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RESEARCH COMMUNICATION

Gibberellins control fruit
patterning in Arabidopsis
thaliana

Nicolas Arnaud,' Thomas Girin,”> Karim Sorefan,>*
Sara Fuentes,” Thomas A. Wood,> Tom Lawrenson,’
Robert Sablowski,'* and Lars @stergaard®>~

!Cell and Developmental Biology Department, John Innes
Centre, Norwich, NR4 7UH, United Kingdom; *Crop
Genetics Department, John Innes Centre, Norwich,

NR4 7UH, United Kingdom

The Arabidopsis basic helix-loop-helix (PHLH) proteins
INDEHISCENT (IND) and ALCATRAZ (ALC) specify
tissues required for fruit opening that have major roles in
seed dispersal and plant domestication. Here, we show
that synthesis of the phytohormone gibberellin is a direct
and necessary target of IND, and that ALC interacts di-
rectly with DELLA repressors, which antagonize ALC
function but are destabilized by gibberellin. Thus, the
gibberellin/DELLA pathway has a key role in patterning
the Arabidopsis fruit, and the interaction between
DELLA and bHLH proteins, previously shown to connect
gibberellin and light responses, is a versatile regulatory
module also used in tissue patterning.

Supplemental material is available at http://www.genesdev.org.

Received May 14, 2010; revised version accepted August 9,
2010.

Development of the Arabidopsis fruit is a model system
for tissue patterning in plants and for understanding the
genetic control of seed dispersal, which has a key role in
crop domestication and improvement (Purugganan and
Fuller 2009). The fruit of Arabidopsis, oilseed rape, and
other Brassicaceae is a silique constituted of two valves,
protecting the seeds, fused to a central replum by a specific
tissue called valve margin (Fig. 1A; Ostergaard 2009). Valve
margins differentiate into narrow stripes of cells consisting
of a lignification layer (LL) and a separation layer (SL). This
specialized structure facilitates fruit opening and the
efficient release of the seeds: The SL secretes polygalactu-
ronase enzymes to degrade cell walls and allow cell sep-
aration, while the LL is believed to provide tension to
facilitate the opening mechanism (Petersen et al. 1996;
Spence et al. 1996; Mitsuda and Ohme-Takagi 2008). The
valve margin identity factors SHATTERPROOF (SHP1/2)
and INDEHISCENT (IND) are involved in the differentia-
tion of both the LL and SL (Liljegren et al. 2000, 2004),
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whereas ALCATRAZ (ALC) is required for SL specification
(Rajani and Sundaresan 2001). FRUITFULL (FUL) and
REPLUMLESS (RPL) genes, expressed in the valves and
replum, respectively, restrict the expression of valve mar-
gin identity genes to the valve margins (Ferrandiz et al.
2000; Roeder et al. 2003). Despite the identification of
these molecular actors, the precise role of valve margin
identity genes—and therefore the set of genes that they
control—remains to be elucidated.

Results and Discussion

IND directly activates a key gibberellin
biosynthesis gene

To investigate the role of IND in the patterning of valve
margins, we used a dexamethasone (DEX)-inducible ver-
sion of the IND gene translationally fused to the gluco-
corticoid receptor (GR) under the control of the CaMV35S
promoter (35S::IND:GR) (Sorefan et al. 2009). Global
transcriptomic profiling comparing DEX-induced and non-
induced plants was used to reveal putative targets of IND.
We observed that the gene GA30x1 was induced after 6 h
of DEX treatment compared with the internal control
UBQ10 (Fig. 1B). This result was confirmed using quanti-
tative PCR (qPCR) analysis (Supplemental Fig. S1A). We
then used cycloheximide to prevent de novo protein
synthesis and therefore reveal immediate IND targets
(Sablowski and Meyerowitz 1998). The DEX treatment
was still able to trigger the accumulation of GA3ox1
mRNA without active translational machinery, suggesting
that GA30x1 is an immediate target of IND (Supplemental
Fig. S1B). To investigate whether this regulation is direct,
we performed a chromatin immunoprecipitation (ChIP)
assay using the GR antibody followed by qPCR analysis.
GA30x1 was significantly enriched in DEX-induced
358 ::IND:GR plants compared with no DEX control (Fig.
1C), showing that GA30x1 was bound by IND:GR in vivo.

GA3ox1 encodes a Gibberellin 3-oxidase, which cataly-
ses the last step in the biosynthesis of bioactive gibberel-
lins (GA; and GA,) (Talon et al. 1990). GAs are important
regulators of plant growth through both cell division and
cell elongation (Hedden and Phillips 2000; Sun and Gubler
2004; Yamaguchi 2008). It has been shown that the ex-
pression pattern of GA3ox1 (and other members of the
GA3ox family) corresponds to the sites where active GAs
are produced (Itoh et al. 1999; Mitchum et al. 2006). To
confirm that endogenous IND participates in establishing
the GA3ox1 expression pattern, we used the AtGA3ox1
TC-GUS reporter, which has been validated previously
in a detailed analysis of GA30x1 expression in seedlings
(Mitchum et al. 2006; Hu et al. 2008). Examination of stage
15 gynoecia showed expression of AtGA30x1 TC-GUS in
valve margins and the septum (Fig. 1D,E; stages defined in
Smyth et al. 1990), overlapping with the expression pattern
of IND (Liljegren et al. 2004). Importantly, this specific
aspect of AtGA3ox1 TC-GUS expression depended on IND:
In the ind-1 mutant, expression was significantly reduced in
valve margins but remained comparable in the gynophore
(at the base of the developing fruit) (Fig. 1D). In conclusion,
the IND-dependent AtGA3ox1 TC-GUS expression, the
microarray, and the ChIP results together indicate that IND
directly activates GA30x1 in medial tissues of the fruit,
which include valve margins.
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Figure 1. The gibberellin biosynthetic gene GA3ox1 is a direct
target of IND. (A) Mature wild-type Arabidopsis fruit and schematic
cross-section showing the different tissues. The regulatory network
controlling the development of fruit tissues is also indicated.
Expression of the valve margin identity genes (IND, ALC, and
SHP1/2) is restricted to the valve margins by the FUL and RPL
activities in the valve and the replum, respectively. Bar, 1 mm. (B)
Transcript profiling assay using 7-d-old 35S ::IND:GR seedlings before
(—DEX) and after (+DEX) 6 h of DEX treatment, showing an increase
in GA3oxI mRNA accumulation in response to DEX treatment
compared with UBQ10 mRNA as internal control (n = 3). Error bars
represent standard deviation (SD). (C) ChIP showing the direct
interaction of IND-GR with the GA30x1 gene. DNA obtained from
pull-down with the GR antibody has been analyzed by qPCR using
specific primers for the GA3o0x1 gene. Values correspond to the
ratios between pull-down and input DNA, both initially normal-
ized to the Mu-like transposon. Values for four biological repeats
are represented. P-value, <0.01. (D) B-Glucuronidase expression of
AtGA3ox1 TC-GUS in young fruit (stage 15 according to Smyth
et al. 1990) in the wild type (WT) and ind-1 mutant (ind-1). Bar,
500 wm. (E) B-Glucuronidase expression of AtGA30x1 TC-GUS in
young fruit (stage 15) cross-sections in th wild type and ind-1 mutant
(ind-1). Bar, 100 pm.

Gibberellin is required for valve margin development

Fruit development involves extensive GA-activated cell
elongation, which is partially dependent on GA3oxI
(Koornneef and Van der Veen 1980; Chiang et al. 1995).
IND, however, is not required for fruit elongation (Liljegren
et al. 2004), raising the question of whether GAs might
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have additional roles during fruit development. To test
whether GAs have specific roles downstream from IND
during valve margin development, we first analyzed valve
margin morphology in the ga4-1 mutant. This mutant
contains a point mutation in the coding sequence of
GA3o0x1 (Koornneef and Van der Veen 1980; Chiang et al.
1995), and has reduced levels of bioactive GAs in the shoot
(Talon et al. 1990). Scanning electron microscopy (SEM)
showed that valve margins were not properly defined in the
ga4-1 mutant compared with the wild type (Fig. 2A,B). To
avoid the pleiotropic effects of gibberellin-deficient mu-
tants and reveal the consequences of lowering gibberellin
levels specifically in the valve margins, we also generated
PIND >> GAZ20x plants, in which the IND promoter di-
rected expression of the gibberellin-inactivating GA20x2
gene (Rieu et al. 2008). As observed with ga4-1, these plants
also showed valve margin defects (Fig. 2A,B), confirming
that localized gibberellin levels control differentiation of
valve margins.

To verify that the valve margin defects caused by
gibberellin depletion affected fruit opening, we developed
a random impact test (RIT) for quantifying shatter re-
sistance in Arabidopsis fruits (see the Materials and
Methods for details). Shattering measurements revealed
that the fruits of both the ga4-1 mutant and the pIND >>
GA20x transgenic line were more resistant to opening
than the Landsberg erecta wild type, which is too sensitive

Resistance to
impact test (sec)

20 |—|—|
o4l
WT ind-1 ga4-1  pIND>>GA20x

Figure 2. Low GA levels disrupt valve margin development and
inhibit fruit opening. (A) SEM images showing the base of Arabi-
dopsis fruit (stage 17b) of the wild type (WT), ind-1, ga4-1, and
pPIND >> GA20x. Bar, 50 pm. (B) SEM images showing a close-up of
valve margin and replum tissues. Pictures were taken in the middle
of an Arabidopsis fruit (stage 17b) of the wild type, ind-1, ga4-1, and
pIND >> GAZ20x. Bar, 50 pm. (C) Shattering quantification of wild-
type, ind-1, ga4-1, and pIND >> GA20x fruits. Values represent the
mean of three biological repeats (n = 3) (20 siliques each). Error bars
represent standard deviation (SD).
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for the assay to obtain a value greater than zero (Fig. 2C).
This shatter-resistant phenotype was confirmed using
another mutant allele for GA30x1, the ga4-3 mutant in a
Columbia background (Supplemental Fig. S2.). The pIND >>
GA20x transgenic line showed more pronounced shatter
resistance than the ga4-1 mutant, suggesting that other
members of the GA3ox family (Mitchum et al. 2006)
might contribute to gibberellin production during valve
margin formation. In agreement with this observation, ex-
pression of a gene encoding a GA30x2 enzyme (At1g80340)
was also found to be significantly up-regulated in re-
sponse to DEX induction in the transcriptomic profiling
described above (data not shown). In contrast to the partial
shatter resistance of ga4 mutants and the pIND >> GA20x
line, fruits of the ind-1 mutant never opened during the
analysis (Fig. 2C), confirming that fruit opening is pro-
moted by additional IND functions apart from activating
gibberellin synthesis (Sorefan et al. 2009). Nevertheless,
the results above showed that local production of gibber-
ellins promoted by IND is required for the differentiation
of fully functional valve margins.

Valve margin defects caused by low gibberellin
resemble the alc phenotype

Next, we used transmission electron microscopy (TEM) to
reveal in cellular detail how gibberellin depletion affected
valve margin development. In wild-type fruits, the LL and
SL were clearly recognizable: LL cells exhibited thick cell
walls, whereas SL cells were small and nonlignified (Fig.
3A,B) as described previously (Rajani and Sundaresan 2001;
Wu et al. 2006). Small SL cells were found directly adjacent
to the LL. In the ga4-1 mutant, cells forming the SL could
not be identified. Instead, larger cells resembling replum

Cell size (um?)
= N
o o

=T = N = T -]

WT  alc-1 gad-1 pIND>> alc-1
GA2ox gad-1

Figure 3. Low GA levels cause SL defects that resemble those of
the alc mutant. (A) Diagram (based on a mPS-PI/confocal image) of
the different cell layers in the wild-type valve margins: SL (orange)
and LL (red). (B,C) TEM images showing valve margin tissues (cross-
section) of the wild type (WT) (B) and ga4-1 mutant (C). SL cells are
marked with asterisks (*). (R) Replum; (V) valve. Bar, 10 wm. (D)
Quantification of cell sizes in the cell layer corresponding to the SL
in the wild type (n = 38), alc-1 (n = 46), gad-1 (n = 41), pIND >>
GA20x (n = 34), and alc-1; ga4-1 double mutant (n = 49). Error bars
represent standard deviation (SD).

Gibberellin controls seed dispersal

cells were found adjacent to the LL. The valve margin
defect observed in the ga4-1 mutant background is thus
due to the lack of a proper SL, whereas the LL appears to be
unaffected compared with the wild type (Fig. 3C). Since
IND is involved in the formation of both the SL and LL
(Liljegren et al. 2004), this result may explain why the
fruit-opening defects were less severe in ga4-1 compared
with ind-1.

To our knowledge, ALC is the only gene shown to be
specifically involved in the differentiation of the SL.
Interestingly, the valve margin phenotype of ga4-1 re-
sembles the alc-1 phenotype described by Rajani and
Sundaresan (2001). To compare quantitatively the cellular
defects seen in alc-1 and in plants with reduced gibberellin
levels, we analyzed optical cross-sections of Arabidopsis
fruits stained with a modified pseudo-Schiff propidium
iodide (mPS-PI) method (Truernit et al. 2008). Using this
technique, the SL is visible in the wild type as a layer of
small, thin-walled cells adjacent to the LL (Supplemental
Fig. S3). In contrast, the SL in the alc-1 mutant was not
differentiated, and large cells were located close to the ligni-
fied tissue as described previously (Rajani and Sundaresan
2001). Similar defects were seen in the ga4-1 mutant and
in the pIND >> GA20x transgenic line (Supplemental Fig.
S3). Measurement of the size of the cells directly adjacent
to the LL in the wild-type, alc-1, ga4-1, and pIND >>
GA20x transgenic lines confirmed that all three geno-
types had significantly larger cells at the site of separation
than the wild type (Fig. 3D). The similar phenotypes
suggested that ALC and GA3ox1 could act in the same
pathway to control SL differentiation. This was con-
firmed by generating the alc-1; ga4-1 double mutant:
The size of SL cells in the alc-1; ga4-1 double mutant
was not significantly different from SL cell size of alc-1
and ga4-1 single mutants (Fig. 3D).

Gibberellin releases ALC from DELLA repression
at the valve margin

ALC is a basic helix-loop-helix (bHLH) transcription
factor belonging to group VII, according to the bHLH
classification described by Heim et al. (2003). This group
also contains PHYTOCHROME-INTERACTING FAC-
TOR 3 (PIF3) and PIF4. In the absence of GA, PIF tran-
scription factors are prevented from activating their targets
through interaction via their DNA interaction domain
with the growth-repressing DELLA proteins, whereas the
presence of GA relieves this inhibition (de Lucas et al.
2008; Feng et al. 2008). Notably, ALC, PIF3, and PIF4 share
the same H-E-R motif in their DNA interaction domains
(Heim et al. 2003). To test if ALC could be regulated in
a similar manner, we analyzed the potential interaction of
ALC with DELLA proteins. Yeast two-hybrid experiments
revealed that ALC indeed interacts with the Arabidopsis
DELLA proteins GAI, RGA, and RGL2 (Fig. 4A; Supple-
mental Fig. S4A). In order to confirm this interaction in
planta, we performed bimolecular fluorescence comple-
mentation (BiFC) assays. Interaction between ALC and
RGA was again detected in nuclei of transiently trans-
formed Nicotiana benthamiana leaf cells (Supplemental
Fig. S4B).

Interaction with ALC in vivo would also be consistent
with the reported expression of GAI, RGA, and RGL2 in
flowers and siliques (Lee et al. 2002). To confirm that
DELLA proteins are expressed in the tissues where ALC
functions during valve margin formation, we analyzed in
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Figure 4. DELLA proteins interact with ALC and inhibit valve
margin development in the absence of GA. (A) Yeast two-hybrid
interaction using ALC as a bait and GAI, RGA, and RGL2 as prey.
(Top and bottom panels) Dilution series plated on selective medium
(—Leu Trp His Ade) and control medium (—Leu Trp), respectively. (B)
Projections of confocal sections showing expression of pRGA :: GFP-
RGA in medial tissues of stage 15 gynoecium: untreated (), treated
with 1 uM PAC (+PAC), or treated with 10 wM gibberellin (+GAj3) for
24 h. (C) SEM images showing the base of a stage 17b fruit of the gal-
3 mutant treated with 1 pM GA; (left panel) or 100 .M GA; (right
panel), and of the ga-3; rga-t2; gai-t6 triple mutant (middle panel).
Bar = 100 pm. (D) Model of DELLA-mediated control of ALC by
IND. IND induces GA biosynthesis via the direct activation of
GA3ox1. Without GAs, ALC interacts with DELLA proteins. During
valve margin development, IND-induced local GA production leads
to DELLA degradation and release of ALC, which then controls SL
genes.

detail the expression pattern of the previously character-
ized pRGA::GFP:RGA line (Silverstone et al. 2001).
Because GFP-RGA expressed in the valve margins was
predicted to be degraded by locally produced GA, we
compared pRGA ::GFP:RGA expression in untreated con-
trols and in developing fruits treated with the GA bio-
synthesis inhibitor Paclobutrazol (PAC) or exogenous GA.
PAC treatment revealed strong expression of GFP-RGA
throughout the medial tissues of young fruits, including
valve margins (Fig. 4B). Consistent with the idea that
locally produced GA leads to degradation of DELLAs in
developing valve margins, untreated controls showed
much lower GFP-RGA expression, which was abolished
after treatment with GA; (Fig. 4B).

To test whether DELLA expression during valve mar-
gin formation is functionally relevant, we compared

2130 GENES & DEVELOPMENT

valve margin morphology in the gal-3 mutant and the
gal-3; rga-t2; gai-t6 triple mutant. The GA1 gene encodes
a key enzyme in the GA biosynthetic pathway, and the
gal-3 mutant presents severe developmental defects due
to very low levels of GA (Sun et al. 1992). Applications of
GA; were necessary to restore plant growth and obtain
fruits. Consistent with our previous results, fruits of gal-
3 mutant treated with low GAj; concentration (1 wM)
presented the same valve margin defects as ga4-1 and
PIND >> GA20x plants (Fig. 4C). This valve margin defect
was corrected in both the gal-3 treated with high GA3
(100 pm) and the gal-3; rga-t2; gai-t6 triple mutant (Fig.
4C). We conclude that the DELA proteins RGA and GAI
act as repressors of valve margin formation in the absence
of GA.

Together, all of the results described above support the
following model for GA-mediated specification of SL in
Arabidopsis (Fig. 4D). We propose that IND directly
activates the expression of GA30x1 and, consequently,
the production of bioactive GAs in developing valve mar-
gins. Prior to SL specification, we hypothesize that ALC is
bound to DELLA proteins, preventing activation of its
targets. Local gibberellin synthesis leads to degradation of
DELLA proteins, releasing ALC to modulate the expres-
sion of its target genes and direct the differentiation of the
SL. In this model, activation of ALC by GA biosynthesis
occurs post-transcriptionally and not through regulation of
ALC gene expression. To test if this is the case, we ana-
lyzed the ALC expression pattern in the ga4-1 mutant
(Supplemental Fig. S5). No alterations in ALC expression
were observed in the ga4-1 mutant background, consistent
with our hypothesis that GAs control ALC at a post-
transcriptional level.

Conclusions

Our results show that the GA/DELLA pathway is an
important component of the regulatory network control-
ling fruit opening and seed dispersal. de Lucas et al. (2008)
and Feng et al. (2008) demonstrated that the interaction
between DELLA and PIF3/PIF4 transcription factors co-
ordinate light and gibberellin responses, raising the pos-
sibility that interactions with DELLA proteins could
control the activity of additional plant bHLH transcrip-
tion factors. Accordingly, two other bHLH transcription
factors, PIL5 and SPT, have also been involved in light and
GA signaling (Oh et al. 2007; Penfield et al. 2005), making
them potential targets for DELLA repressors. Here we
show that this DELLA/bHLH regulatory module is not
only involved in the integration of light and gibberellin
signals, but is implicated in fruit patterning as well,
supporting the idea that it is a versatile regulatory device
used in multiple environmental and developmental re-
sponses.

An emerging feature of plant development is that major
regulatory genes often function as orchestrators of local-
ized hormone synthesis or response. The results reported
here reveal IND as a central coordinator of different hor-
monal pathways. Our demonstration that IND-promoted
biosynthesis of GA is necessary for fruit opening and seed
dispersal echoes the previous implication of another plant
hormone, auxin, in this mechanism (Sorefan et al. 2009).
This raises the question of how GA and auxin pathways
interact to form the valve margin. In fact, these two
pathways appear to function independently: The auxin
minima flanking the replum (Sorefan et al. 2009) were still
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present in the ga4-1 mutant (Supplemental Fig. S6), sug-
gesting that establishment of the auxin minima is in-
dependent of GA biosynthesis. IND therefore controls
multiple hormonal pathways to ensure the proper devel-
opment of the valve margins and possibly to coordinate
valve margin differentiation with fruit growth. This may
reflect the location of valve margins at a developmental
boundary, between the valves and the replum. Coordinated
regulation of multiple intercellular signals is characteristic
of boundary regions, seen, for example, during anteropos-
terior patterning of the Drosophila wing imaginal disc
(Bangi and Wharton 2006).

Materials and methods

Plant material and growth conditions

Plants were grown on soil in long days (16 h light/8 h dark). The mutant
lines ind-1 (Liljegren et al. 2004), ga4-1 (Koornneef and Van der Veen 1980),
and alc-1 (Rajani and Sundaresan 2001) were in Landsberg erecta back-
ground, and the ga4-3 mutant was in Columbia background (Mitchum
et al. 2006). AtGA3ox1 TC-GUS plants were in Columbia background
(Mitchum et al. 2006). The 35S ::IND:GR line has been described (Sorefan
et al. 2009). Constructs were generated according to standard techniques.
Details for constructs are given in the Supplemental Material.

For expression assays, 35S::IND:GR seeds (~20) were germinated in
0.5% Murashige and Skoog medium with constant shaking. After 7 d of
growth under constant light, seedlings were treated with DEX for 6 h and
then snap-frozen in liquid nitrogen. When cycloheximide was used, DEX
treatment was reduced to 2 h. DEX (Sigma, D1756) was dissolved in DMSO
and used at a final concentration of 10 uM. Cycloheximide (Sigma, C4859)
was dissolved in ethanol and used at a final concentration of 100 WM.

The gal-3 mutant and gal-3; rga-t2; gai-t6 triple mutant were grown
under continuous light. GA (Sigma, G7645) was applied every 2 d.

Array hybridization and analysis of expression data

For microarray analysis, total RNA were first isolated using RNAeasy Kit
(Qiagen), then hybridized to Affymetrix ATHI array according to the
manufacturer’s instructions. Three biological repeats were analyzed. The
microarray results were visualized and normalized using Genespring GX
7.3 software (Agilent). Normalization was performed by RMA (robust
multichip average).

ChIP

ChIP experiments were performed using a GR antibody as described
previously (Sorefan et al. 2009). qPCR was performed using SYBR Green
JumpStart Taq ReadyMix in a Bio-Rad Chromo4 Q-PCR machine and
using the primers GA30OX1F, GA30X1R, Mu-likeF, and Mu-likeR. The
values correspond to the ratios between pull-down DNA and input with
the GR antibody, both initially normalized by Mu-like transposon.

Expression analysis

GUS assays were performed according to the protocol described by
Rodrigues-Pousada et al. (1993). Plants were fixed in 90% acetone on
ice for 20 min, then rinsed with a rinse buffer containing 0.5 mM
K-ferrocyanide (Sigma, P-8131) and from 0 to 0.2 mM K-ferricyanide
(Sigma, P-9387) in 50 mM sodium phosphate buffer (pH 7.2). Samples were
then incubated for 24-48 h at 37°C in this rinse buffer containing 2 mM
5-bromo-4-chloro-3-indolyl p-D-glucuronide (Melford, MB1121).

SEM

Plants were fixed in FAA (3.7% of formaldehyde, 5% acetic acid, 50%
ethanol) overnight at 4°C, then dehydrated in ethanol series. Tissues were
critical-point-dried in liquid CO,, sputter-coated with gold, and analyzed
with a Philips XL 30 FEG SEM.

Gibberellin controls seed dispersal

TEM

Stage 17b fruits were fixed in 2.5% (v/v) glutaraldehyde and 0.05 M Na
cacodylate (pH 7.2), vacuum-infiltrated, and left overnight at room
temperature. Samples were post-fixed in 1% osmium tetroxide and 0.05
M Na cacodylate for 1h, washed briefly with water, and dehydrated in
ethanol series. Samples were then infiltrated in London Resin White resin
(London Resin Co., Ltd.) and sectioned for TEM imaging with an FEI
Technai G2 20 Twin TEM.

mPS-PI staining, confocal microscopy, and cell
size quantification

Stage 17b fruits were cut into small pieces (=<0.5 mm) and stained as
described previously (Truernit et al. 2008), then incubated for 5 h in 50 pg/
mL PIL Confocal microscopy was performed using a Zeiss Axo Imager M1
upright microscope. PI and GFP were excited using the 488-nm argon ion
laser and collected between 600 and 656 nm and 505 nm and 530 nm,
respectively. Images were analyzed using the Zeiss LSM 510 software. SL
cell size quantification was achieved by measuring the size (in square
microns) of cells adjacent to the LL. For each genotype, a total of six
different images were used, and SL cells were measured from both sides of
the central replum using Image]. For RGA-GFP expression, the same
settings were used to generate maximum intensity projections from image
stacks for each treatment.

Assessment of dehiscence using an Arabidopsis RIT (ARIT)

An assay enabling measurement of the strength required to initiate
dehiscence in oilseed rape pods has been described previously (Morgan
et al. 1998; Bruce et al. 2002). This RIT was modified to enable
quantification of shatter resistance in Arabidopsis. Silique samples at
stage 18 or older (Smyth et al. 1990) were selected randomly from wild-
type and mutant plants. Fruits were placed in an equilibration chamber at
25°C and 50% relative humidity for a minimum of 3 d. Three replicate
samples of 20 siliques were then subjected to the ARIT. Siliques were
placed together with five 2-mm steel balls (weighing ~275 mg) in a 60-mm
diameter glass petri dish, attached to an eppendorf shaker. The petri dish
was agitated for 5-sec intervals from 0 to 60 sec and 10-sec intervals from
60 to 150 sec, until all fruit had dehisced or 150 sec of shaking had elapsed.
After each interval, the frequency of intact/dehisced siliques was recorded.
Fruits were considered to have dehisced only when both valves had
detached. The time point at which 50% of siliques had dehisced, estimated
using a fitting curve, was used as a comparative measure of shattering
between different lines.

Yeast two-hybrid

The GAL RGA, RGL2, and ALC coding regions were PCR-amplified with
the primers described in Supplemental Table 1, and were cloned in
pGAD424 and pGBT9 vectors (Clontech Laboratories, Inc.). The yeast
two-hybrid experiment was performed according to the manufacturer’s
instructions. Further details are given in the Supplemental Material.
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