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the irreversible photomorphogenic processes, which de-
velop over long periods of time (hours to days), light also
intervenes in faster behavioral responses of plant organs
(seconds to minutes), represented by phototropism of
stems, heliotropism, and photonasty of leaves.>* Plants
sense many light parameters, including intensity, spectral
composition, spatial direction, and duration of exposure.
This sensing is mediated by specific photoreceptors lo-
cated throughout the plant organs that accurately detect
changes in the spectral composition from UV-B to far-red
wavelengths. Five classes of photoreceptors acting in a spe-
cific wavelength range have been discovered in the model
plant Arabidopsis thaliana and characterized in terms of
their biochemical features and physiological roles. Thus,
light is perceived in the red/far red region (600-750nm)
by phytochromes (phy) A and B, in the blue/UV A region
(320-500nm) by cryptochromes (cry) 1, 2, and 3, pho-
totropins (phot) 1 and 2, and the Zeitlupe family, and in
the UV B region (290-320nm) by UVR8.">®

To investigate the rapid light-induced phenomena,
the model of the leaf motor organs (pulvini) appears
particularly suitable, since the observed responses are
not complicated by growth processes. The pulvini in the
compound leaf of Mimosa pudica act as joints between
the different parts of the leaf (primary, P1: stem-petiole,
secondary, P2: petiole-rachis, and tertiary P3: rachis-
blade), allowing movements driven by osmotic changes in
the parenchyma cells of the organs driven by K* and CI~
migrations.7’9 Various stimuli, such as shock, electrical
or thermal stimulation, induce rapid nastic movements
within a few seconds.'®'! In addition, a sudden increase
in sunlight intensity can also induce such a rapid response
as formerly described.'>"* Further studies were devoted
to this light-induced rapid nastic movement under labo-
ratory conditions.'*'® In particular, it was observed that
flashes of white light (WL) applied for periods as short as
15s triggered a drooping movement of the leaf (referred
to as ‘photostimulation’) with an amplitude and a rate
similar to the shock-induced response. The action spec-
trum clearly shows that the response is mediated by a
photosensitive pigment that is active in the 400-500 nm
range. Notably, the movement is triggered 40-120s after
the onset of light application. This latency is a function of
light irradiance,* indicating that a sequence of metabolic
changes occurs between the light perception and the os-
mocontractile process of the motor cells.

The aim of this work was mainly focused on an analysis
of the early events that occur after a short light pulse on the
pulvinar motor cell and, in particular, to determine some
parameters (namely, light intensity, modalities of light
pulse application, energetic implications, and relationship
with the circadian clock) that modulate the expression of
the subsequent rapid pulvinar cell osmocontraction.

MATERIALS AND METHODS
Plant growth conditions

Seeds of Mimosa pudica L. were germinated in an or-
ganic compost. Seedlings and older plants were grown
in the compost watered daily and were kept in climate-
controlled chambers at 28°C+0.5°C and 65% +5% rela-
tive humidity. In standard conditions, illumination was
regulated to give 14h of light (photophase 07.00-21.00h)
provided by fluorescent tubes (mixing Osram fluora and
Osram day-light types) giving a photon fluence rate (400-
800nm) of 80 pmol m ™~ s~ at the plant apex.

Quantitative measurements of pulvinar
reactivity

Plants were selected without any prior bias and grouped
into sets of 7-8 plants, each having 6 well-developed
leaves (Figure 1lal). Photostimulation was applied at
regular intervals, usually every 20min, unless otherwise
specified in particular experiments. In the majority of
experiments, light stimuli were applied using the fluo-
rescent sources used for plant cultivation. However, in
some specific assays, alternative sources were used. Thus,
SP Philips sources were used to obtain irradiations with
high photon fluence rate (1160 pmolm™>s™", 40% emitted
in the 400-460 nm range). In addition, red irradiation (R)
was obtained from fluorescent tubes (Philips TL15) and
far red (FR) irradiation was obtained from tungsten lamps
filtered through RGN9 Schott glass.

The movements were monitored by time-lapse photog-
raphy: choosing 5-s intervals allows to count the number
of induced rapid leaf downward movements (Figure 1a2)
in each interval and to determine the latency of the re-
sponse. The reactivity (r) corresponded to the total num-
ber of pulvini showing such movements in a set of plants
consecutively to one light stimulation. When the set was
subjected to several stimulations, the global reactivity (Gr)
was the sum of r. The yield (%) is the ratio of Gr/N, the
number of possible movements (N=number of leaves in
the set of plants X number of photostimulations).

Bioelectrical recordings

Intracellular recordings in cortical motor cells were car-
ried out on excised leaves of M. pudica maintained in con-
ditions similar to the cultural conditions. The particular
anatomy of the P1 of M. pudica characterized by many
layers of parenchyma motor cells surrounding the cen-
tral cylinder allows impalement of a microelectrode in a
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FIGURE 1 (A)The experimental model of Mimosa pudica with 6 leaves (f1-f6) in darkness in the unstimulated position (al) and after
a photostimulation applied during the scotophase of the photoperiodic cycle. Photostimulation induced a motile response of some primary
pulvini (a2) resulting from differential cell contraction in the motor tissues of the abaxial half (a3). Note the large movement of f1 and f3,
the slight movement of f2 and 6, and the absence of movement of f4 and f5. (B) Electrical changes induced by dark and light alternations
on the transmembrane potential of a motor cell. Upper panel: Characteristic time courses of membrane potential changes induced by an
alternation of dark (D) and white light (W) signals in the primary pulvinus motor cell and, in inset, statistical analyses of the parameters
describing the electrical changes. Bottom panel: Time courses of membrane potential changes induced by dark signal (D) and by light
signals of different wavelengths (658, 437, 531, and 753 nm, respectively). (C) Ultrastructural changes in motor cells from the abaxial half of
the primary pulvinus observed by electron microscopy. Observation on a motor cell of a plant in the photophase of the photoperiodic cycle
(c1) after the bending movement induced by a shock and (c2) after recovery. Note that the stimulated cell (c1) has a thin pectocellulose cell
wall of irregular shape, a cytoplasm attached to the wall, a nucleus (N) with an irregular profile, mitochondria (m), and plastids (P) without
starch or with very small starch granules (s). The large colloidal vacuole (CV) occupies the central part of the cell, whereas small vacuolar
tannin (vt) profiles occur adjacent to the nucleus. When turgor is partially restored (c2), the cell has a fairly spherical shape. The cytoplasm
forms a narrow layer around the large central colloidal vacuole (CV), while small tannin vacuolar profiles (vt) are distributed around the
large nucleus. Note the long starchless plastids (P). Cells from plants photostimulated in the scotophase of the photoperiodic cycle (¢3) and
after recovery (c4) showed the same features as described in (c1) and (c2), but a major difference lies in the presence of large starchy plastids

(SP) in the darkened pulvini. Paraformaldehyde/glutaraldehyde/OsO,/LRWhite. Ultrathin sections observed in TEM. Scale bars 1 pm.

well-defined kind of cell (motor cell of the abaxial half in
our assays). The transmembrane potential was measured
by the electrophysiological method using glass microelec-
trodes (tip diameter <1 pm, tip resistance from 5 to 30 MQ)
drawn from capillaries provided with an internal micro-
fiber (GC 150F15; Clark Electromedical Instruments).'®
Briefly, a leaf was excised from the stem of 2-month-old
plants and the pulvinus fixed to the bottom of a 4 mL plexi-
glass chamber filled with a buffered medium (10 mM MES,
pH 5.5) containing 1mM NaCl, 0.1 mM KCl, and 0.1 mM
CaCl,. The microelectrode was impaled into a motor cell
of the abaxial half of the organ (Figure 1a3). In these ex-
periments, primary pulvinus was illuminated with a cold
light source (Schott 1500) giving a photon flux density of
2500 pmolm_2 s~!. Under these conditions, the calculated
value of the resting transmembrane potential (¥,,) from 27
assays was —108 +4mV (SEM).

In aseries of assays to observe the influence of the wave-
length, interference filters (Schott) were placed in front
of the light source to give irradiations in blue (450 nm;
30 pmol m~2 s_l), green (540nm; 80 pmol m~2 s_l), red
(630nm; 70 pmol m_zs_l), and far red (753nm; 7pmol
m~%s7h).

Determination of [Ca’*]c in protoplasts of
motor cells

The preparation of protoplasts from P1 and the determina-
tion of intracellular free Ca®* concentration were largely
described in a previous study.'” Briefly, protoplasts were
loaded with 6 pM Indo-1/AM (pentaacetoxymethylester of
Indo-1) by incubating them for 30 min at 22°C in the dark.
The protoplasts were rinsed twice in the incubation me-
dium (10mM MES, 0.5M mannitol, 2mM MgCl,, pH 5.6)
supplemented with 0.1 mM CaCl, before being irradiated.
After a 15min-time lapse, they were irradiated with a 5W

pulsed argon laser which provided excitation at 351 and
364nm. The photon fluence rate of the laser beam was
fixed at 1 pmolm ™2 s™*. Calcium measurements were per-
formed using a ratiometric fluorescence method with an
ACAS 570 cytometer (Meridian Instr. Inc., USA). Two pho-
tomultipliers received emission from two forms of Indo-1:
one bound to Ca®* at 405nm and the other free at 485nm.
The fluorescence ratio R405/485 allowed to determine the
[Ca*"]c after correcting for autofluorescence and calibrat-
ing for calcium content.

Microscopy

P1 of leaf 1 were fixed in 2% paraformaldehyde/0.5% glu-
taraldelyde with 0.1M Sorensen buffer pH7.3 for 15min,
and were washed in buffer supplemented with 7.5% sucrose
for 1h in 6 baths. Post fixation in 1% osmium tetroxide oc-
curred for 3min. Dehydration in increasing concentrations
of ethanol (20%, 50%, 70%, 95%, and 100%), each for 8 min
was followed by P1 embedding in the London White resin.
Polymerization was conducted at 60°C for 24h and sections
were obtained using EMUC6 Leica microtome. Ultrathin
sections (70 nm thick) of cortical cells in P1 abaxial half were
collected on gold grids and stained using uranyl acetate and
lead citrate. Transmission electron microscopy (TEM) obser-
vation was made with a Jeol 1010 microscope, at 80kV.

RESULTS

Rapid responsiveness to light of motor
cells: early bioelectrical events and cell
structure modifications

It was previously observed that the pulvini of M. pudica rap-
idly react by two types of rapid movements when subjected
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to white light signals applied during the nyctophase of the
photoperiodic cycle. Firstly, P1 can perform a small down-
ward movement of 10-20° from its initial position that starts
after a latency of about 1 min and lasts for 12-15min in ac-
cordance with the light stimulus duration (up to 30min)
(Figure 1a2). It has been previously observed that a depolari-
zation of 20-50mV was monitored in close correlation with
the time course of the movement.'® Secondly, the light signal
may induce rapid pulvinar movements (“photostimulation”)
similar in amplitude (60+8° at 25°C) and time course to that
induced after a mechanical shock (downward movement in
1-2s and recovery in 27 +4min at 25°C)"*'* (Figure 1a2). At
the difference of the instant response observed after a me-
chanical shock, the rapid movement induced after a light
stimulus occurred after a latent period lasting at least half a
minute. However, a similar action potential characteristic of
the P1 response was recorded in both cases. One of the first
aims of this work was to obtain precise information on the
early bioelectrical processes in the pulvinar motor cell stimu-
lated by light and dark signals. The use of intracellular mi-
croelectrodes implanted in motor cells of the abaxial half of
the P1 (Figure 1a3) confirmed the main findings previously
measured with extracellular electrodes: hyperpolarization of
the membrane potential after darkness and depolarization
after light restoration. An extended statistical analysis of the
processes allowed the precise definition and quantification
of the characteristics describing the process (AW, latency and
time course). The main remark concerned the latency of a
few seconds (4-5s) observed after either the dark or the light
signal (Figure 1B, Upper panel). Furthermore, the applica-
tion of different light sources showed that blue and red wave-
lengths induced a depolarization of the membrane potential,
whereas far red induced a hyperpolarization similar to dark-
ness. Note that green light induced only a small depolariza-
tion (Figure 1B, Lower panel).

In addition to some data described in a previous study,"’
which details the time courses and amplitude of [Ca**]
¢ mobilization in laser-irradiated protoplasts from motor
cells, we have determined the latency observed after the
onset of UV-A irradiation that induces calcium increase in
the cytoplasmic area. A statistical analysis yielded a value
of 17+6s (n=15).

Comparative observations by TME showed some sim-
ilar cellular structural changes in motor cells localized in
the abaxial half of pulvini from leaves taken either in the
light or in the dark and subjected to shock or light stim-
uli (Figure 1C). In both cases, the pectocellulose wall had
an irregular shape after the bending movement. The cyto-
plasm applied against the wall contained a nucleus with
an irregular profile, plastids with small starch granules,
and numerous mitochondria. The large colloidal vacu-
ole occupied the central part of the cell, while small vac-
uolar tannin profiles occurred adjacent to the nucleus

(Figure 1cl,c3). When turgor was restored, the cell was
quite spherical, the nucleus had a regular profile and the
colloidal vacuoles were no longer flattened (Figure 1c2,c4).
The main difference is the presence of large starchy plas-
tids in cells observed in the dark period compared to cells
in the light period (Figure 1c4).

Nycthemeral variation of the
photoreactivity of the pulvini

The data given in Figure 2 clearly showed that the motor
organs presented a variable photoreactivity depending on
the time of application of the light stimulus during the
nycthemeral cycle. The P1 were poorly reactive during the
photophase of the photoperiodic cycle (about 4% reactiv-
ity). The number of induced movements clearly started to
increase during the last hour preceding the beginning of
the dark period, then it reached a maximum in the mid-
dle of the nyctophase (about 50% reactivity) and finally
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FIGURE 2 Example of the variation in photoreactivity of
primary (A) and tertiary pulvini (B) of Mimosa pudica leaves in
the course of the nycthemeral cycle. The set of 7 plants (with 6
leaves) grown at a fluence rate of 80 umol m™?s™" was irradiated at
a fluence rate of 1160 pmol m~2s~" for 120 at 20-min intervals. The

experiment was repeated three times with the same general result.
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decreased about 3 h before the light-on signal (Figure 2A).
In comparison, the P3 showed a low yield similar to that
of P1 (about 2% reactivity) during the photophase, but a
noticeable high reactivity was observed just before the
darkening (about 45%). Then, no measurable reactivity
can be detected during the nyctophase, as leaflets were
closed during this phase (Figure 2B). Similarly, the P2 also
showed the same behavior as the P3, as they also joined
during the nyctophase (Figure 1A)." Statistical calcula-
tions showed that the latencies (about 40s in the experi-
mental conditions) did not differ significantly according
to the type of pulvinus. Interestingly, rhythmic variations

in photoreactivity were observed, the periodicity of which
was determined quantitatively (see below). Taking into
account the best photosensitivity during the nyctophase,
the following experiments were carried out during this
phase of the nycthemeral cycle.

Influence of the frequency of the
photostimulations

The frequency of light stimulus induced changes in P1
responsiveness as shown by representative time courses
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FIGURE 3 Examples of variations in the photoreactivity of primary pulvini of Mimosa pudica leaves during the nyctophase (10h) as

a function of the time interval between two light stimuli applied at a fluence rate of 80 umol m~2s~! for 120s: (A) 5min, (B) 10min, (C)
15min, (D) 20min, (E) 30 min, and (F) 60 min. (G) Quantitative data on yield variation (+ o) calculated from 3 experiments and mean
latency (+ o) calculated from n determinations as indicated in the inset. The sets of 7 plants bearing 6 leaves were grown at a fluence rate of
80pmolm™2s™.! (H) Determination of mean latency on pulvini of leaves (n°1, 2, 3 and 4) observed individually and photostimulated at 5 and

30-min intervals.
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observed on a series of plants irradiated at respective
intervals of 5, 10, 15, 20, 30, and 60min (Figure 3a-f).
Calculations clearly indicated that yields were reduced
and mean latencies increased when pulvini were stimu-
lated at 5-, 10-, and 15-min intervals compared to 20-, 30-,
and 60-min intervals (Figure 3G and insets). These statis-
tical data on latencies were corroborated by observations
on a series of the same leaves stimulated either after 5- or
30-min intervals (Figure 3H), justifying the use of light
stimulus applied at 20-min intervals in the following as-
says as a convenient experimental condition.

Furthermore, the time courses showed rhythmic varia-
tions analyzed by the method of mobile means applied in
the study of time series.”® The calculations showed oscilla-
tions in reactivity with periods close to 60 min and 120 min
in the assay in which the pulvini were stimulated at 15-
min intervals.

Differential sensitivity of the pulvini

The variations in photoreactivity described above and a sim-
ple visual observation showed that photoreactivity varied
from one plant to another and, for the same plant, from one
leaf to another. Plant by plant observations made it possible
to delineate schematically three distinct profiles of photore-
activity, as summarized in Figure 4A. In some plants where
the leaves were very excitable, a “compact” profile was ob-
served (upper panel). In other plants, the pulvini showed a
more rhythmic activity, resulting in a “draughtboard” pat-
tern (middle panel). A third type was then found in plants
where the pulvini showed a low photoreactivity (lower
panel). In these observations on plants with 6 mature leaves,
it should be emphasized that the maximum reactivity was
observed in leaves numbered 1 and 2 (Figure 4A). The sta-
tistical analysis carried out on plants of types “compact” and
“draughtboard” confirmed this observation and also showed
that the latency decreased in the younger leaves with low re-
activity (Figure 4B). The typical example in Figure 4C shows
that latencies also varied during the nyctophase, with the
lower values observed in the middle of the phase.

Photoreactivity of the pulvini in relation
to the characteristics of the light signal

In photostimulation, light can modulate the response
through the fluence rate applied, the duration of illumina-
tion and its spectral composition. It has been previously de-
termined that the active wavelengths ranged in the UV-A
and in the blue parts of the spectrum (350-500nm).'* Data
in Figure 5A show that there was a fairly linear increase
in yield when fluence rates increased from 30 to 120 pmol

m~2s~!, that slowed down at the higher value (140 pmol
m~?s™"). Concomitantly, latency decreased linearly over
the same range of fluence rates. Giving the lowest yield
obtained and a long latency, the fluence rate of 10 pmol
m~2s™! can be considered to be the required threshold
light level to trigger the pulvinar response (energetic
threshold of 300 pmol m™2 in 30s). These data also indi-
cated that some leaves were deprived of reactivity, what-
ever the intensity applied. Figure 5B shows that the light
duration inducing maximum yield decreased when the
light fluence rate increased. The Bunsen-Roscoe law (flu-
ence rate X light duration), which is used to achieve a 10%
yield, was valid within the range of 40-110 pmolm™2s™"
but inadequate for lower (30pmolm™2s™') or higher
(140 pmolm™~?s™") values. The data also indicated that, re-
gardless of the fluence rate, the optimal yield was achieved
after 30s, even if the illumination was maintained for a
further 30-s period. Additional assays were, therefore, car-
ried out to analyze the modulation of events occurring
during this primordial phase (30s) in the expression of the
response. To this end, leaves were irradiated at 20- and 30-
min intervals with increasing illumination durations of 5,
10, 15, 18 min and 5, 10, 15, 20, 25, 28 min, respectively.
The data in Figure 5C show that dark periods lasting 5 and
10min did not allow for full recovery of yield and, in this
case, responses occurred after high latencies. It is, there-
fore, concluded that at least a period of 15min in darkness
is required for the cells to recover their full photoreaction
capacity. The absence of reaction is linked to photochemi-
cal processes and not to the pulvinar machinery as leaves
were fully reactive under a shock.

The way in which the light energy is applied is also
of importance, as shown by the data obtained when the
plants were subjected to a gradual increase in light inten-
sity. Figure 5D shows the different light regimes applied
and, in the inset, the quantitative data obtained in each
experimental schedule. It appears that the longer the time
duration at low fluence rates, the lower the yield of pho-
toreactivity and the longer the latencies. Note that a total
inhibition was obtained when low fluence rates were ap-
plied for 45s. When white light stimulus was preceded by
red irradiations (15pmol m~?s™*) for 120s, the yield was
not affected (30%), but when far-red irradiations were
applied (10pmolm™2s™") for 90s, the yield decreased by
17%. Furthermore, when 2 or 3 successive R/FR irradia-
tions were applied, the observed yield was a function of
the last type of irradiation: no inhibition when R was the
last irradiation, and inhibition when FR was the last ir-
radiation applied (Figure 5E). Consequently, this charac-
teristic result observed in R/FR alternation indicates that
the ratios of the two isoforms of phytochrome preceding
the white light irradiation determines the efficiency of the
photostimulation.
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The previous data suggest that two factors influ-
enced the process. The timing of light exposure within
the first 60s was crucial in initiating the motile reaction
(Figure 5D), and the implication of darkness played a
role in recovery (Figure 5C). Complementary observa-
tions showed that applying short dark intervals (of a few
seconds) during white light illumination greatly reduced
pulvinar reactivity (as shown in Figure 6). This result
highlights the primordial role of processes occurring in
this step of the reaction. Figure 6A illustrates that, for a
given fluence rate (60 pmol m~>s™" in the assay), the yield
decreased as the duration of the light/dark treatment in-
creased from 15 to 60s. In this example, a near complete
inhibition was achieved after a 60-s treatment. As shown
in Figure 6B, the response was modulated by the fluence
rate of the light stimuli as, in this 5s/5s alternation, yield
inhibition increased as the fluence rate increased in the
different pre-stimulation durations. It should be noted
that the value of latency indicated that at 30 and 60 pmol
m~%s™! the leaves reacted about 50s after the end of the
treatment, but at the higher value (110 umol m™2s™") the
responding leaves were not disturbed by the treatment
(latency of 60s) (Figure 6C). Comparison of the sched-
ules 2s/13s and 3s/17s versus 2s/10s, 2s/8s and 4s/11s
showed that a slight increase in light duration reduced
yield, and the responsive leaves were those that were not
inhibited by the treatment as indicated by the observed
latency in the range of 100s (duration of the treatment,
i.e., 60s+ latency noted on leaves with high reactivity, i.e.,
40s). The importance of the short dark period was high-
lighted in schedules 7s/8s, 8s/2s, and 13s/2s as yields
were significantly decreased under these conditions, es-
pecially in the latter case. Observations of the latency of
the responding leaves showed that, in the case of 7s/8s
and 8s/2s, two types of responses were triggered; either
leaves with high reactivity (60s) or leaves that were not
inhibited by the treatment for 100s. In the case of 13s/2s,
it was noted that only the very reactive leaves responded
(latency 60s) (Figure 6D).

Energetic implications in photostimulation
The data on the influence of experimental temperature

showed that pulvinar responses were not induced at tem-
peratures lower than 20°C and that the maximum yield

was reached at 25°C-30°C, decreasing at 35°C. However,
the mean latency decreased continuously as the tempera-
ture value increased (Figure 7A). The Q10 value related
to yield was 3.67 in the interval 20°C-30°C and the ac-
tivation energy in this thermal interval was 23.164 kcal
mol ™, indicating that the reaction chain triggering cell
contractility is under the control of a metabolic biochemi-
cal process. Interestingly, we observed that the optimum
of reactivity during the 10-h scotophase was modulated by
the temperature, occurring namely around 4 h for 35°C, at
5-6h for 30°C and 25°C, and at 9 h for 20°C after the onset
of darkness (Figure 7B).

The influence of light fluence rate in the photophase
preceding the period of white light stimulus is shown in
Figure 7C. The data clearly show that the light energy ac-
cumulated in the preceding photophase affects the yield
of reactivity. Under our conditions, the light fluence rate
must not be less than 60 pmol m~?s™. It should be noted
that the pulvini stimulated at 30 pmol m~%s™" reacted with
a similar latency to those stimulated at higher values, indi-
cating that the most sensitive pulvini were reactive in this
unfavorable culture condition.

Relation between photoreactivity,
endogenous circadian rhythm, and
photoperiodic cycle

As seen in Figure 2, the photoreactivity considerably
varied throughout the course of day in relation with
light and dark periods. To demonstrate a possible en-
dogenous component of the process, plants were main-
tained in continuous darkness for several days. The
data in Figure 8A clearly demonstrated the endogenous
nature of the variation in photoreactivity as a circadian
rhythmicity was observed under continuous darkness
for 8days. Note that a hindrance of the reactivity was
observed on the third and fourth day after the start of
constant darkness, followed by a recovery in the follow-
ing cycles without damping. The mean value of the pe-
riod calculated from the maximum of reactivity on 3 sets
of plants observed over 8days was 24.1+4.2h (n=24;
mean +o). In addition to the circadian variation, the
time course was characterized by oscillations of shorter
period with a mean value of 130+ 16 min calculated
from 62 oscillations.

FIGURE 4 Response variability of plants and leaves of Mimosa pudica photostimulated at 20-min intervals with a fluence rate of

80pmolm™2s™" for 120s during the nyctophase. (A) Examples of variation in photoreactivity on 6-leaf plants with different response profiles:

Compact (top plot), “draughtboard” (middle plot) and very low reactivity (bottom plot). (B) Variation of yield (+ ¢; n=3) and mean latency

(+ 0, n as indicated in the diagram) depending on the number of leaves. (C) Example of the variability of motile response and latency as a

function of leaf number of the observed plant.
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FIGURE 5 Analysis of characteristic components of the applied light signal during the 10h-nyctophase that induced the motile
response of Mimosa pudica primary pulvini from plants grown at a photon fluence rate of 80 pmolm™>s™". (A) Effect of the photon fluence
rate used to stimulate the pulvini on the yield (+ o; n=3) and the mean latency (+ o; n as indicated in the inset) of the induced responses.
(B) Effect of the light signal applied at different fluence rates (f.r) and for different durations (t) on the yield of induced responses. (C) Effect
onyield (+ o; n=3) and mean latency (+ o; n as indicated in brackets) of the duration of the dark period following the light signal in plants
photostimulated at 20 and 30 min intervals, respectively. (D) Effect on yield (+ o; n=3) and mean latency (+ o; n as indicated in the inset)
observed on pulvini irradiated for 15s with progressive fluence rate increases (respectively 24, 40, 70, and 110 pmolm™~2s™"). (E) Effect on the
yield (+ o; n=3) of the motile responses of pulvini exposed to red (R) and/or far red (FR) irradiations prior to photostimulation.
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FIGURE 6 Effects of different short light/dark cycles on the yield and mean latency of the motile response of Mimosa pudica primary
pulvini irradiated during the scotophase of the photoperiodic cycle. The prestimulation treatment was applied 4 h after the onset of darkness
(light pulses at 60 pmol m ™2 s™") and the photoreactivity was observed for 4 h after 60s of irradiation at 110 umol m™s™* applied at 20-min
intervals. (A) Effect of the duration of the light L/dark D treatment (4s/4s) on the response yield. Quantitative data on yield (+ o; n=3) (B)
Variation of yield (+ o; n = 3) and (C) Variation of mean latency (+ o; n as indicated in the inset), obtained on leaves prestimulated by 5

s/5 s alternations at three fluence rates (f.r) (30, 60 and 110 umol m~2 s™) applied for 20, 30, 60 and 90 s before 60 s photostimulation at 110
2571, (D) Effect of different prestimulation schedules of L/D alternations on yield (£ o; n = 3) and mean latency (+ o; n as indicated
in the inset).

umol m™



| 739

ROBLIN ET AL.
30
(A)
320 e
5 -
= s
= s
o <
= O
® 10 u
0 - * # x . . >
0 5 10 15 20 25 30 35
Temperature (°C)
40 A
(B)
25 °C
300c ™" °C
r et | —a
~ 30 peen BT -=-25
°\° : Ih.. - l! ....... 30
=~ | A
-
f (e - 35 9C { il |
220 I S -
z
|3}
<
o
27
0 1 2 3 4 5 6 7 8 9 10
Hours in darkness
30 60
© _l
; 806 S0 Fso
2% Latencyl_ — v lz_zo__ ————
—~ 20" = L 40 g'
X =
N’ (]
o 151 30 2
o= =
~~
101 vielq =
Photostimulation
51 30/60/80/140380 pmol m2s? |10
0 30 60 80 140
Fluence rate (pmol m? s™)
FIGURE 7 Energetic implications in the motile response

of Mimosa pudica primary pulvini irradiated during the
scotophase of the photoperiodic cycle. (A) Yield and mean
latency of photostimulated pulvini as a function of experimental
temperature (+0.5°C). (B) Effect of experimental temperature

on the position of the optimum of photoreactivity in the course
of the 10h nyctophase of the photoperiodic cycle. (C) Effect

of the photon fluence rate applied during the photoperiod
preceding the photostimulation period on the yield and latency
of photostimulated pulvini. Photostimulation on 3 sets of 6-leaf
plants illuminated 3 times/h for 10h under 80 pmolm2s™*. Yield
+ 6, n=3. Latency + o; n: Number indicated in the graphs in front
of the experimental data.

Data of Figure 8B-E also show that the photoreactiv-
ity was modulated by the photoperiodic cycle applied. For
each experimental light schedule, the optimum of reactiv-
ity was reached about 3h after the onset of darkness and
the decrease of reactivity became visible about 6, 4, and
2h, respectively, for 18, 12, and 10h of light duration in
photophase. With 6h of darkness, the pulvini were still
highly reactive at the end of the scotophase, as indicated
by the responses when darkness was maintained. These
experiments show that the photoreactivity was on both
influence of the photoperiodic cycle applied and the pre-
viously evidenced endogenous component.

DISCUSSION

In most experiments, the effects of ambient light have been
observed in long-term developmental processes involving
a chain of reactions that trigger the activation of specific
genes. In this work, we have focused our main observa-
tions on events that occur on plant cells in the first few
minutes after the onset of plant illumination, including
wavelengths in the blue region of the spectrum. The pul-
vinus of Mimosa pudica leaves was used for this purpose.
It is a particularly convenient model because changes in
motor cell functioning that modify the turgor status in
motor cells are rapidly expressed by macroscopic postural
changes of the leaf. This functioning thus avoids any long
time lag associated with the establishment of complex
growth processes and allows for reversible response.

Differential photoreactivity observed
between plants and between leaves

Previous observations have shown that Mimosa pulvini
exhibit different types of responses when exposed to light
and darkness periods.'® More precisely, a white light pulse
applied during the scotophase of the photoperiodic cycle
induced two types of responses at the level of P1. Thus, a
pulse of light as short as 2min and up to 10min induced
a slow downward leaf movement of approximately 20° for
about 15min, but some leaves also responded with a rapid
drooping movement (1s) identical to that induced by shock
occurring after a 30-s latency, suggesting the synthesis of a
putative biochemical effector during this time lapse.

The present data (Figure 2) show that such a rapid re-
sponse can also be induced on P1 and P3 during the pho-
tophase of the photoperiodic cycle, but the plants must
be exposed to high light intensity. Therefore, two factors
must be considered: the initial light intensity (which is zero
during the scotophase) and the time at which the light pulse
was applied in the photoperiodic cycle. Observations on a
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FIGURE 8 Typical example of variations in photoreactivity of primary pulvini of Mimosa pudica leaves subjected to (A) continuous
darkness for 10days and to different photoperiodic cycles with scotophase of different durations, (B) 18h, (C) 12h, (D) 10h, and (E) 6 h.

Light was applied 3 times/h at a fluence rate of 80 pmolm™2s™.

population of Mimosa plants showed that all their leaves did
not respond with the same frequency to a sudden pulse of
light. We have schematically classified the behavior of the
plants into three types of representative profiles (Figure 4),
but all intermediate situations were observed. In addition, a
variability of the response was also observed on individually
observed leaves, as shown in the “draughtboard” “profiles”.
This is not strictly related to light intensity, as such a behav-
ior was also observed even when light was applied at very
high intensities (Figure 3). Therefore, the threshold concept
alone is not sufficient to explain the variability in response.
The physiological implications must be further consid-
ered by looking, in particular, at the evolution of reactivity

as a function of the leaf age in relation with the metabolic
changes (Figure 4B). Note that the leaf n 1 (preformed in
the embryo) is of particular interest for further physiological
and biochemical analyses as it appears to statistically show
the highest reactivity in a constant manner.

Analysis of factors intervening in the
pulvinar photostimulation

The data truly indicated that the light-induced processes
governing the leaf drooping are largely controlled by
the energetic status of the motor cells since a low light
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fluence rate applied over the hours preceding the period
of photostimulation reduced the photoreactivity and
increased the latency (Figure 7C). The temperature-
related photoreactivity and the temperature-dependent
latency (Figure 7A) raise the question of the way in
which energy can intervene: is it on the photochemical
process through a modification of the active form of the
photoreceptor?! or/and on the biochemical reactions
leading to the cell response? In the latter hypothesis, the
process could be controlled at the level of osmocontrac-
tion, which operates through the level of ATP that fuels
the motor cell*® or/and through the rate of light-induced
biochemical synthesis of a compound that triggers the
cell response. This complex problem will be the subject
of further investigations.

There was a direct relationship between light inten-
sity and pulvinar photoreactivity both for the number
of responding organs and for the latency of the move-
ment. However, the rapid drooping response was only
achieved under two conditions: firstly, when light en-
ergy was above a threshold value estimated at 600 pmol
m~? (Figure 5A) and, secondly, when the light pulse was
applied in such a way that threshold value was reached
within the first seconds after light onset. In these con-
ditions, the reaction cannot be stopped by further treat-
ments. In fact, a process of “accommodation” occurred
when light was applied by stages below the threshold
value, even though the final energy applied was theoret-
ically largely inductive of the response (Figure 5D). This
phenomenon is also supported by experiments in which
high-intensity light irradiations were interrupted by
short dark periods (Figure 6). In this case, “accommoda-
tion” is insufficient to fully explain the observed decrease
in photoreactivity. Our experiments have demonstrated
that this decrease is linked to events occurring early in
the latency period (up to 30s), during which dark pe-
riods interrupted light irradiation (Figure 6). This be-
havior may be related to a photochemical effect linked
to the photoreceptor property resulting from photo-
product formation and dark regeneration,*** and/or to
autophosphorylation-linked processes,”>*® and/or to a
metabolic disturbance in the synthesis of a biochemical
effector.””

The data obtained under continuous darkness for
several days showed that a mechanism of “habituation”
occurred under these conditions. In fact, the total light en-
ergy received in a 1h time-lapse by the plants irradiated
3 times for 2min was low (28,800 pmol m™2) compared
to plants continuously illuminated (288,000pmol m?).
However, this low energetic status was sufficient to cover
the energy consumed by the drooping leaf movement and
to maintain the plants alive.

Early events at the cellular level:
implication of photoreceptors and
induction of electrical potential variation

Given the importance of the first 30s in the development
of the light-induced osmocontractile process in motor
cells, as highlighted above, special attention must be paid
to particular early events that occur during this time inter-
val at the membrane level.

The first step in the light sensing mechanism involves
specific photoreceptors that can detect and respond to
changes in fluence rate, direction of light irradiation, and
spectral composition ranging from UV B to far red wave-
lengths. Noteworthy, phototropins, cryptochromes, and
Zeitlupe family function in the blue part of the spectrum,
whereas phytochromes are activated through a reaction
that converts a biologically inactive form (Pg) into an
active form (Ppg) after exposure to R light, while the Pgg
form can be inactivated to the P; ground state by light-
dependent photoconversion**® or by light-independent
thermal reversion, also termed dark reversion.”®

The phototropins (phot 1 and phot 2), which inter-
vene in BL sensing in many fast light-induced processes,
are likely to be the best candidates for inducing the rapid
light-induced pulvinar movements described here. The
rapidity of the onset of motor cell depolarizations and
other membrane-related events, in particular, Ca** mobi-
lization, may be linked to their localization close to the
plasma membrane,”* avoiding the need to involve any
immediate implication of genes. Their mode of action
through early autophosphorylation fit well with the early
time courses of light-induced pulvinar movements, which
occur after a short 1-min latency. Comparatively, the phos-
phorylation levels in guard cells of Vicia faba peaked ap-
proximately 1 min after the start of the BL pulse and then
gradually decreased for several minutes. Upon application
of a second pulse, the phototropins were rephosphory-
lated within 30s.%

The fact that phytochrome modulated the onset of the
BL-induced photostimulation was evidenced by the data
showing that R activated and FR hindered the reactivity
(Figure 5E). The reactivity was controlled by the last irra-
diation applied, which is the characteristic reaction of phy-
tochrome involvement. Such a control by phytochrome
was previously reported in the dark-induced closing of M.
pudica and Cassia fasciculata leaflets®>* and in the BL-
sensitive shrinkage of pulvinar protoplasts of Phaseolus
vulgaris.>* Furthermore, protoplast swelling was observed
in plants maintained under R light irradiation.** These
findings suggest that the cell membrane must be in a Pgg-
controlled state, ensuring a favorable permeability status
of the membrane.
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Cryptochromes are mostly involved in the reaction
chain that leads to important photomorphogenic re-
sponses in plant development. Their direct effect on
these long-lasting events is supported by microarray
analysis showing that cryptochromes play an important
role in the transcriptional regulation of BL-responsive
genes.” This role does not exclude that cry may exert
indirect effects, in particular, by interacting with phy-
tochrome, since both photoreceptors (cryl and PhyB)
colocalize in the cytosol in the dark and also under FR
light. In this situation, PhyB exists predominantly in the
Py form and has been shown to interact directly with cry,
an interaction that is dissociated by light irradiation.*
Consequently, Py can be converted to the active Py form
under R wavelengths, which may represent the first step
leading to a favorable state in membrane permeability,
allowing facilitated ion migrations implicated in the
light-induced motor cell response. A second aspect con-
cerning the impact of cry is related to the endogenous
circadian rhythmicity of leaf reactivity (Figure 8A), as
its role in the entrainment of the circadian clock is now
well documented.?” Furthermore, the observation that
the optimum of reactivity was reached 3-4h after light
onset, regardless of the length of the daily photoperiod,
suggests that the circadian clock was reset by the light
signal (Figure 8B-E).

A second step to be considered is the early varia-
tion in cell membrane potential occurring after a stress
is sensed by plants. The bioelectrical modifications
induced by WL changes have been well documented
in many plant models.®® The observations carried
out in this work from intracellular measurements
on pulvinar cell from isolated leaf confirm the previ-
ous observations carried out on pulvini in situ using
extracellular electrodes.'>!® Additionally, the data
showed that membrane potential varied according to
the light wavelength, in particular, BL and R induced
depolarization, whereas FR induced a hyperpolariza-
tion similar to a darkness application (Figure 1B). The
short-term depolarization observed after a BL exposure
is a typical response observed on many types of cells:
mesophyll cells of growing leaves of Pisum sativum,*
mesophyll cells of leaves of Arabidopsis thaliana,*® me-
sophyll cells of bean leaves,* cucumber hypocotyls,*?
and motor cells of Phaseolus pulvini.** Depolarization
after R irradiation has also been observed in moss
Physcomitrella patens,*** in internodes of green algae
Nitella,*® in bundle sheet cells of Arabidopsis leaf.*” In
contrast, changes occurring after FR irradiation are
poorly documented. No FR-induced effect has been
found on Phaseolus pulvinar cells,*® whereas FR irra-
diation was found to accelerate the repolarization after
R-induced depolarization,46 and block the R-induced

electrical response.** The hyperpolarization noted in
motor cells after darkness (Figure 1B) has also been
monitored in mesophyll cells of leaves of Arabidopsis
thaliana® and Vicia faba® and in bundle sheet cells of
Arabidopsis leaf.*’

Analysis of the ionic mobilizations leading
to differential pulvinar responses

A precise determination of the latency that occurs be-
tween the onset of the light (and dark) signal and the
onset of the ionic migrations is the first parameter that
makes it possible to determine the chronology of the
events that make up the observed cell response. Rapid
changes in membrane potential are always generated by
changes in K*, CI7, H*, and Ca®" near the mesophyll
tissue.*!

An accurate analysis of time courses of osmoregulated
pulvinar movements and related bioelectrical events trig-
gered by light and dark signals shows a complex relation-
ship: in fact, potential variations occurred after a short
latency (in some s; see Figure 1B), whereas leaf move-
ment was detected only 1-2min after the onset of the sig-
nal.’® This implies that ionic species intervening in both
processes (mainly C1~ and K*) are mobilized according to
very different mechanisms to participate either in a signal-
ing role or in a functional role.

Thus, we observed that the onset of light irradiation
induced a slow depolarization of motor cells triggered
after a 5-s latency and lasting for some min in relation
with early Cl™ efflux, repolarization being provided
by K* efflux. The H" influx monitored after a latency
of 15s,'% reflecting a H* ATPase inhibition as evi-
denced in motor cells of Phaseolus,’* may account for
the sustained depolarization observed (Figure 1B). It
has been suggested that calcium influx might directly
depolarize the plasma membrane resulting in an acti-
vation of voltage-dependent Cl~ and/or K* channels."
Considering its latency (17s; this work), the onset of
[Ca**]c mobilization from internal stores described in
a previous work cannot be implicated in the triggering
of the bioelectrical modifications but may intervene
in subsequent biochemical reactions leading to osmo-
contraction. This [Ca®*]c mobilization through PLC-
mediated signaling would be controlled by Phot2.*
Comparatively, under the dark signal, inverse electro-
physiological processes were observed: a long-lasting
hyperpolarization of the membrane potential after a
5s latency, and a transient increase of proton excretion
occurring after a latency of 15s that indicates an H*
ATPase activation and a sustained hyperpolarization of
the membrane (Figure 1B).
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Besides these early bioelectrical light-induced sig-
naling characterized by smooth, long-lasting, and low
potential variations (about 40 mV in 5min), motor cells
may exhibit AP (about 100mV in 1s)."® It is generally
assumed that AP in plant cells results from a sudden exit
of Cl™ ions in the phase of depolarization followed by a
slower exit of K* ions in the phase of repolarization.*
The outwardly rectified K" current, which is activated
by membrane depolarization, has been electrophysio-
logically described in M. pudica motor cells.’* In the case
of shock-induced movement, it has been proposed that
calcium influx may directly depolarize the plasma mem-
brane, resulting in the activation of voltage-dependent
Cl™ and/or K* channels."' Such a similar implication of
Ca ions must be verified in the case of photostimulated
rapid movement, considering the model of Ca mobiliza-
tion through phot1.%

Besides their role in signaling stages, K* and CI~
have also been shown to sustain the osmocontractile
processes of the motor cells, K™ ions, in particular, act-
ing as the osmoticum. Thus, concomitantly to the slow
downward leaf movement, a bulk exit of CI~ and K"
(about 30mM at the maximum in 1-2min) was mea-
sured in the extracellular medium. In the case of large
rapid movement, K* exit reached 170 mM in the first s.>°
It has to be remember that this ionic redistribution is
only a part of the mechanism leading to the rapid bend-
ing movement. Additionally, an active process involv-
ing contractile proteins®** is also operating as simply
shown by the rapid bending movement of the leaf ef-
fected in upward direction when plant was put upside
down in the gravitational field (personal observation).
Ca ions play an important role at this stage of the reac-
tion chain as [Ca**]c increase regulates actin depolym-
erization during pulvinar movement.'"

Differential effect of light

From several comparisons, we highlighted that white
light signal induces differential responses in turgor-
regulated cell responses. The data presented here
showed that the various types of pulvini exhibited differ-
ent behaviors. In the case of the slow-induced movement
(photonasty), P2 responded similarly to P1, whereas P3
showed a very different reaction. Thus, white light in-
duced turgor decrease in motor cells of the lower half of
P1, inducing a downward bending, whereas it induced
turgor increase in motor cells of P3, inducing an open-
ing of the leaflets. These data contrast with BL-induced
photostimulation (similar to shock-induced response)
in both type of organs resulting in rapid turgor decrease

in motor cells. Note also that the action spectrum of
the induced movement also differs. Photostimulation is
solely triggered by light wavelengths in the blue part of
the spectrum,' whereas photonasty of P3 is triggered by
both blue and far red vvavelengths.l“’56 Note, however,
that in both case, light induced early cell membrane
depolarization. The comparison with the effect of light
on guard cells is questioning. Indeed, the phototropin
blue light sensing induces a swelling of the guard cells
resulting from a turgor increase, which has been linked
to an activation of the H* ATPase and, consequently, to
membrane hyperpolarization.’”® Thus, it is a challeng-
ing question to clarify the opposite effect of light on the
plasma membrane H* ATPase between guard cells and
pulvinar cells. Note that the swelling of guard cells is also
induced by wavelengths in the red part of the spectrum
in correlation with modulation of metabolite variation,
in particular, abscisic and jasmonic acids.””®® Thus,
many physiological light-induced events are known to
involve a main photoreceptor while other photorecep-
tors contribute to fine regulation of the processes."!

CONCLUSIONS AND PERSPECTIVES

Pulvinar movements contribute not only to optimize the
availability of light to the leaves as an energy source for
photosynthesis (photonasty) but also to protect them from
excessive irradiation (paraheliotropism). We have focused
our observations on the important events that occur in the
first 1-5min after the onset of light and darkness in order
to tentatively establish their chronology leading to motor
cell osmoregulation.

A major point to clarify in the sequence of events is the
determination of the cellular mechanism leading either
towards slow downward movements of the primary pulvi-
nus or to rapid photostimulation (shock-like). A particular
signature is the induction either of slow potential varia-
tion or of action potentials.®® In particular, the occurrence
of a latency in the case of photostimulation implies that a
chain of reactions is triggered in the first minutes before
osmocontraction. The synthesis of a putative metabolite
must be considered in response to metabolic changes in
photosynthesis (CO,), photorespiration (glycolic acid), or
a specific pathway. In this last direction, the implication of
glutamic acid and/or glycine is a conceivable hypothesis
to be tested according to their synthesis in stress condi-
tions,”” and the capacity of these compounds to evoke an
action potential.'®%*
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