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ABSTRACT: Noninvasiveness, minimal handling, and immediate
response are favorable features of fluorescence readout for high-
throughput phenotyping of labeled plants.Yet, remote fluorescence
imaging may suffer from an autofluorescent background and
artificial or natural ambient light. In this work, the latter limitations
are overcome by adopting reversibly photoswitchable fluorescent
proteins (RSFPs) as labels and Speed OPIOM (out-of-phase
imaging after optical modulation), a fluorescence imaging protocol
exploiting dynamic contrast. Speed OPIOM can efficiently
distinguish the RSFP signal from autofluorescence and other
spectrally interfering fluorescent reporters like GFP. It can
quantitatively assess gene expressions, even when they are weak.
It is as quantitative, sensitive, and robust in dark and bright light conditions. Eventually, it can be used to nondestructively record
abiotic stress responses like water or iron limitations in real time at the level of individual plants and even of specific organs. Such
Speed OPIOM validation could find numerous applications to identify plant lines in selection programs, design plants as
environmental sensors, or ecologically monitor transgenic plants in the environment.

1. INTRODUCTION

The rise of the human population combined with the
requirement for a sustainable agriculture requires developing
modern techniques for plant breeding, cultivation, and
management of crops. Thus, high-throughput phenotyping
tools providing quantitative analyses of plant structure and
function are actively sought for developing highly productive
strains or monitoring plants to determine their physiological
state.1−3 A fluorescence readout is herein advantageous: it is
not invasive, requires minimal handling, and provides an
immediate response.
Endogenous fluorescence emission can be analyzed down to

individual plants through the canopy, up to the field or even
regional scales.4−7 Since it increases markedly in response to
stress,8 it has been used to extract physiological information on
plants.9,10 In addition to investigation of optical properties of
plants, fluorescent proteins (FPs)11 have been proposed to
further expand opportunities for fluorescence reporting upon
visualizing physiological processes and gene expression under
the control of inducible promoters acting as noninvasive
sensors to stress situations.12−16 However, imaging of
fluorescent labels is challenging in plants, which accumulate
a large diversity of endogenous fluorescent compounds, in
particular, upon stress conditions. Hence, FP-mediated
imaging can suffer from a significant autofluorescent back-
ground within a broad range of wavelengths (from UV to IR).
Second, the observation of FP fluorescence, as well as
endogenous fluorescence, requires either a low-light environ-

ment or light-proof devices, which limits its use for live
recording of plants. The possibility to selectively record
fluorescence emission with minimal contribution from an
autofluorescence background and artificial or natural ambient
light would definitively open new avenues for plant
phenotyping.
A fluorescence signal can be discriminated against ambient

light by tailoring the excitation light. To subtract images
recorded under ambient lighting with and without excitation
light is a first approach.17 However, subtraction suffers from a
temporally varying lighting environment and it cannot be used
if ambient light is too strong as a consequence of the shot
noise. Pulsed excitation light of μs−ms duration associated
with gated detection has provided a second approach for
fluorescence imaging under room light to sunlight con-
ditions.9,18−21 Eventually, lock-in imaging has been imple-
mented to distinguish a fluorescence signal from ambient light
by retrieving the background-free modulated component of
fluorescence under periodic modulation of excitation light.22,23

In contrast to the two preceding approaches, it benefits from a
higher signal-to-noise ratio (SNR) due to frequency-domain
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noise filtering. In addition, it is insensitive to irregular
fluctuation of ambient light. However, none of these ap-
proaches leads to selective extraction of the signal of a targeted
fluorescent label against autofluorescence. Autofluorescence is
often removed in the spectral domain by its handling as a
fluorophore and further image processing.24,25 However, this
approach is limited when autofluorescence arises from diverse
substances at specific locations.26 Moreover, image processing

may be compromised by noise, which may be critical at low
illumination.
The preceding limitations can be overcome with dynamic

contrast, which relies on light as a perturbation parameter and
further signal processing to selectively retrieve the signal from a
targeted fluorophore upon eliminating spectral interferences
from ambient light, autofluorescence, or other fluorescent
labels.27 The fluorescence lifetime has been exploited early on
to discriminate fluorophores28 and it was applied to eliminate

Figure 1. RSFPs as selection markers of low spectral interference. (a−f) Selective imaging of DsRed (a−c: red channel) and Dronpa-2 (d−f: green
channel) against autofluorescence and ambient light in C. sativa leaves (left: labeled plant expressing both DsRed and Dronpa-2; right: labeled plant
only expressing DsRed as a control). Images were taken under modulated illumination (a−c: λexc = 550 nm and λem = 585 nm; d−f: λexc,1 = 480 nm,
λexc,2 = 405 nm, and λem = 525 nm). Averaged (a, Pre-OPIOM in d), in-phase (b, e), and out-of-phase (c, Speed OPIOM in f) images acquired in
an outdoor condition under indirect sunlight. Average images can hardly evidence the presence of DsRed or Dronpa-2 against the background
signal (autofluorescence and ambient light). In contrast, Dronpa-2 is unambiguously imaged by Speed OPIOM. Scale bars, 1 mm. (g−l) Selective
Speed OPIOM epifluorescence microscopy imaging of Dronpa-2 against EGFP in N. benthamiana leaves. Pre-OPIOM (g−i) and Speed OPIOM
(j−l) images of constructs expressing Dronpa-2 and/or EGFP (g, j: PMA4-EGFP and Fbr-Dronpa-2; h, k: Fbr-Dronpa-2; i, l: PMA4-EGFP). Pre-
OPIOM simultaneously imaged both EGFP and Dronpa-2. In contrast, Dronpa-2 was selectively imaged by Speed OPIOM. Scale bars, 50 μm.
Illumination conditions: see Table S1.
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an autofluorescence background in plants.29 To overcome the
limitations of a narrow dispersion of the fluorescence lifetimes
and facilitate discrimination, dynamic contrast has been more
recently proposed for selective imaging of reversibly photo-
switchable fluorescent proteins (RSFPs).30,31 The latter benefit
from a wider range of relaxation times and they have been
successfully used for selective imaging in plants.32−34 In this
account, we exploit the Speed OPIOM (out-of-phase imaging
after optical modulation) imaging protocol of dynamic
contrast, which we recently implemented on a fluorescence
macroscope.33,34 Designed to image macroscale samples with
minimal preparation, enhanced sensitivity, and excellent signal-
to-noise ratio originating from lock-in amplification,33,34 we
here demonstrate that it can be used to image RSFPs in
transient as well as in stable plant systems in a context relevant
to plant phenotyping. We show that Speed OPIOM can
efficiently report on transcriptional activities, both in a
qualitative and quantitative manner, and reliably monitor
early plant response to biotic stresses, even in the presence of
endogenous fluorescence and under ambient light.

2. RESULTS AND DISCUSSION
2.1. Speed OPIOM Principle. In OPIOM,33,35 the

fluorescent labels are reversibly photoswitchable fluorophores
(RSFs), which have been popularized by super-resolution
microscopy. Speed OPIOM has specifically exploited RSFPs,
which can reversibly photoswitch between two states of
distinct brightnesses by using two different wavelengths. In
Speed OPIOM, the fluorescence emission is modulated by the
periodically modulated illumination involving two light sources
at wavelengths λ1 and λ2 modulated in the antiphase at angular
frequency ω with respective average light intensities I1

0 and I2
0.

The Speed OPIOM signal is the amplitude of the quadrature
component of the modulated fluorescence emission, which
exhibits a resonance in the space of the illumination
parameters (I2

0/I1
0 and ω/I1

0). The Speed OPIOM image of
a targeted RSFP is obtained after matching the illumination
parameters to its cross sections for fluorescence photo-
switching at wavelengths λ1 and λ2 using the resonance
conditions. In contrast to traditional imaging of simple
fluorophores, Speed OPIOM can discard any spectrally
interfering contribution from ambient light, not expected to
be modulated at angular frequency ω, and autofluorescence,
which would only contribute to the amplitude of the in-phase
component of the modulated fluorescence emission.33 Since
the plant tissues are optically complicated, Speed OPIOM
application to plant imaging has deserved a specific analysis
(see the Supporting Information).
2.2. Speed OPIOM for Selecting Transgenic Plants.

Transgenic species are often selected by adding gene coding
for a fluorescent protein acting as a reporter to a transfected
gene(s) of interest.36 However, this approach reduces the
accessible wavelength window, which can be exploited for
subsequent fluorescence imaging investigations. Speed
OPIOM can overcome this limitation since it exploits dynamic
contrast and not spectral discrimination to selectively image a
fluorescent label.
To illustrate such a situation, we first generated and selected

transgenic Camelina sativa plants using DsRed as a selection
marker. To image DsRed under ambient light, we first
considered using fluorescence imaging at 585 nm under
constant illumination at 550 nm or similarly to exploit the
fluorescence image resulting from averaging the images

collected at 585 nm under an integer number of periods of
550 nm light modulation. Figure 1a shows that the averaged
image can hardly evidence the presence of DsRed against the
background signal generated by interference of ambient light
(indirect sunlight). Hence, we imaged the in-phase amplitude
of the modulated fluorescence emission from the leaves to
benefit from lock-in amplification, which eliminates any
contribution of light varying at a frequency range differing
from the one applied on the light source. As evidenced by the
dark background, we could overcome the interference of
ambient light (Figure 1b). Eventually, the out-of-phase
amplitude of the fluorescence modulation at 585 nm vanished
as expected from the instantaneous response of DsRed
fluorescence to any light change (Figure 1c).
We then proceeded in implementing Speed OPIOM to

image transgenic C. sativa doubly labeled with DsRed and
Dronpa-2,37 which is an RSFP from the Dronpa family
absorbing light and emitting fluorescence at 480 and 525 nm,
respectively.38 We first generated Pre-OPIOM images under
ambient light by averaging the images collected at 525 nm
under an integer number of periods of 480 nm light
modulation (such a protocol is similar to generating images
under constant illumination). Both Dronpa-2-labeled and
unlabeled plants exhibit comparable signals and poor contrast
against the background in the averaged Pre-OPIOM image
when light is modulated at Speed OPIOM resonance for
Dronpa-2 (Figure 1d). The in-phase image shows a stronger
signal in the Dronpa-2-labeled plant than in the unlabeled one
(Figure 1e). However, it cannot be used for quantification
since both Dronpa-2 and autofluorescence contribute to the in-
phase image. In contrast, Dronpa-2 is unambiguously imaged
in the Dronpa-2-labeled plant in the out-of-phase image of
Speed OPIOM, which eliminates the contribution of both
ambient light and autofluorescence (Figure 1f).
We eventually evaluated whether Speed OPIOM could be

used to select plants with an RSFP reporter in the presence of
an FP exhibiting similar excitation/emission properties. We
transiently expressed nuclear localized Dronpa-2 (Fbr-Dronpa-
2) and/or EGFP at the plasma membrane (PMA4-GFP) in
leaves of Nicotiana benthamiana. Whereas Pre-OPIOM
simultaneously imaged both EGFP and Dronpa-2 in the cell
expressing both FPs (Figure 1g), Dronpa-2 could be selectively
imaged with Speed OPIOM (Figure 1j) in line with the control
experiments led in cells expressing either Dronpa-2 or EGFP
(Figure 1h,i and k,l). Similar results were obtained with leaves
labeled with nuclear localized Dronpa-2 and EGFP at the
endoplasmic reticulum (PAS1-EGFP) (see Figure S1a−f).
Although validated here with Dronpa-2, other RSFPs could be
used to overcome the limitation of spectral discrimination.
Hence, we eliminated the spectral interference of autofluor-
escence with four different RSFPs (Dronpa-2, Dronpa-3,
rsFastlime, and Padron) in N. benthamiana (see Figure S2).
Dronpa has been also expressed in plants32,39 and it was
previously discriminated from Padron with dynamic contrast in
Arabidopsis thaliana.32 Since Dronpa-2 allowed us to achieve
the fastest acquisitions, it was used in our subsequent
observations (see Table S1).

2.3. Speed OPIOM for Quantitative Evaluation of
Gene Expression in Transgenic Plants. After validation of
Speed OPIOM for qualitatively and robustly evidencing a
fluorescent marker during selection of transgenic plants, we
evaluated its relevance to quantify gene expression in plant
systems with our fluorescence macroscope. We designed three
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constructs in which Dronpa-2 was expressed under the control
of promoters of increasing strengths:40 pNOS:DRONPA-2,
pACTIN2:DRONPA2, and p35S:DRONPA2. In addition, all
the constructs carried pCVMV:DsRED as a selection marker.
In the first series of experiments, we analyzed the expression

level of Dronpa-2 in leaves of stable transgenic C. sativa plants
simultaneously expressing Dronpa-2 (under the control of
either pNOS, pACTIN2, or p35S promoter) and DsRed
(under the control of the pCVMV promoter). Three
independent T1 lines were selected and Speed OPIOM
imaging was subsequently performed in the dark on leaves of
independent T2 plants selected for their DsRed fluorescence.
To define the most reliable protocol for analyzing the level of
transcriptional activity, we analyzed not one but several
individual seedlings. Figure 2 displays representative results.
Whereas the Dronpa-2 images exhibited a rather homogeneous
fluorescence,41,42 we noticed that the DsRed image displayed a
more heterogeneous fluorescence with the brightest level at the
leaf veins. As anticipated from a significant contribution of
autofluorescence, the signal levels in the Pre-OPIOM images of
the leaves expressing Dronpa-2 under the control of the three
distinct promoters were in a same range. In contrast, we

noticed that the Dronpa-2 Speed OPIOM signal was
significantly higher with the p35S:DRONPA2 construct than
with the pACTIN2:DRONPA-2 and pNOS:DRONPA2 ones,
which was expected from a drop of promoter strength. Similar
results were obtained in N. benthamiana leaves transiently
expressing Dronpa-2 under the control of the same promoters
(see Figure S3).
The preceding data have been quantitatively exploited. In a

first step, we analyzed the collected images at the single-pixel
level. More specifically, we plotted the intensity of the Speed
OPIOM signal as a function of the DsRed one. In leaves
expressing Dronpa-2 under the control of the p35S promoter,
we observed rather linear correlations suggesting that
expression variation observed within the samples (for the
same promoters) were most probably caused by general
physiological or optical conditions of the expressing cells and
not by specific transcriptional regulations (see Figure S4).
Furthermore, the slope of the linear fitting was always found
close to the ratio of the integrated signals over the whole leaf
surface (see Figure S4). In contrast, we obtained poor
correlations and much variability for the leaves expressing
Dronpa-2 under the control of the pNOS and pACTIN2

Figure 2. Fluorescence imaging of C. sativa leaves stably expressing Dronpa-2 (imaged with Pre-OPIOM and Speed OPIOM) and DsRed (imaged
with in-phase fluorescence imaging). Promoters: p35S (a−c), pACTIN2 (d−f), and pNOS (g−i). Images acquired in the dark. In the Pre-OPIOM
images, the signal levels in the green channel are in the same range for all the constructions. In contrast, in the Speed OPIOM images, the signal
level is significantly higher for the p35S:Dronpa-2 construct than for the pACTIN:Dronpa-2 and pNOS:Dronpa-2 constructs. Scale bars, 1 mm.
Illumination conditions: see Table S1.
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promoters, which suggested that those samples were at the
noise level.
Taking into account the preceding results, we decided to

integrate the fluorescence signals over the whole leaf surface
for quantification. More precisely, we analyzed the distribution
of (i) the Pre-OPIOM and Speed OPIOM signals from the
images collected at 525 nm with 480/405 nm modulated
illumination and (ii) the in-phase DsRed signal from the
images collected at 585 nm with 550 nm modulated
illumination, both acquired on the leaves of C. sativa and N.
benthamiana precedingly observed in the dark.
Figure 3a−c displays the results obtained in C. sativa

seedlings. The in-phase DsRed reporting signal used for plant
selection was much lower in the wild type than in the Dronpa-
2-expressing lines (see Figure 3a). Furthermore, as expected
from the DsRed synthesis under the control of the same
ubiquitous promoter, it was found to be essentially similar in
the three Dronpa-2-expressing lines, albeit with a significant
dispersion. The Pre-OPIOM signals were essentially similar
and moderately dispersed in all the plants either producing
Dronpa-2 or not (see Figure 3b). This result probably
originates from the significant plant autofluorescence, which
dominates any Dronpa-2-induced Pre-OPIOM signal. In
contrast, the Speed OPIOM signals proved discriminating,

although with some dispersion (see Figure 3c). First, Speed
OPIOM could clearly discriminate the Dronpa-2-expressing
lines from the wild-type plants. Moreover, the Speed OPIOM
signals were decaying in the expected order of the promoter
strengths: p35S > pACTIN2 > pNOS ≫ wild type. However,
one should notice that the three investigated lines exhibited
different levels of Dronpa-2 expression, which could be caused
by the positional effect of the construct in the plant genome.
We essentially made similar observations on transiently
transfected N. benthamiana leaves (see Figure S5a−c).
We ended up our analysis by examining whether ambient

light would interfere to measure the Dronpa-2 expression level.
Based on our preceding results, we directly compared the
Dronpa-2 Speed OPIOM signals obtained in the dark and
under ambient light acquired on the leaves of C. sativa and N.
benthamiana. In seedlings of C. sativa, we observed the
expected ranking of expression level, p35S:DRONPA-2 ≫
pACTIN2:DRONPA-2 > pNOS:DRONPA-2, the latter
construct showing only little trace of expression, which
remained below the noise level (see Figure 4a). Moreover,
we observed similar levels of expression when the observation
was performed in the dark or in ambient light. The analysis of
independent transformation events in N. benthamiana led to
similar conclusions. Overall, no statistical difference was

Figure 3. Signals of C. sativa seedlings from different imaging channels. In-phase DsRed signal from the images collected at 585 nm with 550 nm
illumination (a) and Pre-OPIOM (b) and Speed OPIOM (c) signals from the images collected at 525 nm with 480/405 nm illumination for the
three constructs p35S, pACTIN2, and pNOS. Signals have been extracted from integration over the whole surface of the leaf. For each construct,
three lines of seedlings (ACE, ABE, and ABD) have been studied and in each line, four individual samples have been measured.

Figure 4. Quantitative assessment of transcriptional activity in leaves of C. sativa (a) and N. benthamiana (b) under dark (dark gray bars) and
ambient (light gray bars) light conditions. Statistical data based on 12 and 16 samples for each promoter in (a) and (b), respectively.
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observed between the two sets of data collected in the dark or
under ambient light, which indicated that the latter had no
influence on quantitative analysis of gene expression by Speed
OPIOM (see Figure 4b).
As a last application of Speed OPIOM for quantitative

evaluation of gene expression in transgenic plants, we
addressed plant monitoring, which is presently demanded for
high-thoughput screening in plant selection or for enabling

parsimonious cultivation practices optimizing irrigation,
fertilization, and pesticide treatment.43 Fluorescence is herein
advantageous since it is sensitive and compatible with remote
monitoring. Hence, endogeneous fluorescence emission from
the photosystems of the photosynthetic apparatus provides
information on biochemical and anatomical status down to
individual plants through the canopy as well as the field and
regional scales.44 As an alternative possibly endowed with

Figure 5. Speed OPIOM for monitoring stresses. (a−f) Dronpa-2-labeled A. thaliana plants cultivated in soils with different water contents: (a, d)
60%, (b, e) 30%, and (c, f) 20%. The Pre-OPIOM images (a−c) show no visible difference between the three individuals in terms of fluorescence
signal. In contrast, the comparison of the Speed OPIOM images (d−f) reveals the suffering of the plants lacking water; (g−l) Dronpa-2-labeled A.
thaliana plants cultivated in soils with different iron availability: (g, j) Fe-abundant, (h, k) trace of Fe mineral, (i, j) no Fe mineral. The Pre-OPIOM
images (a−c, g−i) show a minor difference between the three individuals, whereas the Speed OPIOM images (d−f, j−l) give direct evidence of
distinct expression levels of Dronpa-2 without the interference of autofluorescence. Scale bar, 1 mm.
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improved selectivity, reporter genes driving expression of
fluorescent reporters have been suggested for monitoring the
plant response to biotic or abiotic stresses.13,16 However, this
approach is sensitive to environmental light interference and to
the plant autofluorescence, which may obscure quantitative
monitoring. Since we showed in the preceding subsections that
Speed OPIOM was able to evidence and quantify the
expression levels of an RSFP, we evaluated the relevance of
this imaging protocol for stress detection via reporter genes
under ambient light.
We first expressed Dronpa-2 in A. thaliana plants under the

control of the VSP2-coding acidic phosphatase, the expression
of which is regulated by several biotic and abiotic stresses
including water deficiency.45 AtNRAMP4 is coding for a
vacuolar metal transporter, the expression of which is regulated
by iron limitation.46 Whereas Pre-OPIOM could not
distinguish the plants submitted to three water conditions
(Figure 5a−c), Speed OPIOM revealed that soil-drying
conditions induced Dronpa-2 expression correlating with the
stress level, mainly in petioles of older leaves and cotyledons
(Figure 5d−f). Then, we expressed Dronpa-2 in A. thaliana
plants under the control of the AtNRAMP4 promoter coding
for a vacuolar metal transporter, the expression of which is
regulated by iron limitation. Pre-OPIOM was again unable to
make the difference between the plants submitted to the three
iron conditions (Figure 5g−i). In contrast, Speed OPIOM
could detect Dronpa-2 expression increasing with the stress
level, specifically in young leaves of iron-starved plants (Figure
5j−l). Hence, we established the proof of principle that Speed
OPIOM was able to counteract autofluorescence and ambient
light for reliably evidencing of different levels of expression of
an RSFP at specific organs in response to application of
stresses of various intensities.

3. CONCLUDING REMARKS
This work demonstrates the relevance of Speed OPIOM for
remote imaging of RSFPs in the context of plant phenotyping.
Speed OPIOM can (i) efficiently distinguish RSFP from
autofluorescence and other fluorescent reporters like GFP and
DsRed in transient and stable gene expression systems; (ii)
quantitatively assess gene expressions, even when they are
weak; (iii) be as quantitative, sensitive, and robust in dark and
bright light conditions; and (iv) be used to nondestructively
record abiotic stress responses like water or iron limitations in
real time at the level of individual plants and even of specific
organs.
Speed OPIOM validation offers favorable opportunities.

Speed OPIOM should be appropriate to monitor gene
expression or gene silencing, as well as transposon activity.47,48

It could also provide significant information to identify the best
plant lines in selection programs by using gene expression as a
proxy of an expected phenotype and eventually design
predictive markers for specific traits. A third possible use of
Speed OPIOM could be to turn plants into environmental
sensors.13,16 Plants have a large leaf and root exchange surface
and also can possibly accumulate metabolites, turning them
into sensitive environmentally connected organisms. Speed
OPIOM could therefore be used to monitor gene expression
associated with pollutants (soil or air), the presence of
pathogens, water, or nitrogen content. Eventually, Speed
OPIOM could be exploited for assessing gene flow from
RSFP-labeled transgenic crops to wild relatives and for
ecological monitoring of transgenic plants in the environment,

which is an ever important factor in biotechnology risk
assessment.49

4. METHODS

4.1. The Speed OPIOM Macroscope. Our macroscope
setup has been previously reported.34 Two high-power colored
LED chips are used as excitation sources. The blue color LED
(LXZ1-PB01, Lumileds) gives a luminance of L = 105−170
mW·mm−2·sr−1 at 500 mA, and the UV LED (LHUV-0400,
Lumileds) has a luminance of L = 135−170 mW·mm−2·sr−1 at
500 mA. Owing to a condensing system, the two color lights
are focused 120 mm away within an area of 4 × 4 mm2. Hence,
they can deliver an illumination intensity of up to 10 mW/
mm2, with which we are able to reach a modulation frequency
of 2.5 Hz.

4.2. The Speed OPIOM Microscope. Our microscopy
setup has been previously reported.33 We used a home-built
epifluorescence microscopy setup equipped with a Luca-R
CCD camera (Andor Technology, Belfast, U.K.). Two high-
power colored LED chips (LXZ1-PB01 and LHUV-0400,
Lumileds) are filtered at 480 ± 20 nm (with F480-40;
Semrock, Rochester, NY) or at 405 ± 20 nm (F405-40;
Semrock) and used as excitation sources. The two color lights
are collimated with lenses ( f = 20 mm), combined with a
dichroic mirror (T425LPXR, Chroma, Bellow Falls, VT), and
focused at the back focal plane of a 10× objective (NA = 0.5;
Carl Zeiss AG, Feldbach, Switzerland) using lenses ( f = 20 mm
and f = 75 mm) after being reflected by a dichroic mirror (Di-
FF506, Semrock, Rochester, NY). Hence, they can deliver an
illumination intensity of up to 5 mW/mm2, with which we are
able to reach a modulation frequency of 1 Hz.

4.3. Constructs. 4.3.1. Expression of Dronpa-2, Dronpa-
3, rsFastlime, and Padron under the Control of the 35S
Promoter in Tobacco. PCR were performed with primers
LG403DRONPAgtwFOR (GGGGACAAGTTTGTA-
CAAAAAAGCAGGCTTCATGGTGAGTGTGATTAAACC)
and LG404DRONPAgtwREV (GGGGACCACTTTGTA-
CAAGAAAGCTGGGTCttaCTTGGCCTGCCTCGGCA) to
amplify the gateway-modified DRONPA, DRONPA-2 and
DRONPA-3, coding sequences using, respectively, the
corresponding DNA template. Same procedure was used to
amplify the PADRON and rsFastLime gateway-modified
coding sequence using, respectively, the LG890PADRONgtw-
FOR (GGGGACAAGTTTGTACAAAAAAGCAGGCTTCat-
gagtg tgat taaaccaga) and LG891PADRONgtwREV
(GGGGACCACTTTGTACAAGAAAGCTGGGTCt-
tagttggcctgcctcggca) primers or LG895rsFastLimegtwFOR
(GGGGACAAGTTTGTACAAAAAAGCAGGCTTCatgagtgt-
gattaaaccaga) or LG896rsFastLimegtwREV (GGGGAC-
CACTTTGTACAAGAAAGCTGGGTCttacttggcctgcctcggca)
primers. These CDS were then cloned into the pDONR207
plasmid and then transferred into the pB2GW7 vector to
obtain the final p35S::fluorescent protein constructs.50

4.3.2. Camelina Expression Vector Expressing p35S::Dron-
pa2 Constructs. The Camelina expression vector expressing
p35S::Dronpa2 construct was achieved as follows. The gateway
cassette from pUBN-GFP-Dest51 amplified by PCR using
primers

• 5′-tgacgcgtaaggggatctagaatcacaagtttgtacaaaaaagctg-3′
and

• 5′-ttaatcacactcaccatctcgaggatcaccactttgtacaagaaag-3′.
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and Dronpa-2 coding sequence amplified from Dronpa-
2pDONR207 with primers

• 5′-atggtgagtgtgattaaaccagaca-3′ and
• 5′-ggctgcggccgcctcgactacttggcctgcctcggcagctcag-3′.

were cloned in one step in the BamHI- and XhoI-digested
pBinGlyRed vector,52 creating pD2.
4.3.2.1. p35S:DRONPA2; pCMV:DsRED. The doubled

CaMV 35S promoter was amplified from pMDC8353 with
primers

• 5 ′ - g g g g a c a a g t t t g t a c a a a a a a g c a g g c t t c c a g t g c -
caagcttggcgtgcct-3′ and

• 5′-ggggaccactttgtacaagaaagctgggtcgtcgaggtcctctccaaat-
gaaatg-3

recombined into pDONR207 (Invitrogen) and eventually
recombined into pD2.
4.3.2.2. pACTIN2:DRONPA2; pCMV:DsRED. The actin

promoter was amplified from A. thaliana Col-0 genomic
DNA with primers

• 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTT-
Caccatagaatagctagctaactaatac-3′ and

• 5 ′ - G G G G A C C A C T T T G T A C A A -
GAAAGCTGGGTCtttttatgagctgcaaacacacaaaaagag-3

recombined into pDONR207 and eventually recombined into
pD2.
4.3.2.3. pNOS:DRONPA2; pCMV:DsRED. The nos promoter

was amplified from pGWB154 with primers

• 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTC-
gatcatgagcggagaattaagggag-3′ and

• 5 ′ - G G G G A C C A C T T T G T A C A A -
GAAAGCTGGGTCgcgaaacgatccagatccggtgcag-3

recombined into pDONR207 and eventually recombined into
pD2.
4.3.2.4. prVSP2:DRONPA2; pCMV:DsRED. The VSP2

promoter (AT5G24770) was amplified from A. thaliana Col-
0 genomic DNA with primers

• 5 ′ - G G GG A C A A G T T T G T A C A A A A A A G -
CAGGCTTCgctgcttggacgattttgtgaatga-3′ and

• 5 ′ - G G G G A C C A C T T T G T A C A A -
GAAAGCTGGGTCgttttttatggtatggtttattgtt-3

recombined into pDONR207 and eventually recombined into
pD2.
4.3.2.5. prNRAMP4:DRONPA2; pCMV:DsRED. The AtN-

RAMP4 promoter (AT5G67330) was amplified from A.
thaliana Col-0 genomic DNA with primers

• 5 ′ - G G GG A C A A G T T T G T A C A A A A A A G -
CAGGCTTCttttcttaattgtagtcctaataac-3′ and

• 5′-GGGGACCACTTTGTACAAGAAAGCTGGGT-
Catttcccggtaaccgccgattctcag-3′

recombined into pDONR207 and eventually recombined into
pD2.
4.4. Plant Transformation. 4.4.1. Transient Expression

in N. benthamiana Leaves. The vectors were transformed
into Agrobacterium tumefaciens and inoculated in N. benthami-
ana leaves of 1 month-old plants. Agrobacteria carrying clones
of interest were grown overnight at 28 °C in 5 mL of LB
medium with appropriate antibiotics. Aliquots from the
overnight cultures were resuspended in 10 mM MgCl2 and 1
mM 2-(N-morpholine)-ethanesulfonic acid (MES) to obtain a

final OD(600 nm) of 0.5 for tobacco leaf infiltration. Two
individual leaves of two independent plants were infiltrated.

4.4.2. Permanent Expression in C. sativa. Camelina flower
dip transformation was carried out as described previously.55

4.4.3. Plant Culture. N. benthamiana and C. sativa were
grown on soil in a glass house and imaged directly with Speed
OPIOM at about 15 cm distance. The water stress experiment
was carried out in a phenoscope.56 The plants were germinated
and grown in soil in the glass house for 8 days and then
adapted to 60% soil water content in the phenoscope for 8
days in 8 h/16 h day/night cycle at 21/18 °C and 65%
humidity. Plants were then cultured for 8 days at 30 or 25%
soil water content before being imaged. For iron stress, plants
were cultivated for 12 days in 16/8 h light/dark cycle at 22 °C
in ABIS medium57 with 50 μM FeHBED (Strem Chemicals)
for the control condition (media with Fe) or without any iron
supplement (trace of iron) or supplemented with 10 μM
ferrozine (Sigma) to remove any trace of iron.
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normale supeŕieure, PSL University, SorbonneUniversite,́ CNRS,
75005 Paris, France

Yannick Bellec − Universite ́ Paris-Saclay, INRAE,
AgroParisTech, Institut Jean-Pierre Bourgin, F-78000 Versailles,
France

Vincent Croquette − Laboratoire de Physique Statistique, École
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