate

preferences.

Generation and characterization of hybrid transgenic plants

overexpressing a GA3ox (PsGA3ox1) and a GA20ox

(CcGA20ox1)

In order to investigate the effect of simultaneous

GA3ox and GA20ox overexpression in tobacco, we gener-

ated hybrid plants by crossing the transgenic 3ox-OE (lines

L38 and L44) generated in this work and 20ox-OE (line L5),

previously isolated in our laboratory (Vidal et al. 2001).

We also crossed the wild type with transgenic 20ox-OE

(line L5) to obtain parental hemizygous plants with a

single copy of the transgene 35S:CcGA20ox1 (Wt�L5).

A hybrid of crosses 3ox/20ox-OE (L38�L5 and L44�L5)

carrying one copy of each transgene (35S:PsGA3ox1 and

35S:CcGA20ox1) exhibited a slender phenotype like

the 20ox-OE parental L5 line (Fig. 5A). Compared with

3ox-OE parents, hybrids showed an elongated hypocotyl

and faster germination (Fig. 5B, C). Compared with

20ox-OE parental seeds, hybrid seeds germinated faster

than Wt�L5 seed (Fig 5B) and L5 seeds (data not shown).

After 100 h of culture, hybrid seeds germinated between

10% (for L44�L5) and 25% (for L38�L5) more than

hemizygous Wt�L5 seeds (Fig. 5B). The hypocotyl length

(Fig. 5C) and final height (Fig. 5D) of 3ox/20ox-OE hybrids

were also significantly greater than those of Wt�L5 plants.

The number of vegetative nodes was higher in hybrid

3ox/20ox-OE compared with hemizygous Wt�L5 or wild-

type plants (Fig. 5D). This may explain the slight increase

in plant height since the internode length was not affected.

Gibberellin levels in hybrid transgenic 3ox/20ox-OE plants

Gibberellin levels were quantified in the apical portion

of hybrid L38�L5 (3ox/20ox-OE) plants and the parental

lines L38 (3ox-OE) and L5 (20ox-OE), at the stage of 18

developed leaves. Compared with parental 3ox-OE (L38),

GA1, GA20 and GA8 contents were reduced in hybrid

L38�L5 plants, while the GA4 level was higher in

the hybrid than in the 3ox-OE parental plant (Table 2).

The reduction of GA1, GA20 and GA8 can be explained

by the decrease in the early 13-hydroxylation pathway

caused by the GA20ox overexpression, as described by Vidal

et al. (2001). The other 20ox-OE parent (L5) contained

gibberellin levels similar to those of hybrid plants (Table 2).

However, the total active gibberellin content (GA1 plus

GA4) in hybrid plants was slightly but significantly higher

Table 1 Phenotypic characterization of wild type (Wt) and homozygous transgenic lines overexpressing 35S:PsGA3ox1

(L24, L33, L38 and L44)

Percentage

germination

Stem height

(cm)

No. of vegetative

nodes

Width of leaf

No. 30 (cm)

Length of leaf

No. 30 (cm)

Stem

diameter (cm)

Fruit

weight (mg)

Experiment I

Wt 51 151� 3a 43.5� 3.4a 12.7� 0.2a 21.0� 0.9a 1.45� 0.03a 210� 6a

L33 48 160� 2b 47.8� 2.6a,b 14.8� 0.4b 26.2� 0.6b 1.5� 0.05a 200� 3a

L38 52 165� 2b,c 50.4� 3.8a,b 15.2� 0.8b 27.0� 0.63b 1.44� 0.06a 190� 5a

L44 38 162� 3c 47.6� 3.2c 14.7� 0.2b 27.2� 0.6b 1.44� 0.06a 210� 8a

Experiment II

Wt – 180� 4a 49.2� 0.8a 13.5� 0.3a 23� 0.5a 1.42� 0.05a –

L24 – 190� 6b 50.9� 2.0a 14.0� 0.2a 28� 0.6b,c 1.46� 0.06b –

L38 – 197� 9b 50.7� 1.3a 15.5� 0.3b 26.5� 0.3b 1.48� 0.05bc –

The percentage germination is the result of a representative experiment out of two independent experiment with similar results and was

determined after 100 h, when approximately 50% of wild-type seeds had germinated in MS medium. At least 100 seeds were cultured for

each line. For others phenotypical characters, two independent experiments were carried out at different periods of the year. All plants

were cultured in a greenhouse at 288C under long day conditions. Results are the means of 12 plants per line� SE. For fruit weight, at least

40 fruits were taken. In each column, values with different letter were significantly different (P50.05).
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than in the tall parental L5 plants (Fig. 6). As also shown in

Fig. 6, a good correlation was found between total active

gibberellin content and hypocotyl length for the wild type,

the hybrids and their parents.

Transcriptional regulation of gibberellin metabolism genes in

hybrid transgenic 3ox/20ox-OE plants

Analysis of gibberellin metabolism genes (NtGA3ox1

and -2, NtGA20ox1, and NtGA2ox1, -3 and -5) was
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Table 2 Gibberellin content in the apical portion of the wild type (Wt), the transgenic 35S:PsGA3ox1 line (L38), the

transgenic 35S:CcGA20ox1 line (L5) and the hybrid 35S:PsGA3ox1� 35S:CcGA20ox1 (L38�L5)

Gibberellin content (ng g–1 FW)

GA20 GA1 GA8 GA4

Wt 1.57� 0.08c 1.53� 0.2b 0.14� 0.007b 0.52� 0.07a

L38 0.49� 0.01b 2.20� 0.32c 0.30� 0.04c 0.59� 0.1a

L5 0.15� 0.01a 0.14� 0.02a 0.07� 0.02a 5.28� 0.68b

L38�L5 0.14� 0.01a 0.20� 0.02a 0.05� 0.02a 5.98� 0.5b

Results are means of three biological replicates� SE, five plants per replicate. In each column, values with a different letter were

significantly different (P50.05).
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performed in seedlings (hypocotyls plus cotyledons) of

hybrids 3ox/20ox-OE (L38�L5 and L44�L5), parental

3ox-OE (L38 and L44) and 20ox-OE (L5) plants and wild-

type plants (Fig. 7). Transcript levels of NtGA3ox1 and

NtGA20ox1 were reduced in all slender plants (Fig.7A), as

expected due to the negative feedback regulation of these

genes (Tanaka-Ueguchi et al. 1998, Itoh et al. 1999).

Moreover, the decrease of NtGA20ox1 expression was

higher in the hybrids (3ox/20ox-OE) than in slender par-

ental plants (L5 and Wt�L5), consistent with the increase in

total active gibberellin content in the hybrid (Fig. 6).

NtGA3ox2, which was the most highly expressed of all

gibberellin genes studied, did not show negative feedback

regulation. Moreover, we even found a slight induction

of NtGA3ox2 in slender 20ox-OE plants (Fig. 7B).

NtGA2ox3 and -5 were induced in the same proportion in

parental 3ox-OE and in slender transgenic 20ox-OE

(hybrids 3ox/20ox-OE and 20ox-OE) plants (Fig. 7C). In

contrast, the transcript level of NtGA2ox1 was similar in the

wild type and in all transgenic plants (Fig. 7C), suggesting

that NtGA2ox1 did not display any positive feedback

regulation.

Effect of different GA1 concentrations on the regulation of

gibberellin metabolism genes

As described before, NtGA20ox1 was repressed in

transgenic 20ox-OE but not in 3ox-OE plants (Fig. 7A).

In contrast, we detected similar induction of two GA2ox

catabolism genes in transgenic 3ox-OE and in 20ox-OE

plants (Fig. 7C). These results suggested that the regulation

of some of the gibberellin metabolism genes is sensitive to

low gibberellin levels, while others are responding only at

high gibberellin levels. To test this hypothesis, we studied

the expression of GA20ox, GA3ox and GA2ox genes in

tobacco seedlings in response to different GA1 doses

(Fig. 8A). The expression level of NtGA20ox1 and

NtGA3ox1 showed a slight variation between 0 and

10–7M GA1 and decreased strongly for 10–6M GA1. For

GA2ox, we found two different patterns of gene expression

in response to GA1 dose. NtGA2ox1 was only induced at

high GA1 dose (10–6M), while NtGA2ox3 and -5 showed

almost maximum induction (�6 times) at the lowest GA1

dose (10–8M; Fig. 8A). NtGA20ox1, NtGA3ox1 and

NtGA2ox1 expression patterns showed a correlation with

hypocotyl growth response to different GA1 concentrations
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(Fig. 8B), although in opposite directions: inverse in the

case of NtGA20ox1 and NtGA3ox1 and direct in the case

of NtGA2ox1. In contrast, the NtGA2ox3 and -5 expression

pattern did not display any correlation with hypocotyl

growth (Fig. 8 and Supplementary data S2).

Discussion

Effect of PsGA3ox1 overexpression on tobacco phenotype

Overexpression of 35S:PsGA3ox1 produced mild

modifications of tobacco phenotype. Hypocotyl length,

stem height, and leaf width and length increased in

transgenic 3ox-OE plants compared with wild-type plants

(Fig. 2B and Table 1). These characters depend on

gibberellin levels and therefore we expected variations in

plant gibberellin levels. The main effect of GA3ox over-

production on tobacco gibberellin metabolism was a strong

reduction in GA20 concentration in all transgenic lines

(Fig. 3A), consistent with a high level of conversion of

the substrate GA20 into the active GA1 product by

35S:PsGA3ox1. The reduction of the GA20 level, however,

was not associated with a large increase of GA1 level

(Fig. 3B), in agreement with the slight changes of tobacco

phenotype (Table 1). Similar results on phenotype, GA20

and active gibberellin levels were found in transgenic

3ox-OE plants of hybrid aspen (Israelsson et al. 2004).

In tobacco, the slight increase in active GA1 level in

transgenic 3ox-OE may be due to several reasons. First, it

may be due to to the low availability of GA3ox substrate as

a consequence of limited GA20 oxidation, and, secondly, it

may be a result of the catabolism of GA1 to inactive forms

such as GA8, by the action of GA2oxs (Fig. 1). The latter

possibility is supported by the observation that GA8 levels

increased in all transgenic 3ox-OE plants compared with

wild-type plants (Fig. 3C). Furthermore, two of the three

GA2ox genes analyzed (NtGA2ox3 and -5) were induced in

all 3ox-OE transgenic lines (Fig. 4C), suggesting an

important role for these genes in the control of gibberellin

homeostasis. Interestingly, in hybrid aspen 3ox-OE trans-

genic plants, induction of GA2ox expression was not

detected (Israelsson et al. 2004). This apparent discrepancy

between tobacco and hybrid aspen may be a species-specific

difference, or due to the fact that the genes studied in aspen

were not involved in gibberellin homeostasis, like the

NtGA2ox1 gene of tobacco that remains almost unaffected

in transgenic plants (Fig. 4C).

Since GA3oxs cannot enhance the flux toward active

gibberellin levels, we obtained hybrid plants that incorpo-

rated the overexpression of a GA20ox (35S:CcGA20ox1;

Vidal et al. 2001) by crossing transgenic 3ox-OE lines

(L38 and L44) with a transgenic 20ox-OE line (L5). The

ectopic activity of CcGA20ox1 in these hybrid plants should

provide a higher amount of substrate (GA9) for the GA3ox.

In fact, it has been demonstrated that transgenic 20ox-OE

(L5) plants had higher GA9 levels (Vidal et al. 2001).

Hybrid tobacco plants (3ox/20ox-OE) displayed a slender

phenotype like the 20ox-OE parental line (Fig. 5A).

However, their final stem length was longer due to a

greater number of vegetative internodes and not to longer

internodes (Fig. 5D). This led to a flowering delay of hybrid

3ox/20ox-OE plants compared with parental plants. This

observation is consistent with a previous report where an

excess of active gibberellin in tobacco apical shoots was

claimed to have an inhibitory effect on floral transition

(Gallego-Giraldo et al. 2007).

Phenotypic differences described in hybrid 3ox/

20ox-OE compared with parental 20ox-OE plants must

be due to the additional effect of GA3ox overexpression
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quantified by real-time RT–PCR. The relative expression of mRNA
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on gibberellin biosynthesis. In fact, phenotypic alterations

in hybrid 3ox/20ox-OE plants correlated with a slight

increase in total gibberellin active levels, GA1þGA4, com-

pared with the parental L5 plants (Fig. 6). Furthermore,

the slight increase of active gibberellin levels in hybrid

plants correlated with a further repression of endo-

genous NtGA20ox1 and NtGA3ox1 expression in hybrids

(3ox/20ox-OE) compared with 20ox-OE parental plants

(L5, Wt�L5; Fig. 7A). This is consistent with the negative

feedback regulation of these genes reported previously

(Tanaka-Ueguchi et al. 1998, Itoh et al. 1999). In contrast,

expression of GA2ox was relatively unaffected by over-

expression of a GA3ox in the 20ox-OE background

(Fig. 7C). These results suggest that the expression of

GA2ox genes (NtGA2ox3 and -5) had reached already

saturated levels in transgenic 3ox-OE plants and therefore

could not be further induced in hybrid lines. Taken

together, these results indicate that GA3oxs in tobacco

are non-limiting enzymes in gibberellin biosynthesis, in

contrast to Arabidopsis (Radi et al. 2006), even in the

presence of the 20ox-OE background.

Regulation of gibberellin metabolism genes

Feedback regulation of genes encoding dioxygenases of

gibberellin metabolism has been described previously in

many species (Hedden and Phillips 2000a), including

tobacco NtGA20ox1 (Tanaka-Ueguchi et al. 1998) and

NtGA3ox1 (Itoh et al. 1999). We have confirmed that

negative feedback regulation of NtGA20ox1 and NtGA3ox1

also occurs in slender transgenic plants, as expected by their

higher active gibberellin levels. Our results also showed

that the expression of a second GA3ox (NtGA3ox2) was

unaltered in these plants (Fig. 7) as well, and in response to

gibberellin application (data not shown), indicating that

this gene is not under gibberellin feedback regulation.

GA3oxs without feedback regulation have been described

previously in Arabidopsis (AtGA3ox2, -3 and -4; Yamaguchi

et al. 1998, Matsushita et al. 2007). Since the existence of

tissue-specific differences in transcript levels of NtGA3ox2

(Gallego-Giraldo et al. 2007) have been reported, the

regulation of this gene may depend on developmental

factors. On the other hand, we found evidence for feedback

regulation of GA2ox gene expression in tobacco, as was

found in Arabidopsis (Thomas et al. 1999) and pea (Elliott

et al. 2001). Expression of NtGA2ox3 and -5, but not

of NtGA2ox1, was induced in all transgenic gibberellin-

overproducing plants (Fig. 7C). All these results of gene

expression in transgenic plants suggested different gibber-

ellin sensitivity for genes under feedback regulation. On one

hand, NtGA2ox3 and -5 seem to be sensitive to low

gibberellin variations, since they are induced in transgenic

3ox-OE plants which contain mild increases in gibberellin

levels. On the other hand, genes such as NtGA20ox1 and

NtGA3ox1 seem to be sensitive to high gibberellin

levels, because their expression was altered only in slender

transgenic plants with substantial gibberellin increases

(20ox-OE and hybrid 3ox/20ox-OE). Interestingly, in

citrus, it has also been described that GA20ox1 was

negatively feedback regulated only in response to large

changes in the active gibberellin content (Vidal et al. 2003).

The two different gene expression patterns found in

response to gibberellin (one very sensitive to GA1 for

NtGA2ox3 and -5 and another mainly sensitive to high GA1

concentrations for NtGA20ox1, NtGA3ox1 and NtGA2ox1;

Fig. 8) support the existence of different gibberellin

sensitivities. These results are consistent with those found

in transgenic plants, except for NtGA2ox1. This gene, whose

expression was unaltered in transgenic plants, was induced

by the application of 10–6M GA1, probably because the

gibberellin content in transgenic plants did not reach such a

high level. Therefore, although it is already known that

different members of gibberellin gene families are regulated

preferentially by specific environmental (Stavang et al.

2007) or developmental (Mitchum et al. 2006) cues, our

data suggest that homeostatic conditions (the severity of

alterations in gibberellin levels) can also trigger differen-

tially the induction of gibberellin metabolism genes.

Interestingly, genes responding to high GA1 concen-

trations displayed a correlation (direct for NtGA2ox1 and

inverse for NtGA20ox1 and NtGA3ox1) between transcript

levels and hypocotyl elongation induced by gibberellin

(see Fig. 8 and Supplementary data S2). This relationship,

between hypocotyl length (a gibberellin-dependent char-

acter) and transcript levels, was also found for NtGA20ox1

and NtGA3ox1 in transgenic plants with different gibber-

ellin contents (Supplementary data S3). It has been demo-

nstrated that negative feedback regulation of GA20ox and

GA3ox genes by active gibberellin occurs via the gibberellin

response pathway, because their transcription and the

gibberellin content were impaired in different gibberellin

response mutants (reviewed in Olszewski et al. 2002).

Accordingly, in Arabidopsis, it was found that AtGA3ox1

is feedback regulated by active gibberellin in a dose-

dependent manner that closely mirrors stimulation of

hypocotyl elongation, suggesting that similar gibberellin

signal transduction processes control both AtGA3ox1

regulation and hypocotyl elongation (Cowling et al. 1998).

Therefore, we could expect correlation between gene

expression and hypocotyl growth in response to gibberellin,

for tobacco genes regulated through the gibberellin signal

transduction pathway, as occurs in AtGA3ox1. The

relationship between gene expression and gibberellin

growth response (hypocotyl elongation) for NtGA20ox1

and NtGA3ox1 in tobacco supported the contention that

feedback regulation of these gibberellin biosynthesis

genes operates through the gibberellin response pathway.

Gibberellin homeostasis in tobacco 687



In contrast, transcript levels of genes sensitive to low GA1

concentrations (NtGA2ox3 and -5) did not correlate with

hypocotyl elongation (Fig. 8 and Supplementary data S2).

While the expression of NtGA20ox1 and NtGA3ox1 seems

to be proportional to the gibberellin content, NtGA2ox3

and -5 become activated to almost maximum levels with

minimal increases in the gibberellin content and remain

constant afterward, indicating that positive feedback

regulation of these two genes may not be mediated by the

same gibberellin signaling components involved in the

feedback regulation of the other gibberellin biosynthesis

genes. Another possibility, to explain the differences found

in the expression pattern of these particular genes, could

be an autonomous regulation directly mediated by the

gibberellin molecule independently of DELLA signaling.

For instance, in methionine biosynthesis, negative feedback

regulation of the CGS1 gene occurs through alteration of

the mRNA stability in response to methionine application

(Lambei et al. 2003). Because it has been demonstrated that

DELLA-dependent gibberellin signaling has a central role

in all gibberellin-related processes (Jianga and Fu 2007), it

has been assumed that feedback regulation of GA2ox

catabolism genes also proceeds through this signaling

transduction pathway (Olszewski et al. 2002), although no

experimental evidence has been published so far supporting

this hypothesis. Whether or not the regulation of NtGA2ox3

and -5 depends on DELLA, it does not mean that feed-

back regulation of other GA2ox catabolism genes, such as

NtGA2ox1, does not occur by this signal transduction

pathway, in a similar way to the biosynthesis genes.

Transcript levels of NtGA2ox1 (and also NtGA2ox2; data

not shown) correlated with hypocotyl growth in response

to different GA1 applications in tobacco, and the involve-

ment of DELLA in feedback regulation of AtGA2ox8

in Arabidopsis is supported by unpublished results

(Gallego-Bartolomé, Alabadı́ and Blázquez, personal

communication).

In summary, our data reveal novel features, not

previously reported, of the mechanism of feedback regula-

tion of gibberellin metabolism genes. Gibberellin metabo-

lism genes respond to gibberellin with different sensitivity.

Two of the gene members of the GA2ox family are positive

feedback regulated by small increases in gibberellin

levels and seem to play a predominant role in gibberellin

homeostasis under mild variations. In the case of large

variations in gibberellin levels, gibberellin homeostasis

is mediated by biosynthesis genes GA20ox and GA3ox and

perhaps by other GA2ox catabolism genes.

Materials and Methods

Plant material and growth conditions

Wild-type and transgenic tobacco plants of Nicotiana

tabacum cv Xanthi (overexpressing 35S:CcGA20ox1; line L5;

Vidal et al. 2001) were used as experimental material. Plants

were cultured in a growth chamber at 268C and in a greenhouse at

288C under long day conditions (16 h light, and 8 h darkness).

Plants were cultured in pots containing vermiculite: peat (1 : 1) and

watered with nutrient solution.

Isolation of transgenic plants overexpressing 35S:PsGA3ox1

(3ox-OE)

Sterilized seeds of tobacco were germinated and cultured in

MS medium (Murashige and Skoog medium including vitamins;

Duchefa, The Netherlands), 20 g l–1 sucrose and 6 g l–1 agar gel.

Leaf sections from 3-week-old plants were transformed by

immersion in bacterial liquid LB medium containing Agrobacter-

ium tumefaciens strain LBA4404 (Hoekema et al. 1983) carrying

the binary vector system pBIN-JIT-2�35S:PsGA3ox1 (PsGA3ox1

accession No. AF001219; Martin et al. 1997). Regeneration of

tobacco explants was performed as described by Vidal et al. (2001).

Non-infected leaf sections were cultured and considered as a

transformation control. Through three consecutive transformation

processes a total of 115 putative independent transgenic T1 plants

were obtained. Eighteen putative plants (T1) were selected

according to PsGA3ox1 transcript level analysis performed by

Northern blot (data not shown). For isolation of homozygous

lines, T1 plants were grown and self-pollinated to obtain the T2

generation. T2 seedlings were tested by kanamycin (150mg l–1)

segregation. T2 plants showing a 3 : 1 segregation ratio (kana-

mycin-resistant KmR/kanamycin-sensitive KmS) were selected to

obtain the T3 generation. Homozygous lines were detected by

100% KmR segregation.

Northern blots

For Northern analysis, total RNA was isolated by using the

Trizol method (Invitrogen, Carlsbad, CA, USA) from young leaves

of wild-type and transgenic PsGA3ox1-overexpressing plants.

Northern blot was prepared by electrophoresis in a formalde-

hyde–agarose gel, including 20 mg of total RNA. The gel was

transferred by capillarity into a nylon filter (Hibond-N, Amersham

Bioscience, Buckinghamshire, UK) and cross-linked with a UV

Stratalinker 800 (Stratagene, La Jolla, CA, USA). Full-length

PsGA3ox1 cDNA was random-primed 32P-labeled using the Kit

Ready to Go DNA (Amersham Biosciences). The probe was used

to hybridize the filter at 428C in a solution containing 0.25M

KH2PO4 buffer, 7% SDS, 1M EDTA, 5M NaCl, 50% forma-

mide, PEG 6000 and 0.1mg ml–1 denatured salmon sperm. The

filter was washed for 10min at 508C in 3� SSC, 0.5% (w/v) SDS

and 1� SSC, 0.1% (w/v) SDS, and then at 558C in 0.5� SSC, 0.1%

(w/v) SDS. The primers pair used to obtain the full-length

PsGA3ox1 probe were: PsGA3ox1S1, 50-TAGGTCGACCACTA

TGCCTTCACTCTCCGAAGCC-30; and PsGA3ox1A1, 50-GAG

CCCGGGTTAGCCCACTTGGACACTATTTTTGTTAG-30.

Hypocotyl length measurements and hormone applications

One hundred seeds from each line were germinated and

cultured in MS medium in a growth chamber at 268C under long

day conditions. For GA20 and GA1 treatments, different gibber-

ellin concentrations were applied in 50ml of 100% ethanol added

to Petri dishes with 100ml of medium. A 50ml aliquot of 100%

ethanol was added to control plates. Seven days later, the seedlings

were scanned and measured using the ImageJ software (National

Institutes of Health, Bethesda, MD, USA).
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Quantification of gibberellins

Gibberellins were quantified in the apical portions of plants

consisting of shoot apices and six apical young leaves (0.5–3 cm in

length) using three biological replicates. Each sample consisted of

material from five plants. The material was frozen immediately

in liquid N2 before storage at –808C, until analysis. Aliquots of

10mg of lyophilized material were homogenized with liquid N2

and extracted using a MM301 Vibration Mill for 3min (Retsch

GmbH and Co., Haan, Germany) in 1ml of 80% MeOHþ 0.02%

diethyl dithiocarbamate as antioxidant containing gibberellin

internal standards ([2H2]GA1, [2H2]GA8, [2H2]GA19, [2H2]GA20,

[2H2]GA44, [2H2]GA53, [2H2]GA19, [2H2]GA4, [2H2]GA9,

[2H2]GA24 and [2H2]GA34) (purchased from Professor Lewis

Mander, The Australian National University). After centrifugation

(13 000 r.p.m. for 3min), the supernatant was evaporated to

dryness under vacuum. The residue was dissolved in 500 ml of

1% acetic acid at pH 2.5–3. This solution was loaded onto a pre-

equilibrated Isolute C8-EC cartridge (International Sorbent

Technology, Hengoed, UK), washed with 2ml of 5% MeOH,

1% acetic acid, eluted with 2ml of 80% MeOH and evaporated to

dryness. The residue was dissolved in 200 ml of 2-propanol and

methylated with trimethylsilyl-diazomethane in hexane (Sigma

Aldrich, St Louis, MO, USA). The gibberellins were separated

by HPLC and the fractions were dried, trimethylsilylated in 20 ml

of pyridine and bis-trimethylsilyl formamide (BSFA)þ 1%

trimethylchlorosilane (TMCS), and analyzed by gas chromatogra-

phy–mass spectroscopy in selected reaction monitoring mode using

a JEOL JMS MStation (JEOL, Tokyo, Japan) as described by

Peng et al. (1999).

RNA isolation and reverse transcription

Total RNA was isolated from 7-day-old seedlings without

roots (hypocotyls and cotyledons) using an RNeasy Plant Mini Kit

and treated with an RNase-free DNase set (Qiagen, Valencia, CA,

USA), according to the manufacturer’s instructions. RNA

concentration was measured using a Nanodrop ND-1000 spectro-

photometer (Wilmington, DE, USA). A 1 mg aliquot of total RNA

was used for cDNA synthesis using a Taq Man� Reverse

Transcription Kit (Applied Biosystems, Foster City, CA, USA)

with random hexamers, at a final volume of 40 ml. A 1 ml aliquot of

cDNA solution was used in all PCRs.

Quantitative real-time RT–PCR analysis

Transcription levels of NtGA20ox1 (Ntc12, AB012856.1),

NtGA20ox2 (NTc16, AB016084), NtGA3ox1 (Nty, AB032198),

NtGA3ox2 (EF471116), NtGA2ox1 (AB125232.1), NtGA2ox3

(EF471117) and NtGA2ox5 (EF471118) were analyzed by quant-

itative real-time PCR. NtActin (U60489) was amplified as a load-

ing control. The primer pairs used for PCR amplification

(Supplementary Table S1) were designed using Primer ExpressTM

v2.0 software (Applied Biosystems) and their concentrations

were optimized according to the manufacturer’s instructions

(SYBR� Green PCR Master Mix and RT-PCR Protocol,

Applied Biosystems). PCRs were performed in an ABI PRISM�

7000 Sequence detection System using SYBR Green to monitor

double-stranded DNA synthesis (Applied Biosystems). PCR

conditions and data analysis were performed as described in

Gallego-Giraldo et al. (2007). The analyses were carried out using

two biological replicates. Each replicate consisted of material from

30 seedlings. All PCRs were carried out using three technical

replicates.

Statistical methods

Statistical treatment of the data was by analysis of variance

using Fisher’s LSD procedure for multiple comparison tests

(Statgraphics Plus program, version 5.1 for Windows, Statistical

Graphics, Rockville, MD, USA).

Supplementary material

Supplementary material mentioned in the article is available

to online subscribers at the journal website www.pcp.oxford

journals.org.
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                     *        20         *        40         *        60         *        80       
HvGA2ox4  : MVVLAKPAALEQIALMR--TPEPWESFSG--VPAVDLSSP-GAAADVVRACERFGFFSVVNHGVPAGVVDRLEAEAVRFF :  75 
OsGA2ox3  : MVVLAGPPAVDHIPLLR--SPDPGDVFSG--VPVVDLGSP-GAARAVVDACERYGFFKVVNHGVATDTMDKAESEAVRFF :  75 
SlGA2ox4  : MVVLT-KPAITHFPIVK-NSFKSPS-YIND-IPVIDLSKA-NSKNLIVNACEEFGFFKVINHDVPMEFISKLESEAVKFF :  75 
SlGA2ox5  : MVVLT-EPDNDHLPIINSNSCKSPS-FFND-IPVIDLSKP-DSKNLIVEACEEFGFFKVVNHDVPIEFISKLESEAIKFF :  76 
NtGA2ox1  : MVVLT-KPGIDHFPIVK--NCKLSS-FFNG-VPLIDLSKP-NSKNLIVKACEEFGFFKVINHSVPTEFITKLESEAIKFF :  74 
NtGA2ox3  : MVVLS-IPAVEQFSIVK--NCKPISSFFPSNIPIIDISKP-DSKNLLVKAYEEFGFFKIINHGVPMEFINNLELEAIKFF :  76 
NoGA2ox2  : MVVLS-KPAMEQFCLVK--NCKAPT-LFPG-VPLIDLSKP-DSKHLLVKACQEFGFFKVINHGVPTEFITKLESEAVKFF :  74 
LsGA2ox1  : MVALS-KPSIEQFFMKP-SKPNTNPLIFPT-IPLIDLSKP-ESKQHLVKACQDFGFFKVVNHGVPTKFIKKLESEALKFF :  76 
RpGA2ox1  : MALFP-L------------------------IPVIDLSKP-DAKHQIVKACEDFGFFKVINHGVPMDSIKKLESEAVKFF :  54 
PsGA2ox1  : MVLLS-KPTSEQYTYVR--NNMPIT-FSSS-IPLVDLSKP-DAKTLIVKACEDFGFFKVINHGIPLDAISQLESEAFKFF :  74 
VaGA2oxA2 : MASLS-KTTTEQYSYIK--NRMAST-FAST-IPIVDLSKP-DAKTLIVNACEEFGFFKVINHGVPMEAISRLETEALKFF :  74 
NtGA2ox5  : MVVLT-QPLVETLSHIKTCKYNNTDVFTG--IPVIDLSDP-EANTLIIKACQEFGFFKVVNHGVPIEIMTKLESEAVNFF :  76 
NoGA2ox3  : MVVLS-QPALENLSHISTCKFPSTNFYEG--IPVIDLFKP-EANTEIVKACQEFGFFKVINHGVPLEFITKLEGEAVKFF :  76 
LsGA2ox2  : MVMIS-QVEKKPVVDIFPTKSNKTN-FTG--IPVIDLSSPEDAKNLIVNACQDYGFFKVINHGVSPLLVSELENEAIEFF :  76 
PcGA2ox1  : MVVLS-QPALNQFFLL--KPFKSTPLFTG--IPVVDLTHP-DAKNLIVNACRDFGFFKLVNHGVPLELMANLENEALRFF :  74 
VaGA2oxA1 : MVVLS-QPALNQFLLL--KPCKSTPLFTG--IPVVDFTHP-DAKNLIVEACRDYGFFKLVNHGVPLELVANLENEALRFF :  74 
SoGA2ox1  : MVVLS-HVALDQFMKTC-KPIDTHLFPTV--IPTIDLNSP-DVKSLIVKACKEFGFFKVVNHGVPIEMTRQLEDEASKFF :  75 
AtGA2ox2  : MVVLP-QPVTLDNHISLIPTYKPVPVLTSHSIPVVNLADP-EAKTRIVKACEEFGFFKVVNHGVRPELMTRLEQEAIGFF :  78 
AtGA2ox3  : MVIVL-QPASFDSNLYVNPKCKPRPVL----IPVIDLTDS-DAKTQIVKACEEFGFFKVINHGVRPDLLTQLEQEAINFF :  74 
AtGA2ox1  : MAVLSKPVAIPKSGFSL--------------IPVIDMSDP-ESKHALVKACEDFGFFKVINHGVSAELVSVLEHETVDFF :  65 
HvGA2ox5  : MVVLA-KGELEQIALPAAQPPLAHVRAID--LSAAPGPGRDAAARALVSACEEQGFFKVTGHGVPLELVRAVEAAAAEFF :  77 
                                                                                                   
                                                                                                   
                     *       100         *       120         *       140         *       160       
HvGA2ox4  : ASTQAEKDASGPADP--FGYGSKRIGRNGDMGWVEYLLLAIDRDTLSKAS-------------P----APSSALREAINA : 136 
OsGA2ox3  : SQTQPDKDRSGPAYP--FGYGSKRIGFNGDMGWLEYLLLALDDASLADAC-------------T-V--PSCAVFRAALNE : 137 
SlGA2ox4  : SSPLSEKLKAGPADP--FGYGNKKIGQNGDIGWVEYILLSTNSEFNYQKF-------------ASVLGVNPENIRAAVND : 140 
SlGA2ox5  : SSPLSEKLKAGPADP--FGYGNKQIGQSGDIGWVEYILLSTNSEFNYQKF-------------ASVLGVNPENIRAAVND : 141 
NtGA2ox1  : SSPLSEKQKAGPADP--FGYGNKKIGPNGDVGWVEYILLSTNSEFNYHKF-------------ASILGVNPETIRAAVND : 139 
NtGA2ox3  : SSPLNQKEKAGPADP--FGYGNRKIGTNGDIGWVEYILLSTNSEFNYQKF-------------ASILGLDPENIRVAVND : 141 
NoGA2ox2  : SLPLSDKEKAGPPDP--FGYGNKKIGPNGDIGWVEYIILSTNSEFNYQRF-------------ESIFGMTPEKFRDAVND : 139 
LsGA2ox1  : SSPLSTKEKAGPPDP--FGYGNKRIGRNGDVGWVEYLLLNAKPESDYQRY-------------LSVFEENPEIFQGVVND : 141 
RpGA2ox1  : SLPLSEKEKAGPPYPVGFGYGNKRIGLNGDVGWVEYLLMTTKSNPE--------------------IGDNPEDFRCAMNQ : 114 
PsGA2ox1  : SLPQTEKEKAGPANP--FGYGNKRIGLNGDIGWIEYLLLTTNQDHNF-----------------SLYGEDIHKFRGLLKD : 135 
VaGA2oxA2 : SLPLNEKEKAGPPNP--FGYGSKRIGHNGDVGWVEYLLLNNNQEHDF-----------------SLYGKNHEKFRCLLNS : 135 
NtGA2ox5  : NLSQVEKDKAGPANP--FGYGNKRIGSNGDVGWVEYLLLTTNPDLSYHKS-------------IAIPG-NSHLFWSLVNE : 140 
NoGA2ox3  : NLPQPEKEKVRPAKP--FGYGNKRIGQNGDVGWIEYLLLNTNPELVYEKA-------------VTIPG-DSELFWSCVND : 140 
LsGA2ox2  : NMRQYEKDQYCPPNP--FGYGRNKIGTNGDVGWIEYLLLTSTN----------------------FPT-NSKIFSSLTNE : 131 
PcGA2ox1  : KKSQSEKDRAGPPDP--FGYGSKRIGPNGDVGWVEYLLLNTNPDVISPKS-------------LCIFRENPHHFRAVVEN : 139 
VaGA2oxA1 : KKSQSEKDRAGPPDP--FGYGSKGIGPNGDVGWVEYLLLNTNPEVISPKS-------------LSIFRESPHHFRAVVEN : 139 
SoGA2ox1  : SLPQGLKESAGNPNP--FGYGNKKIGRNGDVGWIEYLLLSASDEFISQTC-------------LSIYPDNPDVFRCALNN : 140 
AtGA2ox2  : GLPQSLKNRAGPPEP--YGYGNKRIGPNGDVGWIEYLLLNANPQLSSPKT-------------SAVFRQTPQIFRESVEE : 143 
AtGA2ox3  : ALHHSLKDKAGPPDP--FGYGTKRIGPNGDLGWLEYILLNANLCLESHKT-------------TAIFRHTPAIFREAVEE : 139 
AtGA2ox1  : SLPKSEKTQVAG-YP--FGYGNSKIGRNGDVGWVEYLLMNANHDSGSGPL-------------FPSLLKSPGTFRNALEE : 129 
HvGA2ox5  : ALPQAEKEAAAGR-P--LGYGSKRIGVSGDLGWIEYLLLGVTPAGALPAASFASWTLPCAGAAVASSSEHPCPLRDLLEE : 154 
                                                                                                   
 



                                                                                                   
                     *       180         *       200         *       220         *       240       
HvGA2ox4  : YVSAMRGLARTVLEMVAEGLGV--SPRGALADMVTGEASDQVFRVNHYPPC--------PLL---QGLPPNCSVTGFGEH : 203 
OsGA2ox3  : YISGVRKVAVRVMEAMSEGLGI--AQADALSALVTAEGSDQVFRVNHYPPC--------RAL---QGL--GCSVTGFGEH : 202 
SlGA2ox4  : YVSSVKKMSCEILEKLAEGLKI--QPTNVLSKLLMDEKSDSVFRLNHYPPC--------PDI--QEFNAKN--LIGFGEH : 206 
SlGA2ox5  : YVTAVKRMSCEILEKLAEGLKI--HPTNVFSKLLKDEKSDSVFRLNHYPPC--------PDI--QEFNAKN--LIGFGEH : 207 
NtGA2ox1  : YVSAVKKMACEILEMLAEGLNI--HPRNVFSKLLMDEKSDSVFRLNHYPPC--------PEI--QQFSDNN--LIGFGEH : 205 
NtGA2ox3  : YVSAMKKMACEILEMLAEGLKI--YPKNVFSKLLMDEQSDSVFRINHYPPC--------PEV--QEFNGRN--LIGFGAH : 207 
NoGA2ox2  : YVSSVKKMACEILELMAEGLNI--QPKNVFSKLLMDEQSDSVFRLNHYPPY--------PDL--QELHGRN--LIGFGEH : 205 
LsGA2ox1  : YVTAVKKMACEILELLADEMKL--QPRNVFSKLLMDEQSDSVFRVNHYLPC--------PEF--QENERNGRKLVGFGEH : 209 
RpGA2ox1  : YVAAVKSMACDVLELMADGLRI--QQKDVFSKLLMDEQSDSMFRVNHYPPY--------PEL--QGFKDRN--LVGFGEH : 180 
PsGA2ox1  : YKCAMRNMACEILDLMAEGLKI--QPKNVFSKLVMDKQSDCLFRVNHYPAC--------PEL---AINGEN--LIGFGEH : 200 
VaGA2oxA2 : YMCSVRKMACDILELMAEGLKI--QQKNVFSKLLRDKESDSVFRVNHYPAC--------PEL---AVNGEN--MIGFGEH : 200 
NtGA2ox5  : YVSAVRNLACLALEKIAEGLRI--EPKNVLSKMLRDEKSDSCFRLNHYPPF--------PELL-QTLSGRN--LIGFGEH : 207 
NoGA2ox3  : YVSAVRSMACDVLDMIADGLKI--GPRNVLSRLLRDEKSDAVFRLNHYPPC--------PEL--QALSGRN--LIGFGEH : 206 
LsGA2ox2  : YVKEVRKLGCTILELMAEGLKI--EPKNVLSRMLSDENADTVFRLNHYPPCLDPNSNHDSDLN-NKSMSHGRTSIGFGEH : 208 
PcGA2ox1  : YITAVKNMCYAVLELMAEGLGI-RQR-NTLSRLLKDEKSDSCFRLNHYPPC--------PEVQ--ALN-RN--LVGFGEH : 204 
VaGA2oxA1 : YITAVKNMCYAVLELMAEGLGI-AQR-NTLSRLLKDEKSDSCFRMNHYPPC--------PEVP--ALN-RN--LVGFGEH : 204 
SoGA2ox1  : YISKMKKMGVRVLETMAEGLNLKGEDRYALSNLIKDSKSDSYFRLNHYPPR--------PEAFE-GINGRN--LVGFGEH : 209 
AtGA2ox2  : YMKEIKEVSYKVLEMVAEELGI--EPRDTLSKMLRDEKSDSCLRLNHYPAA--------EE------EAEKMVKVGFGEH : 207 
AtGA2ox3  : YIKEMKRMSSKFLEMVEEELKI--EPKEKLSRLVKVKESDSCLRMNHYPEK--------EE------TPVKE-EIGFGEH : 202 
AtGA2ox1  : YTTSVRKMTFDVLEKITDGLGI--KPRNTLSKLVSDQNTDSILRLNHYPPC--------PLSNK-KTNGGK-NVIGFGEH : 197 
HvGA2ox5  : YAAAVRRMACGVLELMAEGLGI--GPADALSRLVSDGESDNMLRVNHYPPR--------PEM-------QGCLLTGFGEH : 217 
                                                                                                   
 
                     *       260         *       280         *       300         *       320       
HvGA2ox4  : TDPQLVSILHSNGTAGLQVALHDGRWVSVPPNRDAFFVNVGDSLQVLTNGRLRSVRHRVVAGNGLKSRVSMIYFAGPPLA : 283 
OsGA2ox3  : TDPQLVSVLRSNGTSGLQIALRDGQWVSVPSDRDSFFVNVGDSLQVLTNGRFKSVKHRVVA-NSLKSRVSFIYFGGPPLA : 281 
SlGA2ox4  : TDPQIMSILRSNNTSGLQILLKNGNWFSVPSDQNSFFVNVGDSLQVMTNGRFKSVKHRVLT-NSVKSRLSMIYFGGPPLS : 285 
SlGA2ox5  : TDPQIISVLRSNNTSGLQILLKNGNWFSVPPDQSSFFVNVGDSLQVMTNGRFKSVKHRVLT-NSVKSRLSMIYFGGPPLS : 286 
NtGA2ox1  : TDPQIISVLRSNNTSGLQILLKNGHWISVPPDPNSFFINVGDSLQVMTNGRFKSVRHRVLA-NSVKSRLSMIYFGGPPLS : 284 
NtGA2ox3  : TDPQIISLLRSNNTSGLQISLEDGHWISVPPDQNSFFINVGDSLQVMTNGRFKSVKHRVLA-NSLKSRLSMIYFGGPPLS : 286 
NoGA2ox2  : TDPQIISVLRSNNTSGLQIQLKDGSWISIPPDQSSFFINVGDSTQVLTNGRFKSVKHRVLA-NSMKSRLSMIYFGGPPLS : 284 
LsGA2ox1  : TDPQIISVLRSNNTSGLEISLRDGSWMSVPADSDSFFINVGDSLQVMTNGRFKSVKHRVVA-NSTKSRVSMIYFGGPPLS : 288 
RpGA2ox1  : TDPQIISVLRSNNTSGLEISLRDGSWVSVPPDQTSFFINVGDSLQVMTNSKFKSVRHRVLA-NSYKSRVSMIYFGGPPMS : 259 
PsGA2ox1  : TDPQIISILRSNNTSGFQISLRDGSWISVPPDHSSFFINVGDSLQVMTNGRFKSVRHRVLA-NGIDPRLSMIYFCGPPLS : 279 
VaGA2oxA2 : TDPQIISLLRSNNTSGLQIYLRDGSWISVPPDHNSFFINVGDSLQVMTNGRFRSVRHRVLA-NGFKSRLSMIYFGGPPLS : 279 
NtGA2ox5  : TDPQVISVVRSNNTSGLQISLKDGTWLSVPPDPYSFFINVDDSLQVMSNGRFRSVRHRVLA-DSMKSRVSMIYFGGPPLS : 286 
NoGA2ox3  : TDPQIISVVRSNNTSGLQISLKDGTWVSVPPDQYSFFINVGDSLQVMTNGRFRSVKHRVFA-DGLKSRVSMIYLGGPPLD : 285 
LsGA2ox2  : TDPQLISIARSNATSGFQIYLEDGTWVGVPPDETSYFINVDDLLEVMTNGRFRSVRHRVVA-DSFKSRVSMIYFGGPPLM : 287 
PcGA2ox1  : TDPQIISVLRSNSTSGLQICLTDGTWVSVPPDQTSFFINVGDALQVMTNGRFKSVKHRVLA-DTTKSRLSMIYFGGPALS : 283 
VaGA2oxA1 : TDPQIISVLRSNSTSGLQICLADGTWVSVPPDQTSFFINVGDALQVMTNGRFKSVKHRVLA-DTTKSRLSMIYFGGPALS : 283 
SoGA2ox1  : TDPQIISVLRSNKIGGLQISLNDGTWVSVPPDDNSFFILVGDSLQVMTNGRFKSVKHRVLA-DNMKSRLSMIFFAGPPLC : 288 
AtGA2ox2  : TDPQIISVLRSNNTAGLQICVKDGSWVAVPPDHSSFFINVGDALQVMTNGRFKSVKHRVLA-DTRRSRISMIYFGGPPLS : 286 
AtGA2ox3  : TDPQLISLLRSNDTEGLQICVKDGTWVDVTPDHSSFFVLVGDTLQVMTNGRFKSVKHRVVT-NTKRSRISMIYFAGPPLS : 281 
AtGA2ox1  : TDPQIISVLRSNNTSGLQINLNDGSWISVPPDHTSFFFNVGDSLQVMTNGRFKSVRHRVLA-NCKKSRVSMIYFAGPSLT : 276 
HvGA2ox5  : TDPQIISVLRSNGTSGLEICARDGEWTSVPPDPDAFFVNVADALQVLTNGRFSSVKHRVVV-SSERPRVSMIFFGGPPMG : 296 
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CAPÍTULO III 

 
Efecto del Silenciamiento Múltiple de GA 2-oxidasas en el Desarrollo del Tabaco 
 
Lina Gallego-Giraldo, José L. García-Martínez e Isabel López-Díaz.  
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 NtGA2ox4 332 Weight: 1.00

 NtGA2ox2 323 Weight: 1.00

 NtGA2ox1 332 Weight: 1.00

 SlGA2ox4 331 Weight: 1.00

 SlGA2ox5 335 Weight: 1.00

 NtGA2ox3 333 Weight: 1.00

 NoGA2ox2 332 Weight: 1.00

 LsGA2ox1 337 Weight: 1.00

 RpGA2ox1 308 Weight: 1.00

 PsGA2ox1 327 Weight: 1.00

 VaGA2oxA2 327 Weight: 1.00

 LsGA2ox2 338 Weight: 1.00

 NtGA2ox5 343 Weight: 1.00

 NoGA2ox3 334 Weight: 1.00

 AtGA2ox2 341 Weight: 1.00

 AtGA2ox3 335 Weight: 1.00

 SoGA2ox1 337 Weight: 1.00

 VaGA2oxA1 332 Weight: 1.00

 PhcGA2ox1 332 Weight: 1.00

 AtGA2ox1 329 Weight: 1.00

 HvGA2ox5 341 Weight: 1.00

 OsGA2ox3 327 Weight: 1.00

 HvGA2ox4 342 Weight: 1.00
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