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METHODOLOGY

A procedure for Dex-induced gene 
transactivation in Arabidopsis ovules
Jasmin Schubert1†, Yanru Li1†, Marta A. Mendes2, Danli Fei1, Hugh Dickinson3, Ian Moore3^ and Célia Baroux1*  

Abstract 

Background: Elucidating the genetic and molecular control of plant reproduction often requires the deployment of 
functional approaches based on reverse or forward genetic screens. The loss-of-function of essential genes, however, 
may lead to plant lethality prior to reproductive development or to the formation of sterile structures before the 
organ-of-interest can be analyzed. In these cases, inducible approaches that enable a spatial and temporal control of 
the genetic perturbation are extremely valuable. Genetic induction in reproductive organs, such as the ovule, deeply 
embedded in the flower, is a delicate procedure that requires both optimization and validation.

Results: Here we report on a streamlined procedure enabling reliable induction of gene expression in Arabidopsis 
ovule and anther tissues using the popular pOP/LhGR Dex-inducible system. We demonstrate its efficiency and reli-
ability using fluorescent reporter proteins and histochemical detection of the GUS reporter gene.

Conclusion: The pOP/LhGR system allows for a rapid, efficient, and reliable induction of transgenes in developing 
ovules without compromising developmental progression. This approach opens new possibilities for the functional 
analysis of candidate regulators in sporogenesis and gametogenesis, which is otherwise affected by early lethality in 
conventional, stable mutants.

Keywords: pOP/LhGR, Dex induction, Ovule development, Arabidopsis

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
To elucidate the genetic and molecular mechanisms of 
a developmental process, a conventional approach con-
sists of analyzing mutant lines isolated in a forward- or 
reverse genetic screen. However, the stable expression 
of a gain- or a loss-of-function mutation in a gene act-
ing at several stages of plant development can be deleteri-
ous prior to the formation of a tissue/organ of interest, 
thus impairing its analysis. This is a difficulty particularly 
faced when analyzing the role of essential genes with 
pleiotropic effects during reproduction. Their disruption 
following chemically-induced mutagenesis, insertional 

mutagenesis or gene editing may abort development or 
organ growth before reproductive development. In such 
cases, inducible transactivation systems offer an elegant 
solution for controlling a genetic perturbation in a con-
ditional manner, be it an artificial miRNA for downregu-
lation or an engineered mutant variant of the protein of 
interest. Combining a tissue-specific promoter driving 
the activating factor with the selective application of the 
inducer, such systems can provide exquisite temporal and 
spatial control. However, inducible systems often require 
that, both the expression control and application proce-
dure must be adapted to the organ/tissue of interest and 
validated for functional analyses.

Different chemically-inducible system exist that rely 
on diverse compounds such as ethanol [1] or animal 
hormones, including estradiol [2] and dexamethasone 
[3]. Among them, the pOP/LhGR dexamethasone (Dex)-
inducible system has been very popular and widely used. 
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It relies on the Dex-induced translocation of the syn-
thetic transcription factor LhGR into the nucleus. Prior 
to induction, LhGR is retained in the cytoplasm by the 
HSP90 chaperone but once in the nucleus, it binds to the 
pOP6 promoter at optimally-spaced repeats in [3]. The 
pOP/LhGR-inducible system had been demonstrated to 
induce tight and reliable gene expression control and has 
been widely used in Arabidopsis, Cardamine, tobacco 
and rice [4–12] and references therein. Reports of the 
successful use of the system include the induction of 
transcription factors, toxins for cell ablations, the cre/lox 
system for recombination, RNAi for gene downregula-
tion and other cellular components, in leaves, roots, cam-
bium tissue, zygote, embryo and apical meristems (see 
for instance [9, 10, 13–19] inter alia). Resources have also 
been recently established of driver/responder lines for 
expression in different cell types in Arabidopsis and other 
species [8, 9]. Dex can be applied by watering whole 
plants, by foliar spray or supplementation in the growth 
medium of cell cultures, seedlings or tissue segments 
in vitro, [4, 9, 20]. However, localized induction in tissues 
that are embedded in floral organs poses technical diffi-
culties due to their relative inaccessibility. Here we report 
on an application procedure that has been optimized 
for inducing transgene expression in developing ovules 
of Arabidopsis. This strategy largely preserves viability 
and ovule developmental progression. The solvent used 
for the Dex solution however induces a mild reduction 
in fertility, requiring the use of stringent mock controls. 
This application method allows for a durable (over sev-
eral days) and efficient (throughout cell layers) transgene 
expression in developing ovules and is also applicable to 
anthers.

Results
Dexamethasone application on inflorescences
Ovule primordia are the site of the somatic-to-repro-
ductive transition where in the female meiocyte differ-
entiates [21]. In Arabidopsis, ovule primordia are small, 
digit-shape structures of 10–0  µM length depending on 
the developmental stage, encapsulated in the carpel itself, 
and enclosed in a flower bud [22]. Flower buds containing 
developing primordia are ca. 1–2  mm large and tightly 
packed in the apical inflorescence. Due to the relative 
inaccessibility of ovule primordia, chemical induction of 
gene expression is thus not trivial. Notably, the inducer 
must be applied locally on buds which can be brittle, and 
handling should ideally avoid wounding while enabling 
efficient penetration through the floral corolla (sepals, 
petals) and the carpel wall.

We found that local application using a small soft-hair 
painting brush was not disruptive and allowed a precise 
application. Diluting Dex in a physiological medium such 
as half-MS was not sufficient to induce primordia inside 
the carpel. We found, however, that adding a surfactant 
such as  Silwet®L-77 already used in Agrobacterium infil-
tration [23] enabled a good induction. Yet, excess of this 
surfactant led to necrosis and prevent floral bud develop-
ment, as already reported [23]. Details of the procedure 
are as follows: petals and sepals of individual flower buds 
at the appropriate stage are gently pulled apart under a 
stereomicroscope using a dissecting needle, without 
damaging the bud, (Fig. 1a). Then, a drop of freshly pre-
pared 10 µM Dex solution (or mock solution for control) 
is applied on the bud with a soft-hair paint brush. The 
application is monitored under the stereomicroscope 
and care is taken that the inflorescence remains wet but 

Fig. 1 Schematic representation of steps involved to induce ovules of Arabidopsis thaliana with Dex. a Single floral buds are gently opened with 
dissecting needles under the stereomicroscope to allow for a good exposure of the carpel to the induction solution applied with a paint brush with 
soft hairs. b Plants are kept overnight in a covered tray, laying side-way, to prevent drying. Carpels are sampled at the desired time point following 
induction for direct microscopy analysis (c1) or for histochemical detection of the GUS reporter serving as induction control before downstream 
analyses [6] (c2). D Representative examples of induced reporter genes 16hpi: RPS5a >  > nls3xmVenus (top) and RPS5a >  > GUS (bottom)
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not engulfed in a large drop of induction medium (which 
would lead to tissue necrosis [23] overnight). After appli-
cation, plants should be covered overnight (Fig.  1b). 
Keeping a moist environment prevents drying of the 
inducing medium before penetration into the tissue. In 
addition, because Dex is photosensitive [24], induction 
is preferably done in the evening. Manual application is 
delicate and variability between users may be observed 
in induction efficiency, particularly during the learning 
phase. This can be compensated by a second application 
in the morning of the next day (Additional file 2: Fig. S1).

Floral buds are then collected at the time-point of 
interest for downstream histological or molecular analy-
ses (Fig. 1c, d).

We found that several factors influence the success of 
the induction: (i) handling: delicate handling is required 
for applying the solution and tissue injury may lead to 
flower bud arrest, visible in the next day by a paler color 
and loss of turgescence or on long term by sterility (see 
also later); we observed a user-dependent efficiency 
affecting the number of flower buds showing induction, 
probably during the application of the solution, a limi-
tation which could be compensated by a second induc-
tion the next day (Additional file 2: Fig. S1); (ii) age of the 
Dex solution: the solution should be prepared freshly and 
stored at 4 °C for a maximum of three days. 10 mM Dex 
stock solutions either in DMSO or EtOH can be stored at 
– 20 °C. (iii) plant health: well-watered, healthy plants are 
better responding to the treatment, possibly correspond-
ing to a better ability of the solution to penetrate in fresh, 
turgescent tissues, linked to this, well-developed adult 
plants grown several weeks in (small) pots and showing 
a weaker stature and possibly paler tissues provided less 
reliable induction (not shown); the primary inflorescence 

soon after emergence from the rosette is thus preferred 
for a reliable induction. (iv) exposure to strong light: Plants 
were grown with a light intensity of ~ 100 µE (μmol  m−2 
 s−1) and the inflorescences were > 30  cm away from the 
illumination source; although not tested here, a stronger 
illumination could possibly reduce induction efficiency as 
Dex is photosensitive [24].

Efficient induction in carpels and anthers of various 
reporter genes
Under our conditions different reporters targeting dis-
tinct cellular compartments could be induced in the 
ovule primordium. Seventeen hours following the appli-
cation of the inducer (17 hpi, hours post induction) we 
were able to detect robust expression of fluorescent 
proteins targeted in the endoplasmic reticulum (ER), 
(Fig. 2a), nucleoplasm (Fig. 2b), chromatin (Fig. 2c), or of 
the GUS reporter enzyme in the cytoplasm (Fig. 2d). To 
further validate these conditions functionally, we induced 
transgenes expressing amiRNA constructs targeting FER-
TILIZATION INDEPENDENT ENDOSPERM1 (FIE) and 
METHYLTRANSFERASE1 (MET1) and confirmed a sig-
nificant reduction in transcript levels (p < 0.001) in flower 
buds’ stage 6–10 (pooled) 48 h post induction (Fig. 2e).

For meaningful use in gene expression control in repro-
ductive organs the chemical inducer must reach all tissue 
and cell types throughout the organ. The application pro-
tocol described here allows efficient induction of ovules 
throughout the carpel (Fig.  3a,b), throughout the cell 
layers of ovule primordia (Fig.  3c), was effective at dif-
ferent stages (Fig.  3d), following the expected cell-type 
specific expression (Fig. 3e) while being tightly regulated 
(Fig. 3h) as formerly described [3, 9]. When all conditions 
described earlier are met, 85–100% buds are induced 

Fig. 2 Induction of a variety of constructs with distinct subcellular targets. (a) RPS5a >  > YFP-Δkinesin; b RPS5a >  > nls3xmVenus. c 
RPS5a >  > H1.1-RFP (d) RPS5a >  > GUS. Ovule primordia (a–d) were dissected from flowers stage 9, sampled 24 hpi (a, d) or 5 dpi (b, c). e 
RT-PCR showing FIE and MET1 expression levels in whole flower buds stage 6–10 (pooled) [43] expressing the inducible SPL >  > amiRFIE or 
SPL >  > amiRMET1, respectively. ***: 2-tailed t-test, P < 0.001. See Additional file 1 for raw and processed data. Scale bar = 10 µm
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and in those, all ovules show reporter signals (Additional 
file 2: Fig. S1).

Effect of chemical induction on ovule development 
and plant fertility
One question arising from this application procedure is 
whether the mechanical and chemical treatment itself 
affects reproductive development. We therefore moni-
tored three aspects: (i) the developmental progression of 
ovules in the carpel, (ii) the differentiation of the spore 
mother cell (SMC) in the ovule as a marker of functional-
ity, and (iii) fertility.

For monitoring the developmental progression we 
induced flower buds at stage 5/6 and sampled floral buds 
at stage 9/10 (sporogenesis stage) five days post induc-
tion (5 dpi), and stage 12-buds (gametophytic stage) at 9 
dpi. We cleared the ovules and scored their developmen-
tal stage according to the nomenclature [22]. If the treat-
ment has a negative impact on development, we should 
observe a larger fraction of younger ovules, i.e., delayed in 
their developmental progression, in the Dex-treated sam-
ples compared to the Mock or water samples. Our results 

do not indicate such a developmental delay neither at 
5 dpi or 9 dpi, (Fig.  4a; Additional file  1). Although the 
Dex-treated sample at 5 dpi showed a small fraction of 
ovules at stage 2-III not scored in the controls (generat-
ing a moderate difference (p = 0.04) in stage distribution 
with the Mock control), we did not interpret this as a rel-
evant phenotype impacting developmental progression.

To address the question as whether induction 
affects SMC differentiation, we monitored the devel-
opmental dynamic of an inducible H1.1-RFP marker 
(pRPS5a >  > H1.1-RFP line). H1.1 is expressed in all cells 
of young ovule primordia but evicted in the SMC of stage 
1-II ovule primordia. The turnover of this protein is a 
marker of the somatic-to-reproductive transition [25]. 
We induced flower buds at stage 5–6 of plants express-
ing a Dex-inducible H1.1-RFP variant or, as a control, a 
non-inducible H1.1-RFP variant expressed under its own 
promoter [25]. The next day (16 hpi), we collected some 
of the induced floral buds and found H1.1-RFP expressed 
throughout the primordium as expected (Fig.  4b). Five 
days post induction (5 dpi) we collected flower buds at 
stage 9/10 containing ovule primordia stage 1-II/2-I [22] 

Fig. 3 Induction in ovules and anthers. a–h Dex induction of the following lines: (a) RPS5a >  > GUS, (b, c, h) RPS5a >  > H1.1-RFP (d) 
RPS5a >  > YFP-Δkinesin, (e–g) SPL >  > GUS. (i–i’) Mock treatment of an RPS5a >  > YFP-Δkinesin line, in ovule primordia (a–f, i, stages are indicated 
according to the nomenclature [22]) or anthers from flower stage 12 (g, h). Time post induction: 24 h (a), 16 h (b–i). Confocal images: partial 
projections (b, d), full projection (c-inset, h), combined orthogonal sections (c); scale bar: 20 μm for all except c, 10 μm

(See figure on next page.)
Fig. 4 No or moderate impact of the Dex-treatment on ovule development and fertility. a The developmental progression of ovules following 
treatment was monitored by scoring ovule stages in flowers at stage 9/10 sampled at 5 dpi and flowers stage 12 sampled at 9 dpi following 
the nomenclature in [22, 42], n = number of ovules, P value: return from a Chi-square test (3 × 3 contingency table), ns: not significant. b The 
functionality of an induced construct was assessed by monitoring the eviction of H1.1-RFP during SMC differentiation as described [25]. stage 1-II 
ovule primordia (flower stage 9 sampled at 5 dpi) were scored for the absence, presence or residual presence of H1.1-RFP in the SMC (white, pale 
and dark grey, respectively); #1–3: three independent RPS5a >  > H1.1-RFP lines, C, control line (H1.1::H1.1-RFP). c Seed set per silique produced from 
flowers treated individually with Dex, Mock or water as indicated and using different solvents for the Dex solution (see text). The plot represents the 
outcome of two experiments (white and grey background, see text). Boxplot: Each dot (circle) indicates the % of normal seeds in one silique; Center 
lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; the number of seeds, siliques and plants 
used for each experiment is indicated in the table below the plot. *P < 0.05 (Mann Whitney U test), ns not significant. See Additional file 1 for source 
data
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Fig. 4 (See legend on previous page.)
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and scored for the eviction process. We found that a 
majority of ovule primordia showed H1.1 eviction in the 
SMC in both the Dex-inducible and control lines (Fig. 4b; 
Additional file 1). Thus, the Dex induction treatment did 
not compromise the developmental progression of ovule 
primordia and the differentiation of the SMC.

Finally, to verify whether the treatment affected fertil-
ity, we treated 60 plants with a Dex, a Mock or a Water 
solution. Individual inflorescences were manually 
induced, and 423 mature siliques (18  dpi) were scored 
for the number of normal seeds vs infertile ovules. In 
this setup, 25–54% of the siliques showed a strong reduc-
tion in seed set (less than 70% seeds), including on plants 
subjected to treatment with a water solution (Fig.  4c; 
Additional file  1). Reduced fertility was essentially due 
to infertile ovules and not to aborted seeds, indicating 
a strong impact of the manual handling possibly lead-
ing occasionally to tissue injury. This was confirmed by a 
second experiment performed by a different user and at a 
moderate scale (7 plants, 27 siliques, 1746 seeds scored): 
the latter yielded highly fertile siliques with an average 
seed set of > 90% per silique without significant differ-
ences between the Mock and Dex treatment (Fig. 4c, grey 
panel, Additional file 1). In addition, the first (large-scale) 
experiment included solutions prepared with different 
solvents (0.25% DMSO, 0.4% EtOH, 1% EtOH). Compar-
ing seed sets globally showed a moderate effect of the Dex 
itself (p < 0.01, Mann Whitney U-Test) when dissolved in 
DMSO and EtOH though not consistently between the 
EtOH dilutions (Additional file  1). The second replicate 
experiment, however, did not show a significant effect 
of the Dex (p = 0.6). We thus conclude that manual han-
dling and the user is a major component of sterility fol-
lowing induction, but this can be avoided upon increased 
practice and in scaling experiments appropriately.

Discussion
Chemically inducible systems offer the ability to tem-
porally control transgene expression. In combination 
with tissue-specific promoters driving the activator con-
struct, such systems ultimately allow for fine tuning gene 
activation at a spatial level. However, application of the 
inducer remains problematic when the target cells ore 
tissues are deeply embedded, such as meiocytes and 
gametes developing within the sexual organs (carpel, 
anthers) of the flower. In addition, induction by water-
ing is not always an option if transgene activation is 
expected to be deleterious to plant development and may 
induce adverse effects ahead of the stage of study. To cir-
cumvent this, local application of the inducer is prefer-
able. We designed and tested a protocol enabling robust, 
rapid and efficient induction throughout the carpels and 

anthers of an inflorescence. The application formula con-
tains the widely used non-toxic detergent Silwet L-77 
[23] at a 0.01% concentration which proved essential for 
a good penetration of the inducer in the floral tissue. We 
found that one application of 10 µM Dex with a soft-hair 
paintbrush to whole inflorescences is enough to allow a 
robust induction of transgene expression in all ovules of 
the carpel. We formulated a series of recommendations, 
partly based on empirical observations, partly quantified, 
and presented here. Manual handling, which we tried to 
describe as detailed as possible, remains an important 
factor influencing the induction success, linked with 
the integrity of the flower bud which can affect signal 
detection on short term or fertility on long term. When 
all considerations as described in this protocol are met, 
however, a trained user achieves 100% induction effi-
ciency for both the number of flowers and ovules within 
the carpel. Beyond the examples provided here, we have 
induced > 1000 flowers for > 20 different constructs in the 
past years with 90–100% success rate.

The pOP/LhGR cassette contains a GUS reporter gene 
which can be used to test for induction efficiency before 
in depth-analysis of the induced construct-of-interest. 
This is particularly interesting when downstream analy-
ses are demanding in terms of sample preparation. In that 
case for instance, each inflorescence can be controlled 
the next day by sampling one flower bud for GUS staining 
while the rest of the inflorescence is left to develop until 
the desired developmental stage for sample preparation 
and molecular or histological analyses.

Compared to other chemical induction using ethanol 
[1] or estradiol [2] the pOP/LhGR system has several 
advantages, including a tight control of gene transactiva-
tion, versatility of application among plant species and 
tissue/cell-types (see [8, 9] and references in the intro-
duction). But, so far, not many studies used the pOP/
LhGR system directly on reproductive organs. Dex-medi-
ated induction either of directly GR-tagged proteins or 
via the pOP/LhGR system has been reported for studying 
developmental or cellular processes in Arabidopsis ovules 
and embryo [13, 26]. In these studies, Dex-treatment was 
usually applied in a systematical manner via watering or 
sprayed on the whole plant. This is a good solution when 
the promoter used in the driver construct is temporally 
and spatially very specific. However, for developmen-
tal studies covering ovule development, starting from 
primordium emergence until the mature female-game-
tophyte bearing ovule, it is challenging to find stage-
specific promoters. For instance, the KNUCKLE gene 
promoter used to drive a YFP reporter specifically in the 
female SMC [27] is in fact also active during shoot api-
cal meristem development [28]. This is also true for many 
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other promoters formally used in reporter constructs 
for ovule development analyses. In such cases, whole-
plant induction may well create adverse effects ahead of 
the stage of interest at which the transgene is targeted, 
potentially interfering with a cellular process to be stud-
ied during ovule development. Hence, the application 
procedure as reported here enables the use of constitu-
tive or tissue-specific promoters yet induces transactiva-
tion only during a specific developmental window. This 
extends the spectrum of application of the pOP/LhGR 
Dex-inducible system [3, 8, 9] to young Arabidopsis 
ovules or anthers, notably for functional approaches. One 
strategy is based on conditional gene downregulation, 
using customised artificial microRNA or RNA interfer-
ence. Notwithstanding, and like in approaches relying on 
stably expressed regulators, appropriate controls must 
be designed to measure the effectiveness of downregu-
lation which depend both on the stability of the induced 
miRNA or RNAi, as well as the persistence of Dex in the 
tissue which is not known for ovules or anthers. Another 
strategy is the conditional expression of an engineered 
protein to decipher, for instance, the role of specific pro-
tein variants, protein domains, or residues in reproduc-
tive development. In both cases, the experimental design 
must carefully consider the induction vs observation time 
points to sample the desired developmental stage. For 
instance, in our growth conditions, inducing inflores-
cences containing flowers at stage 5/6 (ovule primordia 
just emerging from the placenta [22]) allowed us to fol-
low consecutive stages by sampling five days post induc-
tion for primordia stage 1-II/2-I in flowers at stage 9/10, 
or nine-days post induction for mature ovules in flowers 
stage 12, or to assess fertility in mature siliques ~ 18 days 
post induction. The induction-observation timing needs 
to be adapted to each experiment to fit the developmental 
progression influenced by growth conditions and to cap-
ture the developmental process of interest: for instance 
ovule patterning takes several days [22, 29] while meiosis 
takes place within a few hours [30, 31].

Conclusion
Arabidopsis ovules are difficult to study microscopically 
due to their relative inaccessibility in the carpel, and to 
perturb genetically due to a lack of specific promoters 
enabling cell- and stage-specific perturbations. The pOP/
LhGR, Dex-induction system offers a good solution to 
induce transgenes expression locally and at a specific 
stage. We present here an application protocol, that pro-
vides efficient and reliable induction in the Arabidop-
sis ovule and in anthers, preserving the integrity of the 
developmental process, making this approach suitable for 
functional studies. In combination with the increasing 

number of fluorescent reporters and associated micros-
copy approaches used for resolving developmental pro-
cesses in the reproductive organs [30–33], inducible 
gene transactivation, as described, here completes the 
experimental toolkit for ovule and anther developmental 
analysis.

Methods
Plant material and growth conditions
Arabidopsis seeds were sterilized (10  min in 0.03% 
bleach, 0.05% Triton X-100), washed three times in water 
and briefly incubated in 70% EtOH before sowing on 
germination medium (0.5xMurashige and Skoog (MS) 
salts (CAROLINE 19-5700, USA), 1% (w/v) Bactoagar 
pH 5.6) or storing dry on filter paper (4  °C) until sown. 
Seeds were stratified 2 to 4  days at 4  °C before transfer 
to growth incubators (Percival) with long day condi-
tions (16 h light [120 μE m-2s-1] at 21 °C and 8 h dark at 
16  °C). 2 weeks after germination, seedlings were trans-
ferred to soil and grown under long day conditions (16 h 
light/8 h dark; 22 °C/18 °C, respectively).

The nls3xmVenus construct (Joop Vermeer, University 
of Zurich) was subcloned in a Gateway LR reaction into 
the pRPS5a-pop6-LhGR2 vector [9]. The construct was 
introduced into Agrobacterium tumefaciens (GV3101) 
and transformed to Arabidopsis Col-0 plants. Primary 
transformants were selected based on BASTA resist-
ance, and scored as positive based on GUS reporter 
assays and nls3xmVenus signals 16 h following a 10 μM 
Dex-treatment.

The H1.1-RFP (pRPS5a >  > H1.1-RFP) construct was 
made by assembling a synthetic H1.1-tagRFP-T cod-
ing sequence (H1.1: AT1G06760, tagRFP-T: GenBank: 
ACD03281 [34], synthesis: GeneART, Invitrogen) into 
the pRPS5a-pop6-LhGR vector [9]. The constructs were 
transformed via Agrobacterium tumefaciens (GV3101) 
to Col-0 plants. Positive T1s were identified based on 
BASTA resistance selection, GUS reporter assay and RFP 
signals 16 h after 10 µM Dex-treatment.

The pRPS5a >  > ∆Kinesin-YFP construct was made by 
amplifying a 957 bp fragment encompassing the coiled-
coil domains of At3g20150 (recently termed Kinesin-
12F [35] from Arabidopsis Col-0 cDNA using primers 
5′-TTT GGC GCG CCC ACC ATG GGA GCA AGT AAT 
GGAGA-3′ and 5′-AAA GGC GCG CCT TGC TCC CTA 
CAT ACC TTC TTC CTC -3′. Following AscI digestion 
of the PCR product, the fragment was inserted into 
pENTRY-YFP [36]. This was then recombined with 
pOpIN2 [9] through an LR reaction to generate the vec-
tor pRPS5a >  > ∆Kinesin-YFP (alternative name: pOpIN2/
RPS5a > Dex > KIN12F-coiled-coil).
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For pSPL >  > amiMET1 and pSPL >  > amiFIE the puta-
tive promoter regions plus the 5’UTR and the 3’UTR of 
the SPL locus (AT4G27330) were amplified as described 
[37, 38]. The fragments were cloned into pBIN-LR-
LhGR2 using Gateway-compatible sites as described 
[9] to generate the pSPL::LhGR vector and an AscI 
pSPL::LhGR fragment was cloned into pOPIn2 [9] to 
generate pSPL::LhGR/pOPIn2. The amiRNAs against FIE 
(AT3G20740) and MET1 (AT5G49160) were amplified 
using genomic DNA Col_0 as template as described [39]. 
The amiRNA target sequences were TCG TCC AAT TCC 
CTG TAT TA and TAG CCA ACA GAG TAT TAC TGC for 
FIE and MET1, respectively. The amiRNA were cloned 
into a PUC Entry clone and subcloned by LR reaction 
(Invitrogen) into the pSPL::LhGR/pOPIn2 vector.

Preparation of Dex‑stock and induction solution
The stock solution of 10 mM Dex in either pure DMSO 
or 100% EtOH is stored at – 20  °C and can be kept for 
up to one year. The final induction solution consists of 
10 µM Dex (SIGMA-ALDRICH, D4902) (prepared from 
the stock solution by diluting with water) and 0.01% Sil-
wet L-77 (Lehle Seeds, USA, Cat. VIS-01). Importantly, 
the induction solution should be prepared freshly and 
stored at 4 °C for a maximum of three days.

β‑Glucuronidase reporter assay
Carpels are gently opened under the dissecting scope, 
immerged in GUS staining solution (Triton X-100 10%, 
EDTA 10 mM, Ferrocyanide 2 mM, Ferricyanide 2 mM, 
Na2HP04 100 mM, NaH2P04 100 mM, β-Glucuronidase 
2  mM) and vacuum infiltrated for 5  min. The samples 
are then incubated for 2  h at 37  °C, briefly rinsed with 
50  mM phosphate buffer (pH 6.8) (0.2  M  NaH2PO4, 
2M  Na2HPO3) and mounted freshly in 80% glycerol for 
microscopy imaging (DIC settings, Leica DMR, Leica 
microsystems GmbH, Germany).

Fluorescence imaging and image processing
Carpels were collected from treated flowers and placed 
on a clean microscope slide. Ovule primordia were gently 
exposed using dissecting needs in the mounting solution 
consisting in 0.5xMS or renaissance staining solution 
(4% paraformaldehyde; 1:2000 renaissance; 10% glycerol; 
0.05% DMSO in 1 × PBS [modified from [40]]. Images 
were collected using a confocal laser scanning micro-
scope using a 63XGLY APO NA1.4 objective (SP5R, 
Leica microsystems, Germany). Images were processed 
(partial or full projections, 3D rendering and orthogonal 
sections, as indicated in the figure legend) using Imaris 
(Bitplane, Switzerland).

RT‑PCR analysis
Quantitative real-time RT-PCR experiments were per-
formed using cDNA obtained from inflorescences con-
taining flower buds’ stage 6–10. Total RNA was extracted 
using the Qiagen RNA extraction Kit. Ambion TURBO 
DNA-free DNase kit was used to eliminate genomic 
DNA contamination according to the manufacturer’s 
instructions (http:// www. ambion. com/). The ImProm-
IITM reverse transcription system (Promega) was used 
to retro-transcribe the treated RNA. Transcripts were 
detected using a Sybr Green Assay (iQ SYBR Green 
Supermix; Bio-Rad) using UBIQUITIN10 (AT4G05320) 
as a reference gene. Assays were done in triplicate using a 
Bio-Rad iCycler iQ Optical System (software v.3.0a). For-
ward and reverse primers for FIE: TCT GAA CAC CTG 
CCT CAC AG and TGT GAC TGA GAA CCG CTG TC, 
respectively; for MET1: GTG TGG CGT TAA TGG GAA 
C and TCT CCA TGA CCC ACA AGA CTC, respectively. 
Primer specificity tests and qPCR experiments were per-
formed as described [41] with the following cycling con-
ditions: 3  min at 95  °C followed by 45 cycles of 10  s at 
95 °C, 1 s at 55 °C, 30 s at 72 °C, and 15 s at the optimal 
acquisition temperature. FIE and MET1 transcript levels 
were normalized with UBQ10 levels.

Scoring of ovules stages
For experiments shown in Fig. 4a, floral buds were fixed 
in Acetic Acid:EtOH 3:1, stored overnight at 4 °C, rinsed 
in 70% EtOH and mounted in clearing solution (chloral 
hydrate: water: glycerol 8:2:1 v:v:w) before imaging with 
a wide-field light microscopy (DMR, Leica microsys-
tems, Germany). Ovule stages were scored according to 
the nomenclature for ovule primordia [22, 29] and ovules 
[42].

Fertility analysis
Single inflorescences were induced twice (at 0 and 16 h) 
with 10 µM Dex, 0.01% Silwet or Mock solutions includ-
ing the equivalent share of EtOH or DMSO as indicated 
on the graph. After 2 weeks the first 10 siliques of the 
induced inflorescences were collected for seed set analy-
sis by scoring normal seeds, abnormal seeds and infertile 
ovules (Additional file 1).

Data analysis and graphs
Data as presented in the Additional file  1 were plot-
ted using Excel (Figs.  2e, 4a, b) or http:// shiny. chemg 
rid. org/ boxpl otr/ (Fig. 3c; Additional file 2: Fig. S1). The 
two-tailed t-test Fig.  2e was computed in Excell, the 
Chi-square test Fig.  4a was computed using the online 

http://www.ambion.com/
http://shiny.chemgrid.org/boxplotr/
http://shiny.chemgrid.org/boxplotr/
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calculator https:// www. icalcu. com/ stat/ chisq test. html, 
the Mann–Whitney U test Fig. 4c was computed using R 
(Wilcoxon rank sum test, unpaired).

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13007- 022- 00879-x.

 Additional file 1. Source data for Fig. 3e and Fig. 4. Excel files containing 
raw and processed data (tables) shown in graphs Fig. 2 and Fig. 4 

Additional file 2: Figure S1. Repeated induction improves the rate of 
success. Flower buds were induced as described in the protocol either 
once (one induction) or twice (two inductions, the second one on the 
next day). Induction success was scored following reporter gene assay 
(GUS or RFP, different lines were used in this study) in 9 and 10 independ-
ent experiments for one or two inductions, respectively (datapoint on the 
boxplot), each consisting in 3–85 flower buds (see table). 
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