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Leaves to Measure Light Intensity

Aliénor Lahlou,* lan Coghill, Mhairi L. H. Davidson, Romain Billon, Fredy Barneche,
Dusan Lazar,* Thomas Le Saux,* and Ludovic Jullien*

1. Introduction

Quantitative measurement of light intensity is a key step in ensuring the

reliability and the reproducibility of scientific results in many fields of physics,
biology, and chemistry. The protocols presented so far use various photoactive
properties of manufactured materials. Here, leaves are introduced as an easily
accessible green material to calibrate light intensity. The measurement
protocol consists in monitoring the chlorophyll fluorescence of a leaf while it
is exposed to a jump of constant light. The inverse of the characteristic time of
the initial chlorophyll fluorescence rise is shown to be proportional to the light
intensity received by the leaf over a wide range of wavelengths and intensities.
Moreover, the proportionality factor is stable across a wide collection of plant
species, which makes the measurement protocol accessible to users without
prior calibration. This favorable feature is finally harnessed to calibrate a
source of white light from exploiting simple leaves collected from a garden.
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Quantitative measurement of light inten-
sity is presently highly demanded by physi-
cists, biologists, and chemists involved in
fields as diverse as production of molecules
and materials, design of medical proto-
cols, optical bioimaging, optogenetics, or
photocatalysis.'*l Indeed this measure-
ment is essential to compare scientific re-
sults from different sources and to ensure
their reproducibility.

Materials exhibit multiple interactions
with light thereby altering the material
properties or the incoming electromagnetic
field such as (non)linear optics, photorefrac-
tivity, photochromism, photovoltaics, pho-
tocatalysis, magneto-optics, etc.>?) Hence,
they provide various designs for measuring
light intensity. Selenium and silicon light meters use photo-
voltaic sensors generating a voltage proportional to light expo-
sure, whereas cadmium sulfide light meters exploit a photoresis-
tor sensor whose electrical resistance changes proportionately to
light exposure. As an alternative method, actinometers are pho-
toactive materials, which provide information on light intensity
from extracting a time after optically analyzing the time course
of the extent of a photochemical reaction with a known quantum
yield.1%)

Light meters and actinometers are powerful tools but they suf-
fer from limitations.""'?) Measuring light intensity with light
meters is fast and can be achieved over a wide range of wave-
lengths and incident light intensities. Yet, this measurement re-
quires a specific instrument and the independent determination
on the illumination spot size.['>!*] Actinometers often rely on the
low sensitive absorbance for reporting and their accessibility is
limited for most end-users.['%!*] Here, we are interested in study-
ing a light-measuring system, which combines the attractive fea-
tures of light meters and actinometers while addressing some of
their limitations.

Plant leaves are abundant green materials. They have been
considered to produce silica or other chemicals!'®! or as a source
of components.['”] They have also been important actors of bioin-
spiration (e.g., in relation to specific wettability properties(!#19]).
More generally, photosynthetic organisms have been harnessed
to produce living materials.[?! However, although strongly pho-
toactive and sensitive to light, they have never been considered
for quantitative measurement of light intensity. Here, we show
that they act as widely accessible fluorescent actinometers,
which are relevant to quantitatively measure light over the whole
400-650 nm visible light window in a broad range of light
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intensities covering two to three orders of magnitude, without
spot size calibration.

2. Results

2.1. Principle of the Measurement of Light Intensity

In oxygenic photosynthetic organisms, sunlight is collected with
an efficient antenna absorbing light in the whole visible wave-
length range.[?1?2] The absorbed energy is conveyed to the pho-
tosystem II (PSII) and photosystem I, where it drives a charge
separation accompanied by water splitting leading to oxygen evo-
lution, followed by assimilation of carbon dioxide to produce sug-
ars. However, a small part of the absorbed energy (a few percent)
isreleased as fluorescence emission (mostly by chlorophylls, Chl)
spanning the 650-800 nm range with an emission maximum
around 680 nm and a smaller peak at about 730 nm at room tem-
perature.

When a dark-adapted leaf is exposed to continuous constant
light, the Chl a fluorescence (ChlF) intensity shows character-
istic changes.[?*] It first rises during about a second. Following
on from this step, the ChlF level decays over a few minutes as a
consequence of several events (changes in redox states of compo-
nents of the linear electron transport flow, involvement of alterna-
tive electron routes, build-up of a transmembrane pH difference
and membrane potential, activation of different nonphotochem-
ical quenching processes, activation of the Calvin—Benson cycle,
etc).[24+-28]

Here, we focus on the fast ChlF rise called OJIP rise.l?) Mainly
coming from PSIL,[2>?9] it primarily reports on the successive re-
duction of the electron acceptors of the photosynthetic electron
transport chain. The ChlF intensity rises in less than 1 s from a
minimum level (the O level) to a maximum level (P). Depend-
ing on the light level and the experimental conditions, it exhibits
one, two, or three intermediate steps identified as local maxima
labeled K, J, and I. The first step systematically reflects the light-
limited reaction (reduction of the electron acceptor Q,). Interest-
ingly, the rate constant of this so-called photochemical phase has
been reported to linearly depend on the intensity of the exciting
light®%31) and to not significantly depend on the nature of the
photosynthetic organism,*233] two features that are favorable for
exploiting such systems for light measurement. Yet, the reported
facts do not presently enable to exploit green leaves for quantita-
tive measurement of light intensity, which is the purpose of the
present work.

Considering that the ChlF emission from a leaf is a side-
product of the light-driven process of charge separation, the rate
constant driving the initial step of the ChlF rise is the prod-
uct of two terms: the cross-section for PSII photoactivation de-
noted o which reflects the capacity to absorb light, and the light
intensity/(more precisely irradiance), which is a surfacic power
(W m™?) alternatively denominated photon flux density (with mol
(photon) m~2 s7! or E m~2 s7!; see Experimental Section). Pro-
vided that this rate constant k — or similarly its characteristic time
7 =1/k—can be retrieved from the time evolution of the ChlF rise,
I can be measured if ¢ is known since all these parameters are
linked in Equation (1).

I=— (1)

oT
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Therefore, the goal of this work has first been to measure the
value of o(4,,) over a wide span of excitation wavelengths 4.
covering the near UV-visible wavelength range. In order to pro-
ceed, we first validated an automated protocol for extraction of =
from the initial step of the ChlF rise on a wide variety of green
leaves (61 samples). Then, we explored two complementary ap-
proaches to extract o (A.,.): i) we first directly measured the values
of 6 (A ) at four selected wavelengths spanning the UV-vis wave-
length range; ii) we subsequently established an average ChlF
excitation spectrum, which has been shown to be relevant for
extrapolating the value of ¢(4,,.). As a final application, we har-
nessed a leaf for characterizing a light source exhibiting a broad
spectrum of light emission.

2.2. Protocol for Measuring the Cross-Section Associated to the
Initial Step of the ChIF Rise

In a first step, we established an automated protocol for mea-
suring the cross-section associated to the initial step of the
ChlF rise in leaves by using continuous illumination. The leave
samples are prepared according to the protocol described in
the Experimental Section. They are first submitted to darkness
for 15 min before starting the illumination experiments. This
preliminary step empties the photosynthetic electron transport
chain and enables to get a reference state of the leaf. After the
dark acclimation, the face of the bifacial leaves that is not directly
exposed to sunlight (abaxial) is exposed to constant light at wave-
length A, in the [400 nm; 650 nm] wavelength range, and the
ChlF intensity is collected. 680 nm is the maximum of ChlF emis-
sion of the photosynthetic apparatus. However, any wavelength
between 650 and 750 nm can be used for ChlF reporting, albeit
with a lower signal.

ChlF recording is started before turning on illumination (typ-
ically 10 ms in our experiments) and the collected ChlF signal
F(Aeger Aep> 1), is recorded as a function of time over 1 s. The ac-
quisition frequency has to be high enough in order to enable sat-
isfactory sampling of the initial step of the ChlF rise (typically 3
MHz in our experiments). The time evolution of the ChlF sig-
nal is then automatically processed (a downloadable application
is accessible online with instructions for implementation avail-
able at https://github.com/Alienor134/OJIP-fit and in the Exper-
imental Section). The fitting algorithm exploits the approach of
Joly & Carpentier!®?] to obtain a preliminary estimation of the pa-
rameters of the whole ChlF rise. After identifying the onset of
the ChlF response (F;) and the maximum of ChlF (F,), the al-
gorithm iteratively estimates the parameters of the initial step of
ChlF rise:

a) In a first step, the algorithm applies an unsupervised fit with
Equation (2)

F(t) = Fo+ A (1—e/1)" + A)(1-¢7)”
+ A (1—em)” (2)
in order to retrieve a first estimate 7, of the value of the

characteristic time associated to the initial step of the ChlF
rise. In this step the ChlF curve is pre-processed with a
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smoothing (typically window size 10) and logarithmic sub-
sampling (typically 200 samples per decade);

b) In a second step, it restricts the time window to [0;37,] and
applies the fit given in Equation (3) to the time evolution of
the ChlF emission

F(t) = FO)+ A(1—¢ ") 3)

upon fixing s = 1.24132] in order to retrieve a second estimate
of the value of the characteristic time 7 associated to the initial
step of the ChlF rise;

¢) In the last step, it restricts the time window to [0;57], applies
a fitting function given in Equation (4)

F(t) = FO)+ A(1—¢ ")’ (4)

to the time evolution of the ChlF emission upon adopting
the values of parameters extracted during the second step
as starting values, and retrieves the final value of the char-
acteristic time r associated to the initial step of the ChlF
rise.

The light intensity sought for can eventually be extracted by
introducing 7 and the relevant value of the cross section of pho-
toconversion o(4,,.) in Equation (1).

As a solid criterion allowing end-users to establish the rel-
evance of their measurement of light intensity, we eventually
suggest exploiting the ratio (F,, — F,)/F,,, which involves the
minimal (F,) and maximal (F,) values gathered from the time
evolution of the ChlF signal F from the illuminated leaf over a
second. The ratio reflects the maximum quantum yield of PSII
photochemistry**) and a fully developed and healthy plant ex-
hibits a ratio of about 0.75 — 0.84.135] Consequently, only mea-
surements leading to ratios above 0.75 should be retained to reli-
ably extract light intensity by using our reported average value
of the cross-section for photoactivation of the photosynthetic
apparatus.

2.3. Measurement of the Cross Section Associated to the Initial
Step of the ChlF Rise at 470 & 10 nm

The relevance of the latter measurement protocol and iterative
fitting algorithm of the initial step of the ChlF rise has first been
evaluated at 470 + 10 nm on a dark acclimated thin and young
leaf from the genus Chelidonium, no later than 1 h after its collec-
tion. The leaf has been observed under an epifluorescence micro-
scope equipped with a silicon photomultiplier as detector (see Ex-
perimental Section). Figure 1a displays representative time evo-
lutions of the normalized fluorescence emission at various inten-
sities of constant light. The fitting protocol was found relevant as
displayed in Figure 1a (see also Figure 3a) illustrating different
rises of ChlF. As shown in Figure 1b, the inverse of the charac-
teristic time of the photoconversion associated to the initial step
of the ChIF rise linearly depends on the light intensity over the
whole investigated range. This behavior demonstrates that the
process driving the initial step of the ChlF rise evolution is pho-
tochemical at least up to 107 E m™2 s7' light intensity. It also
enabled us to retrieve the value of (1.30 + 0.05) X 10° m? mol !
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from the slope as a first estimate of the cross-section of photo-
conversion at 470 + 10 nm associated to the initial step of the
ChlF rise. With respect to typical orders of magnitude encoun-
tered for small photoactive molecules, the later value is extremely
high. It is a consequence of the large surface of the antenna over
which light is collected and its energy conveyed toward the reac-
tion center of PSII at which charge separation occurs with a very
high efficiency.

Then the iterative fitting algorithm has been successfully ap-
plied at differentlight intensities, on dark acclimated green leaves
from 61 samples of plants reflecting a wide variety of photosyn-
thetic species families, of shapes, growth conditions, soils, and
microclimates (see Experimental Section). We noticed that the
leaves that were not green (Oxalis triangularis, Begonia platanifo-
lia, purple areas of Columnea guttata) were not responding prop-
erly to the protocol, probably due to high amount of epidermal an-
thocyanines. Although anthocyanines absorb mostly green light,
they also absorb blue and red light,**] which decreases absorp-
tion of chlorophylls. Thus, they were removed from the dataset
and we focused on green fully formed leaves. Figure 1c displays
the dependence of the inverse of their characteristic time 7 as-
sociated to the initial step of the ChlF rise and Figure 1d shows
the associated distribution of the retrieved cross-sections. The re-
sults enabled us to conclude that using a cross-section (1.1 + 0.8)
% 10° m? mol~! for measuring light intensity at 470 + 10 nm gives
an accurate value within a factor 2.5 whatever the exploited leaf.
Such a low dispersion of the cross-section was anticipated since
the process of light-induced photochemical reaction in the reac-
tion center of PSII, which is at the core of our protocol for measur-
ing light intensity involves the same molecular structures of the
photosynthetic apparatus in all the green plants independently
on the climate zone.

To fully confirm the latter derivation, we further studied the
distribution of the ¢ value among leaves of similar size and color
collected on three plants from the same species in the same mi-
croclimates (see Section S2.1, Supporting Information). We first
investigated biological replicates on one-month old rosettes of
Arabidopsis thaliana grown under controlled conditions in a lab-
oratory. Interestingly, we could demonstrate that cut leaves (o =
1.49 + 0.60 X 10° m” mol~!) or leaves on a plantin a pot (o = 1.42
+ 0.28 x 10° m? mol!) shared similar cross-sections by respec-
tively using either a microscope or a macroscope allowing to di-
rectly run the experiment on the whole plant without pulling-off
its leaves. We additionally retained randomly two plants (genus
Bambusa and Chelidonium) and respectively measured ¢ = 1.1
+ 0.2 and 6 = 1.5 + 0.2 x 10° m? mol~! by using a microscope
to study biological replicates of leaves from different individu-
als collected in the garden of Ecole Normale Supérieure (45 rue
d’Ulm, 75005 Paris) at the same time of the year (March 2024).
The standard deviation of ¢ found for the three examined plants
was below the 0.8 X 10° m? mol~! error range provided for the
averaged cross-section reported above, which suggests that the
biological diversity of species and microclimates does play a role
in the dispersion of ¢ values. However, this observation also sug-
gests that this dispersion is taken into account in the provided
error range, which will allow the user to proceed with random-
ness for the leaf selection.

To evaluate the robustness of the preceding derivation of the
cross-section associated to the initial step of the ChlF rise at 470
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Figure 1. Validation of an automated protocol for extraction of = from the initial step of the ChlF rise and determination of the cross section associated
to the initial step of the ChlF rise from dark acclimated leaves upon constant illumination at 470+10 nm. a) Time evolution of the ChIF emission from a
dark acclimated leaf (genus Chelidonium) upon illumination at various light intensities (from 1to 9 in mE m™2 s™1 (in W m~2): 0.3 (75), 1.2 (305), 2.4
(610), 3.5 (890), 4.6 (1200), 5.5 (1400), 6.4 (1600), 7.2 (1800), 7.8 (2000)). A moving average was applied on the experimental data (grey lines) before
subsampling with window sizes of 50 and 10 for the fits given in Equation (2) (dashed lines) and (3) (solid lines), respectively; b) Dependence of the
inverse of the characteristic time 7 associated to the the initial step of the ChlIF rise from a dark acclimated leaf (genus Chelidonium) retrieved from
the monoexponential fit on the light intensity in the range 20-8000 LE m~2 s~ (5-2000 W m~2). Markers: Experimental data; Solid line: Linear fit. The
extracted slope is (1.30 + 0.05) x 10% m? mol~" where the uncertainty is the standard deviation of the regression coefficient for an ordinary least square
regression; c) Dependence of the inverse of the characteristic time 7 associated to the initial step of the ChlF rise retrieved from the monoexponential
fit on the light intensity for various dark acclimated leaves picked-up from endemic and imported species grown in different soils, under different
illuminations and microclimates over the January 2022 — September 2023 period (61 samples); d) Distribution of the cross-section associated to the

initial step of the ChlF rise from the dark acclimated leaves displayed in (c). The extracted average of the distribution is (1.1 + 0.8) x 106 m? mol~".

+ 10 nm, we further investigated the variation of the ¢ param-
eter between leaves of different ages from two different plant
species (see Section 2.2, Supporting Information). While com-
paring leaves grown over different seasons on the same plants,
we concluded that the ¢ value exhibits some variation on the leaf
age but which remains within the error range that we retain and
provide for light calibration.

As a final validation step of our method for measuring light in-
tensity with the leaf of a green plant, we challenged our standard-
ized protocol detailed in the Experimental Section by measuring
the cross-section o associated to the initial step of the ChlF rise at
470 + 10 nm on leaves after different time lags between the leaf
collection and the measurement (see Section S2.3 Supporting In-
formation). We evidenced that the measurement should be pref-
erentially performed within one hour after the leaf collection.

Adv. Sci. 2024, 11, 2304420 2304420 (4 of 13)

2.4. Minimal Set-Up for Light Calibration

The preceding series of validating experiments have been per-
formed with an epifluorescence microscope and a fluorescence
macroimager. However, such equipments are not necessitated to
apply our protocol for measuring light intensity with a leaf.

To support this statement, we first designed an easy-to-build-
up setup. Its principal part consists in an optical fiber that can
reach the side of the sample to collect the ChlF through a red
filter, and a photon detector such as a photon counter or a photo-
diode (Figure 2a,b), which are classically used to collect the ChlF
rise upon illumination.?”*! As displayed in Figure 2c, we could
extract the characteristic time 7 from analyzing the initial step of
the ChlF rise from dark acclimated leaves upon constant illumi-
nation at 470 + 10 nm and show that it provided consistent values
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Figure 2. Adapting the protocol for measurement of light intensity with a leaf to alternative optical setups. a—c) Measurement with a simplified set-up.
a,b) Scheme (a) and picture (b) of the simplified set-up. It consists in an optical fiber equipped with a red fluorescence filter (775/140) connected to a
photon detector to access the sample and collect the ChlF. Here the light source to calibrate is simulated by a collimated and filtered LED (470/40 nm); c)
Example of ChlF rise obtained with the simplified set-up. A moving average was performed on the experimental data (blue lines) with window size of 10
followed by a logarithmic subsampling. Applying the fits given in Equation (2) (dashed lines) and (3) (solid lines) respectively yielded = = (5.1, 5.2, 4.7)
x 10° s7'. Leaf species: genus Lonicera. d-f) Measurement with an oscilloscope. Fit of the initial step of the ChlIF rise performed on the ChIF response
acquired with the data acquisition card (d; = = 209 ps) or the oscilloscope (e; T = 229 ps). A moving average was performed on the experimental data
(grey lines) with window size of 10 (d) or 2 (e) followed by a logarithmic subsampling for the fits given in Equation (2) (dashed lines) and (3) (solid
lines) respectively; f) Values of 1/ retrieved from fitting the time evolution of the ChlIF signal collected with the oscilloscope (white) or data acquisition
card (striped) for various LED currents (including a repeat at 200 mA). T =293 K.

of the light intensity: 18 + 1 mEm™=2 57! (4.6 X 10° in W m~2) light
intensity was retrieved from the r measurement by using o = 1.1
x 10° m? mol~! whereas 11 mE m~2 s~! was estimated from a cal-
ibration relying on a powermeter at the position of the leaf and a
ruler to recover the illumination spot size.

On another aspect, the acquisition frequency of the photode-
tector has to match the dynamics of the initial step of the ChlF
rise to yield meaningful information on the light intensity. For
blue light in the range 50-10000 pE m? s™' (10-2500 W m?),
the characteristic time 7 varies between 50 ms and 50 ps. Dur-
ing the preceding microscope experiments, we used a data ac-
quisition card to collect the ChlF and subsequently extract the
cross-section for PSII photoactivation from processing its time
evolution. Since this equipment might not be available for fast
acquisition of the fluorescence signal, we alternatively used an
oscilloscope to collect the initial step of the ChlF rise. A Robinia
leaf was placed under the epifluorescence set-up and illuminated
at 470 nm. We measured the output of the detector collecting the
fluorescence signal, which was connected to both an oscilloscope

Adv. Sci. 2024, 11, 2304420 2304420 (5 of 13)

(37 Hz) and the data acquisition card (3 MHz) during the same
experiment. As displayed in Figure 2d,e, we observed an accurate
match between the outputs for three different values of the cur-
rent input (Figure 2e), which demonstrates that an oscilloscope
can be used to perform the light calibration with a leaf.

Hence, our simple protocol for measuring light intensity with
a randomly picked leaf can be implemented with a setup com-
prising an optical fiber, a red optical filter, a photon detector, and
an oscilloscope. Most of these elements can be found in almost
every laboratory and do not require extra investments.

2.5. Dependence of the Cross-Section Associated to the Initial
Step of the ChlF Rise on the Excitation Wavelength
2.5.1. Direct Measurement

The absorption spectrum of the photosynthetic apparatus is
broad, which is favorable to make measurements of light
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Figure 3. Dependence of the cross-section associated to the initial step of the ChlF rise from a dark acclimated leaf on the excitation wavelength. Direct
determination upon constant illumination at various wavelengths (a,b). a) Time evolution of the ChIF emission from a dark acclimated leaf (genus
Robinia) upon illumination at various light intensities (from 1to 4 in mE m=2 s~1: 7.2, 3.2, 0.73, 0.60) at 470 + 10 nm (1), 405 + 7 nm (2), 550 + 6
nm (3), and 630 + 9 nm (4). A moving average was performed on the experimental data (grey lines) before subsampling with window sizes of 50 and
10 for the fits given in Equation (2) (dashed lines) and (3) (solid lines) respectively; b) Dependence of the inverse of the characteristic time z associated
to the initial step of the ChlF rise retrieved from the monoexponential fit on the light intensity at 405 = 7 nm (pluses), 470 + 10 nm (triangles), 550+6
nm (circles), and 630 + 9 nm (crosses). Markers: Experimental data; Solid line: Linear fit. The extracted slopes are o.,¢(405) = (1.54 + 0.07) x 10°
m? mol™!, 1.,¢(470) = (1.65 + 0.07) x 10° m? mol™", 614,¢(550) = (0.31 + 0.02) x 105 m? mol~", and 6.,;(630) = (0.60 + 0.02) x 106 m? mol~!
where the uncertainties are the standard deviation of the regression coefficient for an ordinary least square regression; Indirect determination from
exploiting the fluorescence excitation spectrum of the photosynthetic apparatus (c,d). c) Wavelength dependence of the cross-section 6 (4.,.) associated
to the initial step of the ChlF rise for a Robinia leaf as extracted from exploiting its fluorescence excitation spectrum (the grey background reflects a 30%
error bar). The graph values are accessible online. Green markers: 6|q,¢ (Aeyc) @s measured in (b) (genus Robinia). T = 293 K; d) Fluorescence excitation
spectra of the photosynthetic apparatus from three different photosynthetic organisms. The fluorescence excitation spectra €,5,m (dem = 690 &2 nm)
have been normalized at 470 nm using the value ¢ = 1.1 x 106 m? mol~" extracted from Figure 1d. Semi-dotted grey line: leaf (genus Robinia); dotted
grey line: Chlamydomonas reinhardtii (cc124); solid grey line: spinach thylakoid.3®! The averaged fluorescence spectrum built from the three preceding
fluorescence excitation spectra is displayed with a thick black solid line.

intensity over a wide range of wavelengths. Hence, the depen-
dence of the cross-section associated to the initial step of the ChlF
rise on the excitation wavelength has been investigated with the
epifluorescence setup equipped with four different LEDs emit-
ting at405 +7nm, 470 + 10 nm, 550 + 6 nm, and 630 + 9 nm with
collection of emitted fluorescence at 775 + 70 nm.

Figure 3a displays representative time evolutions of the nor-
malized fluorescence emission at various light intensities of the
four LEDs from a dark acclimated leaf (genus Robinia) observed
with the photodetector under the epifluorescence microscope.

Adv. Sci. 2024, 11, 2304420 2304420 (6 of 13)

These time evolutions have been fitted with the preceding iter-
ative fitting algorithm in order to retrieve the characteristic time
= associated to the initial step of the ChlF rise. Figure 3b displays
the dependence of the inverse of r retrieved from processing
the corresponding evolutions. It was again found linear over the
whole range of investigated light intensities. We extracted (1.54 +
0.07) X 10° m? mol ™!, (1.65 + 0.07) x 10° m? mol~", (0.31 + 0.02)
x 10° m? mol™!, and (0.60 + 0.02) X 10° m? mol™" for the cross-
sections 6y,¢(Aex) associated to the purple, blue, green, and red-
orange lights, respectively.
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Table 1. Photoconversion parameters associated to the initial step of the ChlF rise in a leaf. The normalized excitation coefficient €, (Aexc) Was extracted
from the average fluorescence excitation spectrum displayed in Figure 3d by fixing the value to one at 470 nm. The cross-sections je,f (Aexc)s Oleaf,exc (Aexc)
and o (4 ) have respectively been measured (see Figure 3) and computed at 405, 550, and 630 nm from using respectively the excitation spectra of the
leaf and the average excitation spectrum of various photosynthetic organisms displayed in Figure 3c upon fixing the value of the cross-section of the

photoconversion to 1.65 X 106 M2 mMol™" (for 6je,f exe (Aexc)) OF 1.1X 108 m? mol=" (for o(4c,c)) at 470 nm. Isup (Aexc) indicates the upper light intensity
tested and relevant for a reliable measurement.

Aexc €norm (iexc) Oleaf (}'exc) Oleaf exc (j'exc) G(Aexc) Isup (Aexc)
(nm) (108 m? mol™") (108 m? mol=") (108 m? mol™") (Em=2 571 (W m?))
405 1.0 +£0.2% 1.54 +0.07% 1.2 +0.69 1.1+ 089 1072 (3000)¢)
470 1.0+0.29 1.65 + 0.07°) 1.65 + 0.69 1.1+089 1072 (2600)¢)
550 0.2+0.1% 0.31+0.03% 0.6 +0.39 0.22 +0.169 1072(2200)°)
630 0.4+0.1% 0.60 + 0.04") 0.7 +0.49 0.44 +0.329 1072(1900)¢)

A The error on the average fluorescence excitation spectrum €, (Aex) arises from the analysis of the data displayed in Figure 3d; ®) The error on o, is given by the standard
deviation of the linear coefficient using an ordinary least squares regression; 9The error on 6|, o (4exc) has been computed by taking into account the propagation of the
error on the fluorescence excitation spectrum of the leaf used for the experiment, which has been evaluated to 30% of the value at 470 nm; 9The error on ¢ (4,) has been
computed by taking into account the distribution of the ¢ values displayed in 1d and the error on the average spectrum; ¢ Extracted from the value of Isup (Aexc) by using

€(Aexc ref

€(dexc

Lo (4 A

nm).

=1 X

sup (Aexc) = Tsup (Aexc ref)

2.5.2. Exploitation of the Fluorescence Excitation Spectrum of the
Photosynthetic Apparatus

To further expand the range of wavelengths at which the cross-
sections associated to the initial step of the ChlF rise from a dark
acclimated leaf would be available, we used fluorescence excita-
tion spectra.

We first recorded the fluorescence excitation spectrum of the
photosynthetic apparatus of a leaf from the genus Robinia. As
shown in Figure 3c, it exhibits strong values in the purple-
blue and red wavelength ranges and a minimum at green wave-
lengths. Upon assuming the quantum yield driving the initial
step of the ChIF rise to not depend on the excitation wave-
length, we then used the fluorescence excitation spectrum of
the leaf to compute the wavelength dependence of the cross-
SeCtion Oyyf ey (Aexc) associated to the initial step of the ChIF
rise by fixing the value of the cross-section to 1.65 X 10° m? mol !
at 470 nm as a reference (value measured for the Robinia leaf —
Figure 3b). At 405, 550, and 630 nm, we obtained (1.2 + 0.4) X
10° m? mol !, (0.6 + 0.2) X 10° m? mol~!, and (0.7 + 0.4) x 10°
m? mol~! respectively, which were in line with the measured val-
UES Oy (Aeyc) TEPOrted above (Figure 3c and Table 1). Thus, this
reasonable agreement has suggested that the knowledge of the
fluorescence excitation spectrum and one o value at a given wave-
length would be sufficient to predict the ¢ value at any wavelength
within the action range (between 400 and 650 nm).

To evaluate the variance of the fluorescence excitation spec-
trum of the photosynthetic apparatus among photosynthetic or-
ganisms, we further recorded the fluorescence excitation spec-
trum from a culture of microalgae (Chlamydomonas reinhardtii
cc124 in exponential growth phase) and superposed the re-
ported fluorescence excitation spectrum from a spinach thylakoid
solution.l* As displayed in Figure 3d, the three fluorescence ex-
citation spectra exhibit similar shapes. Hence, we built an average
fluorescence excitation spectrum of the photosynthetic apparatus
(Figure 3d), which has been subsequently used for extracting es-
timates of the light intensity over a wide range of wavelengths
(accessible online).

Adv. Sci. 2024, 11, 2304420 2304420 (7 of 13)

] ! where Aexc ref designates the wavelength at which the extraction of the cross-section of photoconversion has been performed (A, f = 470

Altogether, the preceding agreements have suggested that the
average fluorescence excitation spectrum could be exploited to
compute an estimate of the wavelength dependence of the cross-
section associated to the initial step of the ChlF rise at any wave-
length between 400 and 650 nm from the value measured at
470 nm. Hence, upon using the average value 1.1 X 10° m? mol ™
of the cross-section at 470 nm determined in Figure 1d as a refer-
ence, we eventually used the normalized fluorescence excitation
spectrum shown in Figure 3d to build an average wavelength de-
pendence of the cross-section o (4,,.) associated to the initial step
of the ChlF rise (see Figure 3d). Table 1 sums up the relevant pa-
rameters which have to be used for measuring the light intensity
at various wavelengths with a leaf.

2.6. Application: Characterization of the Spectral Light Intensity
of a White Light Source

Manuscripts exploiting photochemistry often report on the power
of light sources together with geometrical indications of their
position with respect to the samples. However, this information
is limited to quantitatively retrieve the incident light intensities,
which drives the kinetics of the photochemical reactions. More-
over, even when the latter is provided, its spectral distribution
may be lacking. Hence, an attractive application envisioned for a
leaf is to measure the incident spectral light intensity of a light
source at a sample. More precisely, we addressed the challenging
calibration of a white LED by benefiting from the broad light ab-
sorption of the photosynthetic apparatus, which covers the whole
visible range (Figure 3c).

In a first step, we recorded the unscaled emission spectrum
S(4) of the LED (filtered above 665 nm to avoid spectral over-
lap with the fluorescence emission of the leaf), which has been
normalized by its integral to yield the normalized emission spec-
trum j(4) = S(A)/S displayed in Figure 4a. The average o,.,(470
nm) = 1.1 X 10° m? mol~! cross-section associated to the ini-
tial step of the ChlF rise from dark-acclimated leaves retrieved
from Figure 1d was used to scale the average excitation spectrum
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Figure 4. Characterization of the spectral light intensity of a white LED by a leaf-mediated measurement. a) Normalized emission spectra (j(4) = S(4)/S)
of the white LED; b) Product of the scaled spectrum o.,¢(4) by the normalized emission spectrum j(4) to generate the action spectrum of the white LED
on the photosynthetic apparatus of the leaf, o|.,¢(4) Xj(4); ¢) Scaled spectral photon flux of the white LED for current levels 55, 111, 166, 222, 277, 333,

388 mA (light to dark) predicted from S, = (¢ /;"_W Gleaf (1)j(A)dA) 1. The corresponding S, values are 0.5, 0.9, 1.4, 1.8,2.3,2.7,3.2 mEm2 s~ T=

293 K. See Experimental Section.

displayed in Figure 3d and generate the scaled fluorescence ex-
citation spectrum o.,¢(4). The resulting scaled spectrum o,.,¢(4)
was multiplied by the normalized emission spectrum j(4) to gen-
erate the action spectrum of the white LED on the photosynthetic
apparatus of the leaf, 6,,,¢(4) X j(4) (Figure 4b). Then we submit-
ted the leaf to illumination with the white LED at different cur-
rent inputs and recorded the rises of its fluorescence emission
at 775 + 70 nm as a function of time. Each characteristic time =
associated to the initial step of the ChlF rise was used to retrieve
the scaling parameter S, for the corresponding current input (see
Experimental Section). Figure 4c displays the resulting stack of
scaled emission spectrum of the white LED.

3. Discussion

Leaves are subjected to multiple processes driven by light,[2428]
which are prone to produce images.[***3] These processes span
over various time scales. The closer the process is to the driving
photon absorption, the faster it is to measure and the more re-
liable it is for measuring light intensity. First, the processes get
slower when they become farther in the metabolism of photo-
synthesis. Hence, to use slower processes for reporting on light
intensity would take longer time and reduce the range of measur-
able light intensity since the photochemical step has to determine
the overall kinetics. Moreover, as the processes become located
in the metabolism of photosynthesis, they integrate other factors
than the sole input of light to govern their extent, which would
affect the robustness of the measurement of light intensity.
When a dark-adapted leaf is exposed to continuous constant
light, the redox reactions of the photosynthetic apparatus are sig-
nificantly reflected in the initial ChlF rise only for the first second.
They are essentially conserved among photosynthetic organisms
so as to ensure robustness of the present protocol for measuring
light intensity. In particular, the variable ChlF can be modeled by
considering that illumination leads to the reversible formation of
Q;, the reduced first quinone electron acceptor in PSII, and that
it is proportional to the fraction of reduced Q,.1**! At its turn, Q7

Adv. Sci. 2024, 11, 2304420 2304420 (8 of 13)

then reduces Q,, which is the second quinone electron accep-
tor in PSII. After accumulation of two electrons at Q, and Q}~
protonation by two protons from the stroma, the resulting pro-
tonated doubly reduced Q,H, is released to the plastoquinone
pool as PQ,.4. The vacant place in the Q; pocket of PSII is then
filled back by a molecule from the oxidized part of the plasto-
quinone pool, PQ_,, forming thus Q,, in PSII. The associated ki-
netic scheme neglecting protonation of doubly reduced Q,, is dis-
played in Figure 5a.1*%! Under constant illumination of the ini-
tial state Q,Q, (the O level of the ChlF rise) at light intensity I, the
time evolution of ChlF evidences several kinetic regimes. Upon
assuming that ChlF rise only reflects Q. accumulation, they are
associated with the successive accumulations of the states Q; Q,
(J step), Q;Q; (I step), and Q; Q™ (P step), respectively, which
result from the decrease of the rate constants k; and k_; when i
increases. When the light intensity I decreases, one progressively
observes the disappearance of the fastest steps. The initial rise of
ChlF is rate limited by a photochemical activation associated with
the rate constant oI. Hence, at the slowest time scale, the time
evolution of the ChIF signal can be reliably accounted for with
the two-state kinetic model displayed in Figure 5b.

On a longer time scale, other light-driven phenomena affect
the leaf ChlF. In typically 30 s, (non-) photochemical quench-
ing first decreases ChlF emission.[*’] However, it is leaf species-
and physiological state-specific. Moreover, it cannot be made
quantitative without a preliminary calibration. As a result of a
longer light exposure, one can observe photoinhibition, which
results from the photodegradation of PSII. Hence, the ChlF de-
creases at the most illuminated zones.[*®) Interestingly, a linear
relationship has been established between the rate-constant of
photoinhibition and light intensity when the leaves are treated
with lincomycin, which inhibits the repair of the photodegraded
PSILI*-51 However, as for non-photochemical quenching, it
is expected to be specific and requesting a demanding cali-
bration. At the 30-min and longer time scale, blue light fur-
ther makes chloroplasts to stack on the side of the cells of
leaves to minimize their light exposure (avoidance).’?>3] As a
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Figure 5. Mechanisms accounting for the time evolution of ChIF. a) Complete kinetic model. Illumination at light intensity / drives the reversible reduction
of Q7 , the reduced first quinone electron acceptor in photosystem Il (PSII). In turn, Q7 then reduces Q,, which is the second quinone electron acceptor

in PSII. After accumulation of two electrons at Q, and Q[ZI’ protonation by two protons from the stroma, the resulting protonated doubly reduced Q,H,
is released to the plastoquinone pool as PQ,o4. The vacant place in the Q" pocket of PSII is then filled back by a molecule from the oxidised part of the

plastoquinone pool, PQ,,, forming thus Q,, in PSII. Order of magnitude of the rate constants:[*¢1 ¢ ~ 1 x 10 m? mol~", k, ~ 1 x 10*
sThk,=5x10"s7, ks =ky ~ 1% 102577, k_3=k_4~5x% 10" s77; b) Reduced kinetic model. It involves

103571 kg =2x 102571k, = 1.5% 10°

sl ky =5 x

the rate constants o/ — where ¢ designates the cross section associated with the photoactivation — and k — which reports on the back reaction (k,) and
the relevant electron transfer to Q, (k,; n =1 or 2) at the considered light intensity.

consequence, a light beam crossing the leaf is less absorbed than
when the chloroplasts are equally distributed in the cell. In prac-
tice, the three latter phenomena overlap each-other as illustrated
in Figure 6, in which we used a projector to imprint an image
of the overall reaction of photosynthesis.*}] Among the slowest
processes, it is eventually worth to mention starch production.
Here light exposure generates contrasted sizes and numbers of
starch grains, which has early been used to produce images after
extraction of the leaf pigments and iodine staining.l***!] How-
ever, the photoproduction and staining of starch is slow (day
time scale). Moreover, its robustness has not been investigated
and it is not quantitative, which forbids its use for measuring
light intensity.

4, Conclusion

The experiments reported in this manuscript demonstrate that
the fast light-driven step of ChlF rise occurring at the subsecond
time scale in leaves can be robustly harnessed to quantitatively
evaluate light intensity. Despite the diversity of leaves, which have
been evaluated, similar cross sections associated to the initial step
of the ChIF rise have been measured, which illustrates the con-
vergence of the primary process of charge separation in higher
plants. Hence, provided that it has been well-acclimated in dark-
ness, a simple fully-functional green leaf that has reached matu-
ration randomly chosen in a garden is endowed to yield a good
quantitative estimate of light over wide ranges of wavelengths
and intensities.

Adv. Sci. 2024, 11, 2304420 2304420 (9 of 13)

5. Experimental Section

Materials: ~ Several rounds of experiments were performed by selecting
leaves of endemic and imported species over two years at different time
periods (January, May, July, August and September), grown in different mi-
croclimates and with different soil compositions, under different light ex-
posure, at different ages, to average the diversity of the chloroplasts.

Forty leaves were collected in the surroundings of Ecole Normale
Supérieure (45 rue d’Ulm, 75005 Paris), both endemic and imported
species, under different shadings, identified with the mobile application
PlantNet (Figure 7a — genus Trifolium, Chelidonium, Hedera, Robinia, Pari-
etaria, Cotoneaster, Malus, Acer, Liriope, Athyrium, Lonicera, Hesperocyparis,
Ginkgo, Plectranthus, Taxus, Platycladus, Oxalis, Olea, Lavandula, Vitis, or
family Poacae). The leaves were collected and analyzed within one hour
after their collection. They were cleaned with MilliQ water, dried with
absorbing paper, and eventually sandwiched between two 150 um-thick
glass slides (24 x 60 #1 cover slips — Epredia), which were taped to-
gether for the microscope observation. The leaves were always illuminated
from below (abaxial — the surface not directly exposed to sunlight on the
plants).

To increase the variety of leaves, twenty-one supplementary samples
were collected in the botanic garden of the Museum National d'Histoire
Naturelle of Paris (Figure 7b), where imported specimen were grown un-
der different microclimates and growth conditions (controlled humidity
levels, light levels, temperature levels, soil composition, and controlled
plant competition and watering frequency). These microclimates included
arid desert, warm, and humid tropical forest, temperate tropical forest,
shadowed pond, alpine climate, with various soil structures including
acidic, calcic, rocky, and ultramafic soils. Those microclimates are de-
scribed in details in the Supporting Information. The genus of the species
collected correspond to Selaginella, Dictymia, Sinningia, Columnea (green
areas), Dischida, Pittosporum, Bocquillonia, Hereroa, Adenium, Monophyl-
laea, Begonia, Graptopetalum, Optunia, Gentiana, Tulipa, Minuartia, Sax-
ifraga, Eremogone, Ramonda, Lemna, Optunia and Marchantia. The Begonia
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Figure 6. Regulation processes leading to the formation of images. Four leaves picked-up from the ENS garden (a) have been illuminated for 2 h with
a videoprojector, which projected the overall reaction of photosynthesis in black letters against a white background. Then we exposed them to blue
light from the back and took a picture of the transmitted light with a cell-phone camera (c,e), or with collimated blue light and took a picture with a
fluorescence filter (b,d). We observe that on the highly-illuminated areas, the transmission is higher in accordance with chloroplast relocation. The ChIF
level is also lower than on the areas not exposed (letters and numbers). This could be due to photoinhibition or non-photochemical quenching, but also

to chloroplast relocation because chloroplasts are responsible for ChlIF.

was discarded due to its purple color. In this later case, the samples were
collected between 9.30 am and 11.30 am and stored in Petri dishes with
humid cottons to preserve humidity (tap water). The two leaves collected
from the arid microclimate were kept in a Petri dish without humidity. The
measurements were performed between 12 am and 7 pm the same day.
Each leaf was left in the humid Petri dish in the dark until 20 min before
the experiment to allow sample preparation (glass slide preparation pre-
sented above) and dark-adaptation.

The Arabidopsis thaliana (Columbia-0) plants were grown in controlled
conditions: 8 h photoperiod (9h00-17h00), day temperature 21 °C, night
temperature: 17-21 °C, light intensity: 100 uE m~2 s~ (white LED).

All the samples had been submitted to darkness for 15 min before start-
ing the illumination experiments. Then, a time-lag of 1 min was left be-
tween each measurement at different light intensity on the same leaf.

Fluorescence Spectrometer:  The fluorescence measurements were ac-
quired on a LPS 220 spectrofluorometer (PTI, Monmouth Junction, NJ),
equipped with a TLC50 cuvette holder (Quantum Northwest, Liberty Lake,
WA) thermoregulated at 25 °C.

The fluorescence excitation spectrum of the leaf was recorded as fol-
lows. The leaf was taped on a glass slide and introduced inside a 1 x 1
cm? quartz cuvette at 45° from the incident light beam. The fluorescence
emission was collected at 690 nm. The acquired excitation spectrum was
corrected from the response of the detector to the glass slide only and it
was smoothed with a moving window.

The emission spectra of the LEDs had been recorded by sending the
light emitted from the LEDs filtered above 665 nm into the emission path-
way of the fluorometer with reduced slits opening.

Simplified Set-Up:  The epifluorescence microscope, as well as the ref-
erence light calibration strategy of the equipment to retrieve the calibrated

Adv. Sci. 2024, 11, 2304420 2304420 (10 of 13)

cross-section associated with the initial step of the ChlF rise are described
in Section S1.1 (Supporting Information). Here, the description of the sim-
plified set-up that will allow the user to calibrate a light source using the
tabulated cross-sections was provided.

The illumination part consists in a LED (M470L4, Thorlabs, NJ) colli-
mated with a 16 mm lens (ACL25416U-A, Thorlabs, NJ) and converging
with a 75 mm lens (LBF254-075, Thorlabs, N)) filtered with a 470/40 nm
filter (FF01-479/40-25, Semrock, Rochester, NY). The collection part con-
sists in an optical fiber (M29L05, NA = 0.39, 600 um core diameter, Thor-
labs) that harvests the light intensity through a red filter (FF01-775/140,
Semrock) and a 6.24 mm lens (F110SMA-780, NA = 0.37, Thorlabs, NJ).
The output of the fiber was collected by a photon counter (MPPC C13366-
3050GA Hamamatsu, Hamamatsu, Japan) connected to an oscilloscope
(RTB2004, Rhode & Schwarz, Munich, Germany) and a data acquisition
card (PCl 6374, National Instruments, Austin, TX).

Protocol for Measuring the Cross-Section Associated to the Initial Step of
the ChlF Rise: The measurement consisted in exposing the conditioned
leaves to at least seven different light intensity levels and measuring the
ChlF rise over 1s at 3 MHz. Under blue illumination, it was performed
over a range of intensities between 50 uE m™2 s~! (13 W m~2) and up
to 1072 E m~2 s™! (2600 W m~2) with a time lag of 1 min between each
acquisition. Then the initial step of the ChlF rise was fitted with the iterative
algorithm to retrieve a relaxation time for each intensity level. The fitness
level was evaluated by selecting the ChlIF level Fj at the light onset, and F,

at the ChIF maximum. The f4=Fo

ratio reflects the maximal quantum yield

M
of PSII photochemistry3#] and could be used as a measure of healthness
Fm—Fo
Fm
and discarded. The inverse of the relaxation time was fitted against the

of the leaves. If

is below 0.75, the datapoint was considered unfit
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Figure 7. Samples of leaves used to evaluate the distribution of the cross section associated to the initial step of the ChlF rise. a) Leaves from the
surroundings of Ecole Normale Supérieure (40 samples in total) used to collect the rise of ChlF. They were placed between two microscope slides
taped together. The genus of the leaves shown in the picture were identified with the mobile application PlantNetl>*]: Trifolium, Chelidonium, Hedera,
Robinia, Parietaria, Cotoneaster, Malus, Acer, Liriope, Athyrium, Lonicera, Hesperocyparis, Ginkgo, Plectranthus, Taxus, Platycladus, Oxalis, Olea, Lavandula,
Vitis or family Poacae. b) Leaves collected in the different microclimates engineered at the botanic garden of the Museum National d’Histoire Naturelle
of Paris (21 samples in total) used to measure the rise of ChlF. They were kept in a humid Petri dish until 20 min before the measurement to allow
sample preparation between two glass slides and 15 min dark-adaptation. The genus of the species collected correspond to Selaginella, Dictymia,
Sinningia, Columnea (green areas), Dischida, Pittosporum, Bocquillonia, Hereroa, Adenium, Monophyllaea, Begonia (later discarded due to its purple color),
Graptopetalum, Optunia, Gentiana, Tulipa, Minuartia, Saxifraga, Eremogone, Ramonda, Lemna, Optunia and Marchantia.

light intensity with a linear model. To ensure the validity of the fit, a first
fit was performed, outlier data points were tested (threshold based on the
z-score: two standard deviations). Then a second fit was performed on the
remaining data to obtain the final & value. In practice only one leaf was
removed due to an average fitness level of 0.5, and no more than two data
points per leaf were removed, either between the first and the second linear

Fy—F,
fit or due to a low %.
M
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Implementation of an Application to Retrieve the Light Intensity from
the ChlF Kinetics: After acquiring the ChlIF kinetics as described in Sec-
tion 2.2, the user can implement an application we provide online to re-
trieve the light intensity without needing to manually proceed with the
fitting algorithm. In order to execute the application for automated data
processing of the time evolution of the ChlF signal from a darkness-
acclimated leaf exposed to constant illumination:

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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a) Open the address http://127.0.0.1:8050 on a web browser;

b) Drag-and-drop the data in .csv format;

c) Select the time and fluorescence columns. Then, the data curve, the
fits and the extracted 7 value of the initial step of ChIF will be displayed;

d) Select the excitation wavelength used in the experiment, which gives
access to the photoactivation cross-section o. Then the light inten-
sity sought for I was computed using 7 and o, and it appeared on the
screen with a factor two error.

Possible Troubleshootings of the Protocol for Measuring Light Intensity:
Three possible troubleshootings for the present protocol for measuring
light intensity are listed below:

a) The ChIF rise started decaying after reaching the maximum. The tri-
exponential fit must be stopped at the maximum F,,, for better accu-
racy;

b) Upon calibrating a red light source, exclude the excitation light from
the detected light by using a bandpass filter to collect ChlF that was far
enough away from the wavelength range of the emission source (for
example using a 700 nm filter to calibrate a 650 nm LED);

c) Checkthat the observed rise time of the ChlF signal was not driven by
the rise time of the light source (e.g., due to heating in LEDs; generally
in the us rangel®3]) or of the photodetector by preliminarily analyzing
the rise time of the fluorescence signal from a photochemically inert
fluorophore upon turning on light.[>]

Conversion of Energy Units:  In this manuscript, the values of the light
intensities in Em™2 s~ (or mol of photons m~2 s~1) were provided. This
unit was currently used in actinometry. However, it was not often used in
other fields such as optical microscopy, in which the researchers prefer to
adopt W m~2. Here, the conversion between both units were provided.[>¢]
A monochromatic light of wavelength A, was considered. Its values in E
m~2 57! and W m~2 were respectively denoted as /(de,, Em~2s71) and
I(Aeyer W m™2). The relation between I(Agye, E m™2 s71) and I(Agye, W m~2)
is given in Equation (5)

_ heNy [(Aeyr EM™257T)

I(A
( A

W m™2) Em2s7)~0.12x

exc’ X I (ACXC’

exc exc (m)

©)

with the Planck constant h = 6.63 x 1073* m? kg s7', speed of light in
a vacuum ¢ = 3.00 108 m s~7, the Avogadro number N, = 6.02 x 102
mol~1, and where A is in m.

Characterization of the Spectral Light Intensity of a White Light Source:
A light source associated with a spectral light intensity /(1) (expressed in
Em=2s71 nm™") spread over [AyiniAmax] (With the wavelength expressed
in nm) was considered. It perpendicularly illuminates a leaf associated to a
scaled excitation spectrum leading to its light absorption €(4) (expressed
in m?mol~). The rate constant k for the initial step of the ChIF rise, as
well as the associated characteristic time = obey Equation (6)

Amax Amax
k=1- 2.3/ e(A)D(A)1(A)d(2) =/ o (A)I(A)d(A) ©)

v Amin Amin
where ¢(4) and o (1) designate the quantum yield (supposed to be inde-
pendent on the excitation wavelength) and the cross-section associated
with the initial step of the ChlF rise.

The normalized emission spectrum j(A) = I(4)/S, of the light source
was introduced, where S; designates the integral of I(A) over [AminiAmax]
(Equation (7))

)'ma)(
/ W) = S, )

Amin
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and the integral of j(1) over the same wavelength range is equal to one
(Equation (8))

=

)'ma)(
/ JAd() =1 ®

Amin

Equation (6) yields Equation (9)

'I Amax . )”max .
k== =235 A () =S, A o) ()

min min

From computing the integral of the action spectrum AS of the light
source given in Equation (10)

Amax
AS = / o (A)j(A)d(A) (10)

Amin

and measuring the characteristic time 7, one can extract the integral S,
= 1/(zAS) and retrieve the scaled spectral light intensity /(1) = S; X j(4)
sought for.

In practice, one had the dependence of 6 (4) on the wavelength and an
unscaled emission spectrum of the light source S(4) (expressed in arbi-
trary unit) and the goal was to scale it to retrieve the spectral light intensity
I(4) (expressed in E m™2 s™! nm~") at the sample. The scaling step first
involved the normalization of the unscaled emission spectrum S(4) by its
integral S (Equation (11))

}“max
/ S(A)d(A) =S an

Amin

to yield the normalized emission spectrum j(4) = S(4)/S. Then one pro-
ceeds as reported above to first compute the integral of the action spec-
trum AS of the light source given in Equation (10), and then retrieve the
scaled spectral light intensity I(4) = S; X j(4) sought for from the measured
characteristic time 7 and the integral S; = 1/(7AS).
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the author.

Acknowledgements

The authors thank Frédéric Achille, Romain Billon, Germinal Rouhan,
Pierre Froidevaux, and Anthony Sibenaler for providing access to
leaves from the botanical garden of the Museum National d’Histoire
Naturelle (Paris). This work was supported by the ANR (France
Biolmaging - ANR-10-INBS-04, Morphoscope2 - ANR-11-EQPX-0029,
IPGG - ANR-10-IDEX-0001-02 PSL, ANR-10-LABX-31, and ANR-19-CE11-
0005) (for T.L.S. and L.J.), the European Regional Development Fund
project ‘Plants as a tool for sustainable global development’ (No.
€Z.02.1.01/0.0/0.0/16_019/0000827) (for D.L), and the EIC Pathfinder
Open DREAM (GA number 101046451) (for all authors).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILLOD A1) 3|t (dde 8y} Aq peusenob a8 SeoiLe VO ‘8sN JO S8|nJ o} Akeiq 1 8UljuQ AB[IA UO (SUOTHPUOD-PUE-SWBIALI0O" A3 1M AleIq | Ul |Uo//Sd1y) SUONIPUOD pue SWIs 1 841 88S *[7202/TT/0z] U0 Akiqiauljuo A3|1M ‘91SBAIUN BUL0a.0S ap anbeyiol (g Aq 0zyv0£Z0Z SAPR/Z00T 0T/I0p/L0o" A8 1M Aeiq 1 Ul Uo//:Sdny Wolj pepeo|umod ‘9€ ‘+202 ‘r8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com
http://127.0.0.1:8050

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Keywords

actinometry, fluorescence, green materials, irradiance, light intensity, pho-
toactive materials

Received: October 16, 2023
Revised: May 8, 2024
Published online: July 30, 2024

[1

[2

3

(4]

(3]
(6]
(7]
(8]
9]

(10]
(1]

(12]

(13]
(14]

(15]

[16]
(7]
(18]

[19]

(20]

(21]

Adv. Sci. 2024, 11, 2304420

T. ). Dougherty, C. . Gomer, B. W. Henderson, G. Jori, D. Kessel, M.
Korbelik, J. Moan, Q. Peng, JNCI: J. Natl. Cancer Inst. 1998, 90, 889.

D. Ravelli, D. Dondi, M. Fagnoni, A. Albini, Chem. Soc. Rev. 2009, 38,
1999.

A. Gautier, C. Gauron, M. Volovitch, D. Bensimon, L. Jullien, S. Vriz,
Nat. Chem. Biol. 2014, 10, 533.

D. Cambie, C. Bottecchia, N. J. Straathof, V. Hessel, T. Noel, Chem.
Rev. 2016, 116, 10276.

T. W. Ebbesen, Acc. Chem. Res. 2016, 49, 2403.

J.-Y. Shan, M. Ye, H. Chu, S. Lee, ).-G. Park, L. Balents, D. Hsieh, Na-
ture 2021, 600, 235.

N. J. Borys, C. Argyropoulos, L. Ye, APL Mater. 2022, 10, 060401.

N. Kamely, J. Electron. Mater. 2022, 51, 953.

A.-L. Leistner, Z. L. Pianowski, Eur. J. Org. Chem. 2022, 2022,
€202101271.

H. Kuhn, S. Braslavsky, R. Schmidt, Pure Appl. Chem. 2004, 76, 2105.
U. Boehm, G. Nelson, C. M. Brown, S. Bagley, P. Bajcsy, J. Bischof,
A. Dauphin, I. M. Dobbie, ). E. Eriksson, O. Faklaris, ). Fernandez-
Rodriguez, A. Ferrand, L. Gelman, A. Gheisari, H. Hartmann, C.
Kukat, A. Laude, M. Mitkovski, S. Munck, A. J. North, T. M. Rasse,
U. Resch-Genger, L. C. Schuetz, A. Seitz, C. Strambio-De-Castillia, ).
R. Swedlow, R. Nitschke, Nat. Methods 2021, 18, 1423.

O. Faklaris, L. Bancel-Vallée, A. Dauphin, B. Monterroso, P. Frére, D.
Geny, T. Manoliu, S. de Rossi, F. P. Cordeliéres, D. Schapman, R.
Nitschke, J. Cau, T. Guilbert, J. Cell Biol. 2022, 221, €202107093.

D. Griinwald, S. M. Shenoy, S. Burke, R. H. Singer, Nat. Protoc. 2008,
3, 1809.

U. Megerle, R. Lechner, B. Kénig, E. Riedle, Photochem. Photobiol. Sci.
2010, 9, 1400.

A. Lahlou, H. S. Tehrani, I. Coghill, Y. Shpinov, M. Mandal, M.-A.
Plamont, I. Aujard, Y. Niu, L. Nedbal, D. Lazdr, et al., Nat. Methods
2023, 20, 1930.

R. Ragni, S. Cicco, D. Vona, G. Leone, G. M. Farinola, J. Mater. Res.
2017, 32, 279.

J. ). Kaschuk, Y. Al Haj, O. J. Rojas, K. Miettunen, T. Abitbol, .
Vapaavuori, Adv. Mater. 2022, 34, 2104473.

E. Tredenick, H. Stuart-Williams, T. G. Enge, Front. Plant Sci. 2022, 13,
722710.

V. Andrei, G. M. Ucoski, C. Pornrungroj, C. Uswachoke, Q. Wang,
D. S. Achilleos, H. Kasap, K. P. Sokol, R. A. Jagt, H. Lu, T. Lawson,
A. Wagner, S. D. Pike, D. S. Wright, R. L. Z. Hoye, ]. L. MacManus-
Driscoll, H. J. Joyce, R. H. Friend, E. Reisner, Nature 2022, 608, 518.
S. Balasubramanian, K. Yu, A. S. Meyer, E. Karana, M.-E. Aubin-Tam,
Adv. Funct. Mater. 2021, 37,2011162.

T. Mirkovic, E. Ostroumoyv, . Anna, R. V. Grondelle, G. Scholes, Chem.
Rev. 2017, 117, 249.

2304420 (13 of 13)

(22]
(23]
(24]
(25]
(26]

(27)

(28]
(29]
(30]
(31]

(32]
(33]

(34]
35]
36]
(37]
(38]
(39]
(40]

(41]
(42]

[43]
(44]
[45]

[46]
(47]

(48]
[49]

[50]
(51]
[52]
53]
(54]

5]

[56]

www.advancedscience.com

D. Lazar, A. Stirbet, L. O. Bjérn, G. Govindjee, Photosynthetica 2022,
60, 25.

D. Lazar, Biochim. Biophys. Acta, Bioenerg. 1999, 1412, 1.

K. Maxwell, G. N. Johnson, J. Exp. Bot. 2000, 57, 659.

A. Stirbet, Govindjee, J. Photochem. Photobiol., B 2011, 104, 236.

H. M. Kalaji, V. Goltsev, K. Bosa, S. I. Allakhverdiev, R. J. Strasser,
Photosynth. Res. 2012, 114, 69.

A. Porcar-Castell, E. Tyystjérvi, |. Atherton, C. Van der Tol, ). Flexas, E.
E. Pfiindel, J. Moreno, C. Frankenberg, ). A. Berry, J. Exp. Bot. 2014,
65, 4065.

A. Stirbet, G. Y. Riznichenko, A. Rubin, Biochemistry (Moscow) 2014,
79, 291.

D. Lazér, Funct. Plant Biol. 2006, 33, 9.

R. Delosme, Biochim. Biophys. Acta, Bioenerg. 1967, 143, 108.

R. Strasser, A. Srivastava, Govindjee, Photochem. Photobiol. 1995, 67,
32.

D. Joly, R. Carpentier, Photochem. Photobiol. Sci. 2009, 8, 167.

N. Khan, . Essemine, S. Hamdani, M. Qu, M.-J. A. Lyu, S. Perveen,
A. Stirbet, G. Govindjee, X.-G. Zhu, Photosynth. Res. 2021, 150, 137.
D. Lazar, J. Plant Physiol. 2015, 175, 131.

D. Lazar, ). Nau3, Photosynthetica 1998, 35, 121.

M. Landi, G. Agati, A. Fini, L. Guidi, F. Sebastiani, M. Tattini, Plant
Cell Environ. 2021, 44, 1119.

K. ). Appenroth, ). Stéckel, A. Srivastava, R. ). Strasser, Environ. Pollut.
2001, 715, 49.

H. Bates, A. Zavafer, M. Szabé, P. |. Ralph, Photosynth. Res. 2019, 142,
361.

R. Pedrds, Y. Goulas, S. Jacquemoud, ). Louis, I. Moya, Remote Sens.
Environ. 2010, 174, 155.

H. Molisch, Ueber die Herstellung von Photographien in einem Laub-
blatte, Holder, 1914.

H. Gest, Photosynth. Res. 1991, 30, 49.

L. Ning, B. E. Petersen, G. E. Edwards, L. S. Daley, ). B. Callis, Appl.
Spectrosc. 1997, 51, 1.

R. P. Hangarter, H. Gest, Photosynth. Res. 2004, 80, 421.

B.-D. Hsu, Biochim. Biophys. Acta, Bioenerg. 1992, 1140, 30.

P. Tomek, P. llik, D. Lazar, M. Stroch, J. Naug, Plant Sci. 2003, 164,
665.

D. Lazar, J. Theor. Biol. 2003, 220, 469.

X.-P. Li, O. BjoErkman, C. Shih, A. R. Grossman, M. Rosenquist, S.
Jansson, K. K. Niyogi, Nature 2000, 403, 391.

B. Osmond, O. Schwartz, B. Gunning, Funct. Plant Biol. 1999, 26, 717.
E. Tyystjarvi, K. Ali-Yrkko, R. Kettunen, E.-M. Aro, Plant Physiol. 1992,
100, 1310.

E. Tyystjarvi, P. Mdenpad, E.-M. Aro, Photosynth. Res. 1994, 41, 439.
E. Tyystjrvi, E. Aro, Proc. Natl. Acad. Sci. 1996, 93, 2213.

M. Wada, Proceedings of the Japan Academy, Series B 2016, 92, 387.
B. Bardnkové, D. Lazar, ). Naus, Remote Sens. Environ. 2016, 174, 181.
H. Goéau, P. Bonnet, A. Joly, V. Baki¢, ). Barbe, I. Yahiaoui, S. Selmi,
J. Carré, D. Barthélémy, N. Boujemaa, J.-F. Molino, G. Duché, A.
Péronnet, in Proceedings of the 21st ACM international conference on
Multimedia, ACM, New York 2013

R. Chouket, A. Pellissier-Tanon, A. Lahlou, R. Zhang, D. Kim, M.-A.
Plamont, M. Zhang, X. Zhang, P. Xu, N. Desprat, D. Bourgeois, A.
Espagne, A. Lemarchand, T. L. Saux, L. Jullien, Nat. Commun. 2022,
13, 1.

A. Walter, H. Schébel, Photosynth. Res. 2023, 156, 325.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

85U8017 SUOWILLOD A1) 3|t (dde 8y} Aq peusenob a8 SeoiLe VO ‘8sN JO S8|nJ o} Akeiq 1 8UljuQ AB[IA UO (SUOTHPUOD-PUE-SWBIALI0O" A3 1M AleIq | Ul |Uo//Sd1y) SUONIPUOD pue SWIs 1 841 88S *[7202/TT/0z] U0 Akiqiauljuo A3|1M ‘91SBAIUN BUL0a.0S ap anbeyiol (g Aq 0zyv0£Z0Z SAPR/Z00T 0T/I0p/L0o" A8 1M Aeiq 1 Ul Uo//:Sdny Wolj pepeo|umod ‘9€ ‘+202 ‘r8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

	Leaves to Measure Light Intensity
	1. Introduction
	2. Results
	2.1. Principle of the Measurement of Light Intensity
	2.2. Protocol for Measuring the Cross-SectionAssociated to the Initial Step of the ChlF Rise
	2.3. Measurement of the Cross Section&#x00A0;Associated to the Initial Step of the ChlF Rise&#x00A0;at 470&#x00A0;&#x00B1;&#x00A0;10 nm
	2.4. Minimal Set-Up for Light Calibration
	2.5. Dependence of the Cross-SectionAssociated to the Initial Step of the ChlF Riseon the Excitation Wavelength
	2.5.1. Direct Measurement
	2.5.2. Exploitation of the Fluorescence Excitation Spectrum of the Photosynthetic Apparatus

	2.6. Application: Characterization of the Spectral Light Intensity of a White Light Source

	3. Discussion
	4. Conclusion
	5. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


