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* Both single mutations resulted in reduced elongation growth. The double mutant
showed synergistic responses in root and shoot growth, in induction of floral transition,
and in inflorescence length, showing that crosstalk between the two pathways
occurs in different plant organs throughout development. Furthermore, the altered
ethylene-GA interactions affected root-shoot communication, as evidenced by an
enhanced shoot:root ratio in the double mutant. When compared with both single
mutants and the wild type, double mutants had enhanced content of active GA,
at both the seedling and the rosette stages, and, unlike the gai mutant, they were
sensitive to GA treatment.
e Finally, it was shown that synergistic responses in the double mutant were not
caused by elevated ethylene biosynthesis but that, in the light, enhanced sensitivity
to ethylene may, at least in part, be responsible for the observed phenotype.
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and the control of flowering (Vandenbussche & Van Der
Straeten, 2004; Achard ez /., 2006, 2007). Crosstalk between
Interactions between hormones have been demonstrated for gibberellins (GAs) and ethylene, as well as with other hormones

Introduction

several plant developmental stages, from hypocotyl elongation such as auxins, has been demonstrated (Achard et /., 2003;
and the formation of the apical hook to the determination of Fu & Harberd, 2003; Vriezen et al., 2004; De Grauwe et 4l.,
leaf and shoot form, tropic and nastic movements of the shoot, ~ 2007). DELLA proteins, which act as nuclear repressors of
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GA signalling, appear to be key integrators in the GA—ethylene
crosstalk. They are members of the GRAS family of trans-
criptional regulators — gibberellin insensitive (GAI), repressor of
gal-3 (RGA), and SCARECROW — which are characterized
by the conserved N-terminal (DELLA) domain (Richards et 4.,
2001). In Arabidopsis, the DELLA family comprises GAI,
RGA and RGA-like 1/2/3 (RGL1/2/3) (Peng et al., 1997;
Silverstone et al., 1998, 2001; Lee etal, 2002; Wen &
Chang, 2002). These proteins are rapidly destabilized after GA
treatment through degradation by the 26S proteasome
(Silverstone ez al., 1998; Dill & Sun, 2001; Fu ez al., 2002).
The destabilization is an effect of polyubiquitination and
subsequent degradation by means of the ubiquitin
proteasome system involving the Skp1/cullin/F-box (SCF) E3
ubiquitin ligase enzyme complex. In Arabidopsis, DELLA
proteins are targeted for degradation by the F-box protein
Sleepy 1 (SLY1) (McGinnis ez al., 2003; Dill ez al., 2004; Fu
et al., 2004), binding to which is enhanced by interaction
with the soluble GA receptors gibberellin-insensitive dwarf
la/b/c (AtGID1a/b/c) in the presence of GA (Griffiths et 4l.,
2006; Nakajima eral, 2006). The N-terminal DELLA
domain is required for binding of the DELLA proteins to the
GA-GID1 complex (Griffiths ez al., 2006).

Ethylene has been shown to delay the disappearance of a
green fluorescent protein (GFP)-RGA fusion protein from
root cell nuclei via a constitutive triple response 1 (CTR1)-
dependent signalling pathway (Achard et 4/., 2003). Further-
more, ethylene was shown to control the maintenance and
exaggeration of the apical hook by modifying DELLA deg-
radation (Achard ez al., 2003; Vriezen et al., 2004). More
recently, it was demonstrated that active ethylene signalling
results in decreased GA content, thus stabilizing DELLA
proteins (Achard ez al., 2007). Hence, ethylene appears to affect
DELLA stability primarily via changes in GA concentrations.

In order to reveal how the modulation of ethylene and GA
pathways affects global plant growth, the effects of simultaneous
alterations in these pathways were assessed at the whole-plant
level. In this work, we present the characterization of the
gibberellin-insensitive (gai), ethylene-overproducing 2-1
(¢t02-1) double mutant, which is negatively affected in GA
signalling and positively affected in ethylene biosynthesis.
These two effects (reduced GA signalling and enhanced ethylene
accumulation) both limit cell expansion. The (semidominant)
gain-of-function mutant gai encodes a protein lacking a
segment of 17 amino acids from close to the N-terminus, result-
ing in a reduced response to GAs which cannot be rescued by
application of the hormone, as well as an elevated endogenous
GA concentrations. The latter arises from loss of feedback
regulation, inducing transcription of GA-biosynthesis genes
(GA 20-oxidase and GA 3B-hydrolase) (Talon et al., 1990;
Cowling ez al., 1998). The ethylene-overproducing eo2-1 mutant
has a single base pair insertion, disrupting the C-terminal 12
amino acids of 1-aminocyclopropane-1-carboxylic acid (ACC)
synthase 5 (ACS5), one of the nine ACS genes in Arabidopsis
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(Vogel et al., 1998; Chae & Kieber, 2005). The C-terminal region
is necessary for proteolytic targeting of ACS5 in wild type;
hence, the truncated form of ACS5 in ew2-1 is more stable.
Although dark-grown seedlings produced approximately 20
times more ethylene than the wild type, adult tissues from
eto2-1 mutants and light-grown ez02-1 seedlings had a concentra-
tion of ethylene that was only slightly higher than that of wild-type
tissues (Vogel ez al., 1998). Therefore, both the developmental
stage and the presence of light appear to affect ACS5 activity.

In order to determine the combined effects of the gai and
eto2-1 mutations, the growth and development of the double
mutant were compared with those of the single-mutant parents
and the wild type throughout the entire life-cycle, from hypo-
cotyl growth until flowering. Root and shoot growth were
assessed by 77 vivo imaging, revealing an enhanced shoot:root
ratio in the double mutant. Growth inhibition seems to be
synergistic in the double mutant, as does floral induction.
In addition, ethylene and GA concentrations were measured
in all genotypes. Our results indicate that altered GA sensitivity
in the gai et02-1 double mutant, which has an elevated GA
content as a consequence, may cause the observed growth alter-
ations through changes in ethylene responsiveness.

Materials and Methods

Plant material and growth conditions

Wild-type Columbia (Col-0) Arabidopsis thaliana (L.) Heynh.
was obtained from the Nottingham Arabidopsis Stock Centre.
The Arabidopsis mutants efo2-1 and gail were obtained
from the Arabidopsis Biological Resource Centre at Ohio
State University. Because ezo2-1 is in the Columbia and gail
in the Landsberg erecta (Ler) background, gail was crossed
four times with Col-0 to obtain a ga/ mutant theoretically
containing > 93% Columbia genotype. This gai mutant was
used in all experiments and subsequent crosses.

Except for the hypocotyl measurements and the flowering
time experiment, all plants were grown on Murashige and Skoog
(MS)/2 medium +1% sucrose. Seeds were imbibed at 4°C for
2 d. Plantlets were grown in continuous light at 21°C, and at
a photosynthetic photon flux density of 75 pmol m™s7!. For
hypocotyl measurements, seedlings were grown on low nutrient
medium (LNM; Smalle ez 4., 1997) at 22°Cin 16 h light : 8 h
dark, and with a photosynthetic photon flux density of
54 pmol m™ s7!. ACC, aminoethoxyvinylglycine (AVG) and
GA, were purchased from Sigma (St Louis, MO, USA). AVG
at a concentration of 1 pum (dissolved in water) and a variable
concentration of ACC or GA; (dissolved in ethanol) were
added to the medium. Seeds were imbibed at 4°C for 2 d. Dark-
grown seeds were grown at 22°C, after 2 h of exposure to white
fluorescent light (130 pmol m™ s7!) to stimulate germination.

For the flowering time experiment, seeds were sown directly
on Jiffy’s (Jiffy, Drobak, Norway) and watered with 50 ml/
100 1 Wuxal super 8-8-6 (OptimAgro, Diegem, Belgium)
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nutrients. Plants were grown on soil at 22°Cin 16 h light : 8 h
dark, at a photosynthetic photon flux density of 54 pmol
m~2s7!. Ethylene treatments were essentially as described
previously (Achard ez al., 2006; treatments with 1 ppm ethylene
(Air Liquide, Li¢ge, Belgium)).

The same conditions were used to grow plants for GA
measurements with a photosynthetic photon flux density of

130 pmol m—2 7.

Construction of the gai eto2-7 double mutant

gai (Col-0 background) was crossed with ezo2-1. Dark-green
plants with a triple response in the absence of ethylene were
selected from the F2. Double-homozygous individuals were
identified from this population by analysing the F3. Homozy-
gosity for gai was confirmed by PCR amplification of a DNA
fragment using the oligonucleotides gaifwl: 5'-ATGAAGAA-
GACGACGGTAATGG-3" and gairevl: 5-TAGCGAAC-
TGATTGAGAATCGC-3" in a PCR reaction consisting of 30
cycles of 30 s at each of 95, 50 and 72°C. DNA from homo-
zygous gai plants led to the production of a 239-bp fragment,
whereas DNA from plants heterozygous for gai yielded two
fragments, one of 290 bp and one of 239 bp. ez02-1 homo-
zygosity was checked by a DNA restriction digestion: as only
mutated plants contain an Aval or Smal site in AtACS5, PCR
was performed, using the oligonucleotides ACS5-1: 5’-GAA-
GCAGAGCTTGACCTCTGG-3" and ACS5-2: 5-GTTC-
GTCGTCTCAAACTTAGGG-3’ and the fragments obtained
were digested using Aval. Wild-type plants contained one
fragment of 327 bp, homozygous ez02-1 plants showed two
bands, one at 255 bp and one at 72 bp, and heterozygous plants
yielded all three fragments. As a final control, sequences of
double-homozygous plants were checked.

Root growth measurements

An initial root growth experiment was performed on plants
grown on vertical plates, and root length was scored every 24 h.
Hypocotyl and root lengths were measured as described by
Smalle ezal. (1997), using a Stemi SV 11 microscope (Zeiss,
Cologne, Germany). Plants were photographed and hypocotyls
were measured using IMAGE] (http://rsb.info.nih.gov/ij/). At 8
and 15 d after germination, primary lateral roots were counted.
Kinematic analyses were performed 8 or 15 d after germina-
tion of vertically placed seedlings. For this purpose, a series of
overlapping time-lapse images were obtained that covered the
entire growth zone using a X5 lens on a vertically oriented
microscope (Axiolab; Zeiss) with a charge-coupled device
camera connected to a PC fitted with a Scion LC3 framegrabber
board and ScioNIMAGE software (Scion, Frederick, MD, USA).
For each treatment, at least three replicate roots were imaged
nine times at 10-s intervals. The image stacks obtained were
used for calculation of velocity and strain rate profiles using
RooTrLoWRT software (van der Weele et 4l., 2003).
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Shoot growth measurements

For the analysis of shoot growth, plants were grown on hori-
zontal plates for 15 d. A chlorophyll fluorescence imaging
system was used to measure leaf expansion. The system consists
of a miniature black and white CCD camera with < 0.1 Lux
sensitivity, fitted with a cut-off high-pass surrounded by a ring
of six small halogen lamps, shielded by a blue cut-off low-pass
filter (Scott BG-39; Scott, Lancashire, UK) to provide excitation
light below 650 nm (Chaerle ez a/., 2004). Arabidopsis plants
were illuminated with 250 pmol m~2 57! blue light for 1 s;
subsequently the chlorophyll fluorescence image was captured.
At the start of the experiment, the robotized measuring system,
which carries out the chlorophyll fluorescence imaging, was
programmed to obtain images of all seedlings. Subsequently,
images were captured automatically at intervals of 6 h. The
ImaGe] area calculator plug-in was used to quantify leaf area,
using the same threshold for all images.

Shoot:root ratios

Plants were grown on horizontal plates. After 8, 10, 12 or 15 d,
shoots and roots were separated and pools of at least 10 plants
were blotted between tissue paper, dried under pressure for
4 d at room temperature and weighed (Narang ez a/., 2000)

Ethylene emanation

For ethylene measurements, a minimum of 20 seeds were
sterilized and sown in 10-ml glass vials (Chrompack, Middle-
burg, the Netherlands), containing 5 ml of MS/2 medium,
and sealed with white gas-porous tape (Urgopore, Chenoves,
France). Plants were grown in continuous light conditions as
described in the section ‘Plant material and growth conditions’
above. After 8 and 15 d, respectively, the vials were capped with
a gas-tight seal. After 75 min of accumulation, the ethylene
emanation was measured. Ethylene analysis was carried out
on an ETD-300 laser-based photo-acoustic ethylene detector
equipped with a valve control box (Sensor Sense, Nijmegen, the
Netherlands). Data acquisition was performed with OrRIGINPRO
7.5 software (OriginLab Corporation, Northhampton, NH,
USA). Three independent series of experiments were carried
out with at least three measurements each.

GA content

Samples corresponding to approx. 0.2 g fresh weight were
first homogenized in liquid nitrogen with a mortar and pestle,
and thereafter extracted in 3 ml of 80% methanol with 0.02%
diethyl dithiocarbamate as antioxidant with vigorous shaking
for 2 hat 4°C. Deuterated GAs ([17,17-*H,]GA) were added
as internal standards (provided by Professor L. Mander,
Australian National University Canberra, Australia) before
extraction. The mixture was centrifuged at 700 g for 10 min at
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4°C. The supernatant was transferred into Kimble tubes and
dried under reduced pressure. The pellet was redissolved in
50 pl of methanol. Hexane (300 pl) was added and the mixture
was applied to a Silica (1 g) Isolute cartridge (Sorbent AB, V.
Frolunda, Sweden) previously conditioned with hexane and
balanced with hexane/ethyl acetate (80 : 20). The column
was washed with hexane/ethyl acetate (80 :20) and GAs
were eluted with methanol containing 1% acetic acid. The
methanol eluate was dried and, after methylation with ethereal
diazomethane, the samples were subjected to reverse-phase
high-performance liquid chromatography (HPLC).

The HPLC system consisted of a Waters model 600 pump
(Waters Associates, Milford, MA, USA) connected via a Waters
717 autosampler to a 4-pm Symmetri C 4 column (150 mm
% 3.9 mm i.d.; Waters Associates). The mobile phase was a
20-min linear gradient of 30—100% methanol in 1% aqueous
acetic acid at a flow rate of 1 ml min~!. Five fraction corre-
sponding to the GAs of interest were dried, and after evapo-
ration trimethylsilylated in 20 pl of dry pyridine:BSTFA:
trimethylchlorosilane (50 : 50 : 1, volume/volume (v/v)) at
70°C for 30 min. The derivatization mixture was then reduced
to dryness and dissolved in 15 pl of heptane. Samples were
injected in the splitless mode into an HP 5890 gas chromato-
graph (Hewlett Packard, Palo Alto, CA, USA) fitted with a
fused silica glass capillary column (30 m long, 0.25 mm i.d.)
with a chemically bonded 0.25-pm DB-5MS stationary phase
(J & W Scientific, Folsom, CA, USA). The injector temper-
ature was 270°C. The column temperature program varied
depending on which GA was being analysed. The column
effluent was introduced into the ion source of a JMS-SX/
SX102A mass spectrometer (JEOL, Tokyo, Japan). The inter-
face temperature was 270°C and the ion source temperature
250°C. The acceleration voltage was 10 kV, and ions were
generated with 70 eV at an emission current of 500 pA. For
quantification, samples were analysed in selected reaction
monitoring mode (SRM) (Moritz & Olsen, 1995). All data
were processed using a JEOL MS-MP7010 data system.

Real-time quantitative PCR (qPCR)

Total RNA was isolated using an RNeasy Plant Mini Kit
(Qiagen, Venlo, the Netherlands). Total RNA (3 pg) was
treated with DNasel (Turbo DNA-free kit; Ambion, Austin,
TX, USA) and 0.5 pg was used as a template to synthesize
cDNA using the SuperScript III Platinum Two-Step qRT-PCR
Kit with SYBR Green (Invitrogen, Paisley, UK). Gene-specific
primers were designed using Primer Express version 2.0
(Applied Biosystems, Foster City, CA, USA) or GENOPLANTE
spaDs software (http://urgi.infobiogen.fr/tools/spads/) and are
listed in Supplementary Material Table S1. PCR reactions were
performed on an ABI 7500 Real Time PCR System (Applied
Biosystems) using Platinum SYBR Green qPCR SuperMix-
UDG reagents (Invitrogen), according to the manufacturer’s
specification, with the cDNA equivalent of 10 ng of RNA in
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a 25-pl reaction volume. Reactions were performed in triplicate
and the absence of genomic DNA and primer dimers was
confirmed by analysis of reverse-transcriptase (RT)-minus
and water control samples and by examination of dissociation
curves. Analysis of the amplification curves with LiNREG
software (Ramakers ez 4/., 2003) showed that the efficiency of
each PCR primer pair was above 0.95. Data were normalized
using ubiquitin conjugating enzyme (UBC) transcripts as the
reference; there was no sign of regulation of UBC in any of the
mutants. Relative quantities were calculated with QBaSE version
1.3.4 software (http://medgen.ugent.be/qbase/), taking the
estimated efficiency of each primer pair into consideration.

Results

gai and eto2-1 mutations affect root growth rates

Roots of gai, eto2-1 and gai eto2-1 mutants, grown on vertical
plates for 17 d, grew more slowly than wild-type roots, indica-
ting that root growth is influenced by the mutations in both
the ethylene and the GA pathways (Fig. 1a). Although the
velocity of growth was greatest for wild type, the growth patterns
of Col-0, gai and ez02- 1 were comparable, showing acceleration
in growth rate until 8 d after germination (DAG), after which
a plateau was reached (no significant differences between two
consecutive measurements were noted in any of these genotypes
from day 8 onwards; Student’s #test: 2> 0.01). In contrast,
roots of gai eto2-1 showed the same acceleration in growth in
young seedlings, but after reaching maximum growth at
8 DAG, their growth rate dropped drastically (Fig. 1a).
Moreover, as the growth rate at 15 DAG was reduced to 93%
of the wild-type rate for gas, and to 64% for et02-1 and 30%
for the double mutant, this suggests that the ga7 and ez2-1
mutations have a synergistic effect on root growth at this stage
of development.

To examine the observed differences in growth rate at the
cellular level, a kinematic analysis at different stages of plant
development was performed. As 8 DAG seems to be crucial in
the development of gai eto2-1, this stage was analysed in more
detail, as was growth at 15 DAG, when most lines are growing
at relatively constant rates. Both velocity and relative (strain)
rates of cell expansion along the elongation zone were calculated
using RooTELOWRT software (van der Weele ez /., 2003).
The velocity profile typically follows an S-shape curve, with slow
rates at the tip, followed by a region of rapid increase, and
finally a constant rate in the remaining, mature part of the root.
This constant rate equals the growth rate of the root. The
derivative of this curve reveals local rates of cell expansion
(Fig. 1b).

Results shown in Fig. 1(a) indicate that, at 8 DAG, roots
of Col-0 had the highest growth rate, followed by roots of
gai and gai eto2-1, which showed no significant differences
(Student’s #-test: P = 0.2346), while ezo2-1 was growing most
slowly. These results are confirmed by the kinematic data
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Fig. 1 Kinematic analysis of root growth of Columbia (Col-0), and gibberellin-insensitive (gai), ethylene-overproducing 2-1 (eto2-7) and gai

eto2-7 mutants. Arabidopsis seedlings were grown on vertical plates in continuous light. (a) Root length was measured every 24 h. Graphs show
additional growth in 24 h until 17 d after germination (DAG). Line graphs superimposed on the bar graphs of mutants represent the Col-0 root
growth; error bars represent + SD. (b) Profiles of velocity and relative rates of cell expansion of 8- and 15-d-old seedlings, measured from the

quiescent centre (QC). Graphs represent averages of at least five plants.

obtained in the RooTrLOowWRT analysis (Fig. 1b). At 15 DAG,
the growth of gai increased to the wild-type level, while the
growth rate of gai ero2-1 decreased to a level below that of
er02-1, as observed in Fig. 1(a,b). Typically, the length of the
growth zone of in wvitro grown roots increases over time
(Beemster & Baskin, 1998). Consistent with this, as the max-
imum in cell expansion rate was shifted, the growth zone was
increased between 8 and 15 DAG for gai and Col-0. The
enlargement of the elongation zones of gai eto2-1 and er02-1

New Phytologist (2008) 177: 128-141

was minimal, which is in agreement with the total root length
and growth rate results.

Differences in root growth rates are attributable to cell
elongation, not cell division

For a more detailed view of root development, roots of all
mutants were studied in their totality as well as at the cellu-
lar level at the stages already mentioned (8 and 15 DAG).
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Fig. 2 (a) Biometric analysis of roots of 8-d-old (open bars) and 15-d-old (closed bars) Arabidopsis Columbia (Col-0), gibberellin-insensitive (ga/),
ethylene-overproducing 2-1 (eto2-7) and gai eto2-1 seedlings grown in continuous light. Top left panel, total root length; top middle panel,

cell length; top right panel, cell width. Bottom left panel, root elongation rate; bottom right panel, cell production rate. In all graphs, error bars
represent + SD. (b) Microscope images of mature cells of 8-d-old (upper row) and 15-d-old (lower row) seedlings. Bars, 40 um. Pictures were

taken of epidermal cells just above the root-hair elongation zone.

Measurements of the root lengths showed that the roots of ga:
eto2-1 were initially intermediate between the roots of the
two single mutants but had the same length as ez02-1 roots
at 15 DAG (Fig. 2a). Because of the faster growth of et02-1
at this stage (Fig. 1a,b), the gai et02-1 root became clearly the
smallest after 17 d (data not shown).

To assess the effects of the mutations on growth of individual
cells, mature cell lengths were measured at 8 and 15 DAG
(Fig. 2a). These data showed the exact same patterns as data
for the total root length and growth rates of the same plants.
Measurements of the root cell width did not show this pattern,
suggesting that the difference in total root length is mainly
attributable to a change in longitudinal cell expansion. As root
elongation is proportionate to the mature cell length and to
the cell production rate, the latter could be calculated. These
results indicate that, at 8 DAG, the differences in cell production

© The Authors (2007). Journal compilation © New Phytologist (2007) www.newphytologist.org

rate were rather small among all phenotypes. At 15 DAG, the
cell production rate of Col-0 and ez02-1 accelerated, while
that of gai was still comparable with that at 8 DAG. The cell
production rate of gai eto2-1 dropped after 15 DAG (Fig. 2a).
These data show that the reduced root length of gai ez02-1 is
caused by a combination of inhibition of cell elongation and
cell production.

Effects on lateral root formation

It is possible that the enhanced root phenotype noted in gas
eto2-1 is a result of a loss of primary-root dominance, thereby
enhancing lateral root development. To determine whether
lateral root formation was changed in the double mutant,
the number of lateral roots was examined at 8 and 15 DAG
(Fig. 3).

New Phytologist (2008) 177: 128-141
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Fig. 3 Analysis of lateral roots of 8-d-old (open bars) and 15-d-old
(closed bars) Arabidopsis Columbia (Col-0), gibberellin-insensitive
(gai), ethylene-overproducing 2-1 (eto2-1) and gai eto2-1 seedlings
grown in continuous light. (a) Number of lateral roots (primary
branching). (b) Relative number of lateral roots, expressed as number
of lateral roots (LR) per cm of primary root. Error bars, + SD.

In terms of absolute number of lateral roots, there were not
many differences between the plants at 8 DAG as compared
with 15 DAG. At 8 DAG, the number of lateral roots was
smallest for ezo2-1, followed by the double mutant, gz and
Col-0, respectively. At 15 DAG this order was maintained,
but the differences between ez02-1 and gai eto2-1 and between
Col-0 and gai were no longer significant (Student’s #test,
P>0.01) (Fig. 3a).

When the number of lateral roots was expressed on a per
cm basis to take into account differences in primary root length,
a comparable result as for the absolute number of lateral roots
was observed at 8 DAG. At 15 DAG, however, the number of
lateral roots per cm was comparable for all mutants (Fig. 3b).
As er02-1 and gai eto2-1 have smaller roots than wild type and
gai, these results indicate that the ez02-1 background causes a
greater production of lateral roots between 8 and 15 DAG. As
comparable lateral root formation was seen in gai et02-1 and
eto2-1, this phenotype could not be responsible for the relative
reduction in growth rate of the roots in the double mutant. In
addition, measurement of lateral root length showed that gaz
er02-1 did not have longer lateral roots as compared with the
single mutants or the wild type (data not shown).

Both eto2-7 and gai are affected in shoot growth

Another possible explanation for the reduced root growth rate
noted in the double mutant could be that, at a certain stage,
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the plant allocated more energy towards shoot development,
thereby neglecting root growth. To determine whether shoot
growth is also altered in the double mutant, shoots of plants
grown on horizontal plates in continuous light were imaged
every 24 h until 15 DAG (Fig. 4). Based on these top-view
pictures, shoot enlargement was calculated on a daily basis.
Although the growth rate was highest in Col-0, shoots of wild
type and both single mutants developed in a similar manner:
the increment in shoot growth increased every day, with a large
enhancement at around day 12. By contrast, shoot enlargement
of gai eto2-1 reached a maximum at 10 DAG and remained
stable until 12 DAG, after which it dropped severely (Fig. 4a).
As for total root length (Fig. 2), the surface area of gai ez02-1
shoots at 15 DAG was smaller (19% of the wild-type value)
than that of both single mutants (ez02-1 being larger than gas;
respectively, 45 and 39% of the wild-type value), while Col-0
developed the largest shoots (Fig. 4b,c). These data indicate that
the gai and ef02-1 mutations also have a synergistic effect on
shoot growth.

To further assess the relationship between root and shoot
growth, the dry weights of shoots and roots were compared at
some critical time-points (8, 10, 12 and 15 DAG). Figure 5
shows that the shoot:root ratio of Col-0 and ga7 did not vary
much during the time-course. By contrast, the shoot:root
ratio for both ez02-1 and gai er02-1 was increased at 15 DAG.
However, the shoot:root ratio of ez02- 1 remained stable until day
12 and increased only at day 15. For gai eto2-1, the shoot:root
ratio started to increase at 9 DAG, reaching a maximum after
10 d and remaining at the same value thereafter (Fig. 5). In
conclusion, these results indicate a redirection of the energy of
the plant to shoot growth in gaz er02- 1, which causes suppression
of root development.

Floral transition is significantly delayed in gai eto2-1

To assess whether the observed alteration in shoot growth has
an influence on floral behaviour, flowering time in long day
(LD) conditions was recorded as days to flowering and as number
of leaves in the vegetative rosette to bolting, both in an
ethylene-free and in an ethylene-enriched environment
(Fig. 6a). Ethylene has been shown previously to delay
flowering of wild-type plants (Achard ez al., 2006). All mutants
were significantly delayed as compared with wild type when
grown without ethylene (3, 19 and 17 d for ez02-1, gai eto2-1
and gai, respectively, corresponding to 5, 20 and 15 leaves
more than the wild type upon bolting). As for the wild type,
ethylene caused a further delay in floral induction (11, 23 and
14 d, corresponding to 10, 22 and 14 leaves for er02-1, gai
et02-1 and gai as compared with the respective untreated
controls). However, when the relative increase in bolting
time was considered (Fig. 6b), the delay was most severe in
the wild type. Surprisingly, the relative increase was larger in
gai eto2-1 than in either of the single mutants, when expressed
both as days to flowering and as number of leaves at bolting,
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indicating that; although the ga7 mutation is the major contributor
to the late-flowering phenotype, the observed effect on floral
delay upon ethylene treatment is caused by a combination of
the two mutations. In addition, when ethylene emanation of
bolting plants was measured (Supplementary Material Fig. S1),
a significantly higher production was noted in gai er02-1 as
compared with that in the gz/ mutant.

The total length of the inflorescence was measured in adult
plants (55 DAG) (Supplementary Material Fig. S2). The results
show that the total length of gai et02-1 was significantly lower
than that of the single mutants (Student’s #test, 2 < 0.01).
Thus, an additive effect in inflorescence length was seen in the
gai eto2-1 mutant compared with both single mutants.

The enhanced ethylene production of eto2-17 is
suppressed in the gibberellin-insensitive background
of the double mutant

As ethylene is known to reduce cell expansion (Kieber ez 4/.,
1993; Rodrigues-Pousada ez al., 1993) and to confirm the effect
of eto2-1 on ethylene production, we measured ethylene emana-
tion from single and double mutants (Fig. 7). Despite an earlier
report that light-grown ez02-1 produces ethylene at concen-
trations no more than 30% above those of the wild type (Vogel
et al., 1998), we reproducibly found a 4-fold higher ethylene
emanation in the e02-1 mutant as compared with Col-0. In
contrast, no differences were found in ethylene emanation
between the wild type and the gzi mutant. Remarkably, the
enhanced ethylene production caused by the ez02-1 mutation
was not seen in the ga7 eto2-1 double mutant.

Enhanced responsiveness towards ethylene may
explain the gai eto2-1 phenotype in the light

As the synergistic growth inhibition phenotype of gai ero2-1
roots could not be explained by an enhancement of ethylene
production, ethylene responsiveness was assessed in a hypocotyl
elongation assay in light- and dark-grown seedlings. Application
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of ethylene or its precursor ACC causes hypocotyl elongation
in the light and inhibition of hypocotyl growth in the dark
(Smalle ez al., 1997). To exclude the influence of endogenous
synthesis of ethylene, an ethylene-biosynthesis inhibitor, amino-
ethoxyvinylglycine (AVG), was added to the medium, together
with an increasing concentration of ACC, and plants were
grown for 8 d in long-day conditions (16 h light/8 h dark)
(Fig. 8). The dose—response curve shows that the gai et02-1
double mutant had an enhanced ethylene response, indicated by
longer hypocotyls at low concentrations of ACC (0.1-0.5 pm),
when compared with the wild-type and both single mutants.
This tendency of enhanced responsiveness at low ACC concen-
trations (up to 0.1 pm) was also found when silver thiosulphate
was used to block ethylene action (data not shown). In darkness,
however, no difference in responsiveness was observed (data
not shown).

GA production is enhanced in young seedlings of the
double mutant

In addition to the ethylene-production measurements, the
GA content of seedlings (13 DAG) was analysed (Fig. 9). These
results indicated that the active form GA, and its biosynthetic
precursor GA, ; (non-13-OH pathway) accumulated to higher
concentrations in the double mutant compared with the
other genotypes. The content of GA,, the direct precursor of
GA,and GA,;, an inactive GA metabolite, were as high in the
double mutant as in gai, but both were higher than in the wild
type and in ez02-1 (Fig. 9). None of the GA species derived from
GAs; (the 13-OH pathway) showed a clear difference among
the wild type and the single and double mutants, except for the
inactive GAg, which was higher in ga7 and the double mutant.

In rosette-stage plants (the eight-leaf stage), the same patterns
were seen as in seedlings, except that the GA, content of gai
eto2-1 was not as high as the content measured in seedlings
(Supplementary Material Fig. S3).

Enhanced GA production is partially confirmed by
expression patterns of GA-biosynthesis genes

In addition to analysis of GA content, expression patterns of
well-described GA-biosynthesis genes were analysed in plants
of the same age, 13 DAG (Fig. 10). For enscopalyl diphosphate
synthase (CPS), which catalyses the first step of GA biosynthesis
(Sun ez al., 1992), expression was highest in gai. Transcript
levels of gibberellin-20-oxidases (GA200x) were much increased
in both gai and gai eto2-1. Apart from GA20ox1, expression
of these genes was lower in ez02-1 than in wild type. For GA3ox1,
expression in the ethylene-overproducing mutant was slightly
higher than in the wild type; however, both products accumu-
lated to levels far below those found in ga7 and in the double
mutant. The two GA20x genes analysed showed a similar pattern,
with the highest expression in Col-0 and no significant
differences among all mutants (Fig. 10).
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Fig. 7 Ethylene emanation (pg C,H, g™

FW min~") from 8- and 15-d-old Arabidopsis
Columbia (Col-0), gibberellin-insensitive
(gai), ethylene-overproducing 2-1 (eto2-17)
and gai eto2-1 seedlings. Plants were grown
in 10-ml cuvettes in continuous light. Error
bars represent + SD. Different letters
represent significantly different values
(Student's t-test: P < 0.001): the same letters
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GA responsiveness is comparable between gai eto2-17
and eto2-1

We further analysed differences in GA responsiveness among
the different genotypes. To that end, the hypocotyl elongation
of light-grown seedlings in response to GA was measured. Plants
were grown for 8 d in long-day conditions (16 h light: 8 h
dark) in a medium supplemented with various concentrations
of GA; (Fig. 11). The results show that the double mutant
significantly responded to GA treatment, in contrast to gas,
which was insensitive to applied GA.
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Discussion

The phenotypic plasticity of a plant is achieved by integration
of environmental and internal signals, collectively orchestrating
output at the transcriptome and proteome level, resulting
in an optimal growth response (Vandenbussche & Van Der
Straeten, 2004). Several of these responses involve crosstalk
between the ethylene and GA signalling pathways. The most
conspicuous example of such an interaction is the extension
growth of deepwater rice (Oryza sativa) upon submergence
(Kende et al., 1998; Vriezen et al., 2003). In addition to
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of Columbia (Col-0), gibberellin-insensitive (gai), ethylene-
overproducing 2-1 (eto2-7) and gai eto2-1. Plants were grown under
long-day conditions until 13 d after germination. Error bars, + SD.

stress-induced responses, ethylene and GAs also concertedly
control germination (Karssen et al., 1989; Ogawa ez al., 2003;
Chiwocha et al., 2005), cell elongation in hypocotyls (Collett
et al., 2000; Saibo et al., 2003) and roots (Achard ez 4/., 2003),
formation of stomata (Saibo ez /., 2003) and maintenance of
the apical hook (Achard ez al., 2003; Vriezen et al., 2004).
More recently, evidence was found for a role of ethylene in
floral transition (Achard et 4/., 2006, 2007). It was shown that
ethylene causes a delay in flowering time in wild-type
Arabidopsis and that this effect is almost entirely abolished in
a quadruple loss-of-function DELLA mutant (rga-24 gai-16
rgll-1 rgl2-1) (Achard er al., 2000).

In this study, we have tried to extend our understanding of
interactions between the ethylene and GA pathways by analysis
of growth and development of the gai ez02-1 double mutant.
Both single mutations lead to negative effects on growth.
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until 13 d after germination. Error bars, + SD. CPS, ent-copalyl
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Fig.11 Gibberellin (GA) dose-response curve for hypocotyl length of
8-d-old light-grown Arabidopsis seedlings. Wild-type and mutant
seedlings (gibberellin-insensitive (gai), ethylene-overproducing 2-1
(eto2-1) and gai eto2-7) were grown in long-day conditions (16 h
light : 8 h dark) on low-nutrient medium supplemented with an
increasing concentration of GA;. Graphs represent relative hypocotyl
length; error bars, + SD.

Temporal gene expression patterns and protein stability
determine the stage of development at which a mutant phe-
notype will be observed. In wild-type Arabidopsis, ACS5
(At5g65800) expression is very high at the seedling stage, but
drops dramatically after development of the first leaf (Schmid
et al., 2005; AtGenExpress: http://web.uni-frankfurt.de/fb15/
botanik/mcb/AFGN/atgenex.htm). In the efo2-1 background,
ACS5 mRNA accumulates to the same levels as in the wild
type, but, as a result of an increase in protein stability, ethylene
production and responses such as inhibition of cell elongation
are enhanced (Vogel et al., 1998). GAI (At1g14920) is highly
expressed during germination, but at 6 DAG its expression has
already decreased (Schmid et 4/., 2005); moreover, the mRNA
levels in gai were comparable to those in the wild type, while
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protein stability was enhanced (Peng ez 4l., 1997). Because of
the repressor character of GAI, increased protein stability leads
to a stronger inhibition of GA responses in the mutant. As GAs
are responsible for cell elongation, the lack of GA response
causes a dwarfed phenotype in the gzi mutant.

Combined gain-of-function mutations in both GAI and
ETO2 resulted in strong phenotypes at all stages of develop-
ment. Although at the seedling stage (until 8 DAG) the
double mutant behaved intermediate between the two single
mutants, the growth parameters of roots and shoots of older
plants (from day 8 onwards) indicated an additive or even
synergistic growth inhibition in gai ero2-1 (Figs 1, 4). One
possible cause for this double-mutant phenotype could be an
additional enhancement of ethylene biosynthesis by GAI.
However, measurements of ethylene emanation showed
that, in contrast to eto2-1, ethylene biosynthesis was not increased
in gai eto2-1. This observation implies that a functional GA-
response pathway is required for increased ethylene biosyn-
thesis in the ez02-1 single mutant. It further indicates that
the absence of active GA signalling caused by the dominant
gain-of-function mutation in GA/ negatively influences ethylene
biosynthesis in the double mutant. The nature of this interac-
tion remains to be investigated, but, as ero2-1 is affected in the
stability of the ACS5 protein, and ga7 has altered stability in
one of the DELLA proteins (Peng et al., 1997; Vogel et al.,
1998), it may occur at the protein level, possibly at the 26S
proteasome. Our findings support the existence of an addi-
tional mode of ACS degradation, which is not mediated by
ETO1. Whether or not this pathway is the same as the ETO1-
independent cytokinin-inhibited pathway suggested by Chae
& Kieber (2005) remains to be investigated. Alternatively, the
gai mutation could result in lower ACS5 (ez02-1) gene expres-
sion in the double mutant. In contrast to ethylene production,
the ethylene responsiveness of gai ez02-1 atlow concentrations
of ethylene was enhanced in the light as compared with both
the wild type and ez2-1 (Fig. 8). Although differential respon-
siveness was not found in darkness, double mutants displayed
a complete triple response in 4-d-old etiolated seedlings in the
absence of ethylene (data not shown). Taking these findings
together, it can be concluded that, despite the lower ethylene
production, the growth inhibition of the double mutant com-
pared with the ez02-1 single mutant may — at least in part — be
caused by enhanced ethylene responsiveness. However, as the
morphological phenotype of the enhanced ethylene response
is subtle, a more detailed analysis is required. To that end,
the expression of an ethylene-inducible reporter gene (e.g.
EBS::GUS; Stepanova ez al., 2007) in the presence of
different concentrations of ethylene could be compared in
the wild type and the single and double mutants at different
developmental stages.

The phenotype of the double mutant was either reminiscent
of that of one of the parental lines (ez02-1-like in lateral root
formation (Fig. 3), or gai-like in ethylene-emanation (Fig. 7)),
additive (in inflorescence length; Supplementary Material
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Fig. S2) or even synergistic (in shoot surface enlargement;
Fig. 4), indicating that the nature of the interaction between
ethylene and GA is both spatially and temporally dependent.
Ethylene was shown to antagonize the GA response by stabi-
lizing DELLA proteins, RGA in particular (Achard ¢z 4., 2003,
2006; Vriezen er al., 2004). However, recent evidence suggests
the existence of a DELLA-independent GA pathway. Cao
et al. (2006) demonstrated that, even in processes known to
be controlled in a DELLA-dependent way, such as seed
germination and floral development, only half of all GA-
response genes are regulated by DELLA proteins. Moreover,
within this group of genes, differences were observed related
to the developmental process, as a different set of genes was
influenced in germination compared with floral development.
It can therefore be speculated that stage-dependent forms of
ethylene—GA crosstalk may exist, either based on the descri-
bed interaction at the level of DELLA proteins, or on a DELLA-
independent mechanism. To test this hypothesis, it might be
interesting to study the expression pattern of both DELLA-
dependent and DELLA-independent GA response genes upon
GA treatment of ethylene mutants and a combination with
multiple DELLA loss-of-function mutants in parallel with wild
type or gal-3 mutants treated with GA in combination with
an ethylene action inhibitor, at several stages of development.

Communication between shoots and roots is a crucial factor
determining overall plant architecture. Although gai er02-1
had the smallest roots and shoots, the shoot:root ratio was the
highest for the double mutant (55 and 75% increase com-
pared with wild-type at 10 and 12 DAG, respectively; Fig. 5),
indicating stronger relative growth of the shoot as compared
with all other genotypes. The enhanced shoot:root ratio indi-
cates a redirection of the energy of the plant to shoot growth,
suppressing root development, as indicated by the decrease in
root growth rate from day 8 onwards. As more lateral roots
were produced in gai ero2-1 plants older than 8 d, aloss of pri-
mary root dominance was evident. Shoot growth reached a
maximum shortly thereafter (between days 10 and 12). Long-
distance source-to-sink transport of components such as sucrose
and cytokinins has been shown to be important in floral induc-
tion. Although there is no direct evidence yet, it is possible
that long-distance transport of GA is also important in these
processes (Bernier & Périlleux, 2005). Our observation that
the ethylene-induced delay in flowering was increased in the
double mutant as compared with both single mutants indicates
that an interaction between ethylene and GA pathways may be
involved in this process, although gai remains the major con-
tributor to delay in floral initiation.

Measurements of GA content showed clear differences in
gai eto2-1 as compared with both single mutants, especially for
GA, which is known to be the most active GA in the vegetative
stage of plant development in Arabidopsis (Hooley ez 4l.,
1991). It has been reported previously that the GA content in
gai is higher as a result of a feedback mechanism on GA bio-
synthesis (Talon ez a/., 1990; Phillips ez al., 1995; Xu ez al.,
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1995; Cowling ez al., 1998). The higher GA concentrations
in the gai single mutant and the double mutant were con-
comitant with higher expression levels of GA-biosynthesis
genes, supporting the feedback hypothesis. The enhanced
concentrations of GA, in the double mutant corresponded to
higher expression of the three GA20ox genes examined in
combination with higher expression of GA30x1. In the double
mutant, the enhanced responsiveness to ethylene could be
responsible for further stabilization of DELLA proteins,
hyperactivating the feedback mechanism, resulting in higher
bioactive GA concentrations. However, this was not reflected
in our expression analysis. In particular, the similar levels of
GA3ox1 and GA200x expression in gai and gai eto2-1 appear
inconsistent with the strong difference in GA; content in
these genotypes. However, in Arabidopsis, the GA 3-oxidase
family consists of at least four members (Hedden ez 4/., 2002),
so other GA30x genes may be responsible for the increased GA,
concentrations in gai eto2-1. Alternatively, another explanation
for this discrepancy might be found in a modulation of GA
enzyme stability by ethylene. Importantly, not only the con-
centration of bioactive GA, but also the GA response was
enhanced in gai er02-1 as compared with the gai single mutant.
This response may be controlled by a DELLA-independent
mechanism, or may suggest that the mutant form of GAl in ga7
er02-1 is subject to an ethylene-driven degradation mechanism,
probably by post-translational modification of the mutant
GAI protein.

In conclusion, our data indicate that the absence of an active
GA-signalling cascade suppresses the higher ethylene biosyn-
thesis seen in et02-1 while the responsiveness to ethylene is
slightly enhanced. The suppression of ethylene biosynthesis
in the double mutant suggests that the absence of active GA
signalling may affect the stability of ethylene-biosynthesis enzymes
in a negative feedback mechanism. The enhanced sensitivity
to GA in the double mutant indicates a reciprocal influence
of the two pathways on one another. This is also corroborated
by earlier data demonstrating that ACC enhances the activity
of the GA-biosynthesis gene GAI (Vriezen ez al., 2004).
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Supplementary Material

The following supplementary material is available for this article
online:

Fig. S1 Ethylene emanation from bolting plants (plants
forming a bolting stem of + 1 ¢cm): Columbia (Col-0) (16 d),
ethylene-overproducing 2-1 (er02-1) (18 d), gibberellin-
insensitive (gai) ero2-1 (22 d) and gai (22 d).

Fig. S2 Measurements of the total inflorescence length of
mature plants.

Fig. S3 Gibberellin (GA) concentrations in rosettes of
Columbia (Col-0), ethylene-overproducing 2-1 (er02-1),
gibberellin-insensitive (gai) er02-1 and gai.

Table S1 Primer sequences as used for real-time PCR

This material is available as part of the online article from
htep://www.blackwell-synergy.com/doi/abs/10.1111/
j-1469-8137.02263.x

(This link will take you to the article abstract.)
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