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1 | INTRODUCTION

Chlorophyll (Chl) fluorescence, the light emitted from the key pigments
of the photosynthetic apparatus has - since the first study of the
phenomenon (Kautsky and Hirsch, 1931) - provided over the last few
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Abstract

Chlorophyll fluorescence is a ubiquitous tool in basic and applied plant science
research. Various standard commercial instruments are available for characterization of
photosynthetic material like leaves or microalgae, most of which integrate the overall
fluorescence signals above a certain cut-off wavelength. However, wavelength-
resolved (fluorescence signals appearing at different wavelengths having different time
dependent decay) signals contain vast information required to decompose complex sig-
nals and processes into their underlying components that can untangle the photo-
physiological process of photosynthesis. Hence, to address this we describe an
advanced chlorophyll fluorescence spectrometer - ChloroSpec - allowing three-
dimensional simultaneous detection of fluorescence intensities at different wave-
lengths in a time-resolved manner. We demonstrate for a variety of typical examples
that most of the generally used fluorescence parameters are strongly wavelength
dependent. This indicates a pronounced heterogeneity and a highly dynamic nature of
the thylakoid and the photosynthetic apparatus under actinic illumination. Further-
more, we provide examples of advanced global analysis procedures integrating this
three-dimensional signal and relevant information extracted from them that relate to
the physiological properties of the organism. This conveniently obtained broad range

of data can make ChloroSpec a new standard tool in photosynthesis research.

decades fundamental insights into the functioning of the photosynthetic
apparatus of green organisms (Kalaji et al., 2014, Kalaji et al., 2017).
These include the characterization of the yields, rates and mechanisms
of the charge/electron transfer of the primary reactions and the electron

transport chain, mechanisms of photoprotective (non-photochemical
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quenching-NPQ) and photoadaptive responses (Bag, 2021; Baker, 2008;
Baker and Oxborough, 2004; Horton et al, 1996; Malnoé, 2018;
Minagawa, 2013; Stirbet and Govindjee, 2011). The information content
of Chl fluorescence has given rise to many applications in areas of plant
research such as plant physiology, ecophysiology, in greenhouses and
agriculture and forest research in the open field (Baba et al., 2019;
Berger et al, 2022; Gorbunov and Falkowski, 2022; Strasser
et al., 2000; Sun et al., 2022; Zavafer et al., 2020). Remote detection
from satellites and unmanned aerial vehicles (UAV)s relies on solar-
induced Chl fluorescence (SIF) detection (Pieruschka et al., 2012; Sun
et al,, 2023). Chl fluorescence is also used to detect and characterize
abiotic and biotic stress responses (Guidi and Degl'Innocenti, 2012) and
for phenotyping during breeding/selection of new stress resistant
and/or higher vyielding crops or microalgae (Chaerle et al., 2009;
Pérez-Bueno et al., 2019). It has also been extended to cover spa-
tial resolution by fluorescence imaging (Johnson et al., 2009; Ned-
bal and Whitmarsh, 2004) which - depending on the resolution
achieved - allows to differentiate between macroscopic and/or
microscopic variations in the fluorescence of a leaf related to dif-
ferences in Chl responses, stress conditions (Lichtenthaler, 2021;
Moustakas et al., 2021) or to variations in chloroplast structure at
the subcellular level (Wientjes et al., 2017).

For applications in laboratories, greenhouses and also in open field,
essentially two different approaches are applied and commercial instru-
ments have been developed by several companies for both: 1) so-called
pulse-amplitude modulation (PAM) (Genty et al., 1989) and 2) direct
detection (Kalaji et al., 2014). Each approach has advantages and disad-
vantages for different applications but a common feature in commer-
cially available instruments is detection of a single fluorescence signal
in a wavelength-integrated manner, although first attempts have been
made to split the entire Chl fluorescence range into two regions
(Pfindel, 2021). In general, a short-wavelength cut-off filter in front of
the detector removes the excitation light and fluorescence emitted
above the cut-off wavelength is integrated in the detection system
(Kalaji et al, 2014, Kalaji et al., 2017). This simple wavelength-
integrating measuring mode was primarily determined by the limitations
of the available light detection technology when these Chl fluorometer
techniques were developed. Despite the success and huge impact and
growth of applications of such Chl fluorometers, this detection method
largely ignores the full information content present in the wavelength-
dependence of the Chl fluorescence signals. Although, emission wave-
length dependence has been reported in green alga and cyanobacterial
strains (Kana et al, 2009; Remelli and Santabarbara, 2018; Rizzo
et al., 2014; Santabarbara et al., 2020, 2019), such characterisation has
not been done in higher plants. The wavelength-dependence of the Chl
fluorescence signals has instead been exploited in the development of
ultrafast Chl fluorescence detection techniques which over the last
decades have provided both time and wavelength resolution
(Chukhutsina et al., 2019; Croce and van Amerongen, 2020; Gilmore
and Ball, 2000; Holzwarth, 1986; Holzwarth et al., 1985, Holzwarth
et al., 2009). Together with the application of advanced data analysis of
the recorded signals, like e.g. global analysis and kinetic target analysis

methods, this technique has provided much more detailed insights into

the functioning of the photosynthetic apparatus than would be possible
using single wavelength (or wavelength-integrated) methods (Beechem
et al., 1985; Holzwarth, 1996; Roelofs et al., 1992; van Stokkum
et al., 2004). Recording of 3-D data surfaces (intensity vs. time vs.
wavelength) allows e.g. for the separation/dissection of the total
signals into their sub-components based on their spectral and tem-
poral/kinetic differences. As one recent example, we have studied
dissipation mechanisms in pine needles under extreme winter
stress by ultrafast time-resolved and wavelength-resolved
methods (Bag et al., 2020). Despite their power, the number of
published studies using such approaches in photosynthesis
research are relatively few as they require expensive instruments
and deep expert knowledge to operate, analyse and interpret their
data. This has severely restricted their wider use in plant research
and furthermore, the complexity of instrumentation restricts its
usage to the laboratory.

However, optical detection technologies have in the last decade
developed rapidly. This now opens up possibilities to develop a novel
generation of Chl fluorometers that could extend the capabilities of the
conventional Chl fluorometers - easy-to-use and wide range
of applications - by adding full wavelength-resolution currently realized
only in combination with high time-resolution techniques. We describe
here a Chl fluorometer - ChloroSpec - that combines these properties. It
can be used broadly in plant and microalgae research and has the
capacity - in combination with user friendly advanced data analysis
methods - to increase the potential of Chl fluorescence detection for
gaining deeper insights into the properties of photosynthetic organisms.

Without being exhaustive in demonstrating the possibilities, we
present here some typical examples of data recording and analysis by
ChloroSpec from a wide range of plant materials; leaves, needles and
micro-algae. We show that the conventionally used fluorescence
parameters measured by wavelength-integrating instruments are in
fact strongly wavelength dependent, indicating a pronounced hetero-
geneity of the photosynthetic apparatus and the underlying photo-
chemical responses. The new measuring and analysis capabilities
allows for a detailed resolution and characterization of these hetero-
geneities that give a deeper characterization of the photosynthetic

processes and their regulation .

2 | MATERIALS AND METHODS

21 | Plant material

Leaves of 6 week-old Arabidopsis thaliana Col-O plants were grown in
the greenhouse (150-180 pmol m~2 s~* growth light) in short day con-
ditions (8 hr day, 22°C/16 hr night, 18°C). Needles of Picea abies were
harvested from trees grown in the greenhouse (70-90 pumol m—2s~*
growth light) in long day conditions (16 hr day, 22°C / 8 hr night, 18°C)
and from outdoor grown 40+ year-old tree in december 2023 (-20°C at
the time of harvest, referred to as winter P. abies here after). The nee-
dles were arranged together to form a continuous surface for measure-

ment. Leaves of 4 month old Populus T89 (Populus tremula x Populus
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tremuloides, hybrid aspen) were harvested from trees grown in long day photosynthetic components using various exchangeable sample

conditions (16 hr day, 22°C/8 hr night, 18°C) in the greenhouse (70- holders. Fluorescence signals are simultaneously detected in two

90 pmol m~2 s~ 1 growth light). 1 week-old wildtype strain (CC-124) of ways: i) by three fast photodiode channels (— sampling rate

Chlamydomonas reinhardtii cultures were grown under continuous light 5 MHz - at fixed, but user-selectable, wavelengths through narrow-
of 70 pmol m~2 s~ at 200 rpm. The leaves of indoor grown Monstera band (10 nm FWHM) interference filters, and ii) full spectral detection
deliciosa with no defined growth conditions were also used for experi- by an optical spectrometer (range 500-900 nm, gated detection with

ments. All samples were dark adapted for 30 mins before subsequent minimal gate-width 10 psec, 2048 pixels CMOS detector, AvaSpec-
measurements at room temperature. ULS4096CL-EVO OEM version; readout rate < 2000 spectra/s for
wavelength- and time-resolved analysis) (Figure 1a, instrument lay-
out). Results can be displayed and analysed in various ways, e.g. as
2.2 | Chlorophyll fluorescence measurements fast time-resolved induction curves (from the three fast photodetec-
tors), as wavelength-resolved spectra or as 3D (intensity vs. wave-

Measurements were carried out using ChloroSpec L1. The instrument length vs. time) surfaces (Figure 1a, data output).
detects chlorophyll fluorescence signals from attached or detached Three exchangeable high-intensity LEDs can be selected for pro-
leaves, or suspensions of microorganisms, or preparations of isolated viding PSII closing pulses either with single turnover flash (STF) burst
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FIGURE 1 (a) Working principle of the instrument and a typical chlorophyll fluorescence measurement. A leaf sample is excited by one of
three light emitting diode (LED) source options (L1, L2, L3) and emitted chlorophyll fluorescence is detected in two parallel ways: (i) three filter-
photodiode combinations (D1, D2, D3) detect emitted fluorescence at three wavelengths (A4, A,, A3) and with a reference photodiode (D4) to give
high time resolution and wavelength resolved fluorescence induction traces (ii) a full spectral detection by an optical spectrometer, range
500-900 nm (S) captures the emitted fluorescence yielding a 3-D representation intensity vs. wavelength vs. time. The instrument used here has
L1 = red, L2 = green, L3 = infrared, D1 = 686 nm, D2 = 700 nm, D3 = 730 nm, D4 = reference.The emitted fluorescence detection area is
represented as “A” on the leaf surface and is 5 mm? (b) A timing diagram of a typical measuring protocol. In measuring sequence 1, Fq is
measured from a dark-adapted leaf by a burst of single turnover (STF) pulses to attain F,,, (an STF pulse consists of a 130 psec long pulse of
60.000 uEinstein m~2 s~ and a burst is defined as a sequence of n + m STF pulses separated by corresponding dark intervals with duration of a
few msec). This is followed by a very short multi turnover flash (MTF) phase before the actinic light phase. This actinic light phase is followed by a
second STF burst to measure F' & F',, as a function of emission wavelength. Repetition of such measuring sequences are then programmed
accordingly to design any experiment of choice.
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(peak intensity <80 000 pmol m~2 s~%, 10-300 psec width per pulse)
or wider multi turnover flash (MTF) pulses (peak intensity <25
000 umol m~2 s~ 2, pulse length up to several secnds). All LEDs can be
used also as actinic light sources. The standard configuration includes
vis LEDs (Osram Ostar Q8WP) with peak wavelengths at 625 nm
(red), 530 nm (green), and a NIR LED, peak 730 nm but can be
exchanged for other wavelengths. The standard filter-photodiode
wavelengths are 686, 700 and 730 nm (photodiode Hamamatsu
$1227-33BR). Optionally the instrument can be equipped by a second
spectrometer for special purposes like detection in the blue-green
spectral region for fluorescence biosensor signals.

A typical measurement sequence consists of an initial single turn-
over flash (STF) burst for closing PS Il RCs (fluorescence induction), a
multi turnover flash (MTF) optionally followed (or preceded) by actinic
light sequences, and various repetitions or modifications of such
cycles (Figure 1b). Optical pulse properties such as pulse width, inten-
sity, actinic intervals, STF and MTF closing pulses are computer-
controlled and could be changed using an easy-to-use proprietary
command language. In the measurements presented here a burst of
STF (250 pulses, each 130 us wide, separated by 3 ms intervals)
of 60 000 pmol m~2 s~ red excitation light was provided to a dark-
adapted sample to close all PS Il RCs providing the wavelength depen-
dent fluorescence induction (Fl) curves. All high precision timing for
excitation pulses and detection signal gating is controlled by a Xilinx
7020 FPGA unit. The fluorescence values recorded after each pulse
during an STF burst constitute the FI’ curves and thereby the maxi-
mum value of the first FI’ curve (FI’ (1)) is the F,,. Fluorescence values
are also recorded before each pulse during an STF burst to constitute
FIR’ curves. The first value from FI’(1)) & FIR’(1) is the Fq (Figure 1).

From each flash the time-resolved signals (200 ns/point) at the
three fixed wavelengths, as well as a full fluorescence spectrum from
each pulse (30-40 ps integration window, ~2.5nm resolution
per point) was recorded. In addition the STF pulse burst was typically
followed by a very short (length<1ms) MTF pulse of
15 000 umol m2 s~ to measure another full fluorescence spectrum
defining the FI’ spectrum at very high signal/noise ratio. All signals are
automatically normalized to the intensity of the exciting LEDs by
means of a reference photodiode. This sequence is typically followed
by an actinic sequence of desired length and intensity (for NPQ stud-
ies, rapid light curves etc.), and the cycle is repeated, where FI’ curves
and FIR’ spectra are recorded.

A standardization test of STF pulses was done to define a reason-
able STF pulse duration. A range of STF pulse widths were tested;
when the pulse width was longer than 70 us the amount of variable
fluorescence reached values close to 0.6, in agreement with previous
studies (Figure S1) (Schansker et al., 2014; Schreiber et al., 1986).

2.3 | Spectro-kinetic data analysis
Decomposition of the NPQ spectral components/kinetics was per-
formed by global target analysis methods on the basis of testing a

variety of pseudo-first order differential equation models

(Holzwarth, 1996; van Stokkum et al., 2004) applying the variable pro-
jection algorithm as the non-linear solver (Golub and Pereyra, 2003).
The mathematical fit quality was checked in a standard way using
residual plots and minimal y2-values (Holzwarth, 1996). In such multi-
component fitting procedures “physically reasonable” constraints are
applied to the fitting parameters. Examples of such “physically reason-
able” constraints are 1) application of non-negativity constraints for
spectra and concentration values, 2) unimodality (single maximum) of
spectra (where it applies) and/or concentration profiles, 3) closure
(in chemical systems the sum of concentrations of components can
often be assumed to be constant over time) or 4) other constraints
like local rank and selectivity e.g. using information from certain parts
of the experiment such as concentrations at the start should be zero,
are otherwise known, or are constant. In the analysis described here
we have applied the non-negativity of spectra and concentrations

constraints and in some cases also closure and selectivity constraints.

3 | RESULTS

3.1 | Wavelength dependent Fl curves

Figure 2 shows a comparison of Fl curves for dark-adapted leaves
from A. thaliana using either a conventional Chl fluorescence instru-
ment (Dual PAM, Walz), or the wavelength-resolving ChloroSpec L1
instrument. The Fl curves in ChloroSpec are measured using a burst of
short STF pulses followed by an MTF pulse (see methods) in contrast to
the use of only MTF pulses in PAM. The STF closing pulse technique
bears some similarity to the one used in the fast repetition rate (FRR)
fluorescence instrument (Kolber et al. 1998) although there typically a
much larger number of very low intensity pulses - combined also in a
pulse burst - are used. A key difference is however on the detection
side; in ChloroSpec fluorescence is detected in a wavelength-resolved
manner while in the FRR spectrometer it is detected as a single
wavelength-integrated signal (Kolber et al. 1998). Moreover, additional
information about the initial rise (0.01 ms - 0.14 ms) in FI’ is possible
using STF bursts in ChloroSpec.

Figure 3 shows fast Fl curves from dark-adapted samples mea-
sured during an STF pulse burst (c.f. Figure 1b) for A.thaliana and P.
abies. The full signal is plotted for the first pulse while only the last FI’
and the first FIR’ data point is plotted in the subsequent STF pulses in
a burst. The maximum peak (F,) attained in FI' curves decayed for
P. abies while remained constant for A. thaliana and also for other
plant species (Figure S3). The peak and decline in FI’ curves implies
that F,, is reached before the end of the applied STF burst sequence,
and thus in shorter time in P.abies than in the other species. FI’ curves
for C. reinhardtii and winter P.abies overlap while in the other species
curves differ (Figure S3). In addition to wavelength dependent distinc-
tion among FI’ curves (Figure 3a-c), maximal PS Il quantum yields,
ie. F,/Fn=(Fn-Fo)/F, are strongly wavelength dependent
(Figure 3d), with values ranging from 0.61 to 0.86. Typically higher
F./F., values are observed at 686 than at 730 nm (Figure 3d) for
A. thaliana and P. abies. Current commercial Chl fluorescence
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spectrometers record only one fluorescence signal wavelength-
integrated above ca. 700 nm, providing peak sensitivity around 730 nm.
They therefore highly weigh the very red part of the spectrum
(>700 nm), Figure 3 shows that this measurement regime substantially
underestimates the actual maximal PS Il yields which are highest in the
680-700 nm range. F,/F,, values obtained by instruments like the Dual
PAM (Figure S2) closely correspond to values obtained by ChloroSpec
between 700 nm and 730 nm while F,/F,, values at 686 nm are typi-
cally higher.

In other conditions these patterns may be different; in winter
P. abies the 700 nm contribution to F,/F, (0.64) is higher compared to
686 nm. The winter needles are strongly quenched with F,/F,, ranging
between 0.61 and 0.64 while the summer needles have normal values
between 0.82 and 0.86 (Figure 3d). Obviously this wavelength depen-
dency of Flis lost in this highly quenched system (Figure 3b—c).

Figure 3a-3d, besides showing “standard” FI’ curves (Kalaji
et al,, 2017, 2014), depicts a second set of induction curves that we
hereafter call FIR® (fluorescence induction redox state dependent)
curves. They represent a new type of Fl curves that can not be
recorded by conventional fluorescence spectrometers. With ChloroS-
pec the FI curves are recorded using a burst of STF pulses, separated
by 2-4 ms dark intervals. In these short dark intervals between pulses
PS 1l fluorescence relaxes from the previously attained FI’(n) value
(maximal fluorescence yield at any given STF during a Fl) at the end of
a STF pulse to an FIR’(n) level at the start of the next STF pulse of the
burst (minimal fluorescence yield at any given STF during a FIR). Con-
necting the FIR’ values of all pulses of the burst gives the FIR* induc-
tion curve shown in Figure 3a-c and Figure S3. These FIR’ induction
curves follow a different time development compared to the corre-
sponding conventional FI’ induction curves. The reason for this
behaviour is given by the progressing secondary electron transfer
reactions during the dark intervals. During the STF burst pulses, the
reduction of electron carriers upstream PSII will lead to a PSIl accep-
tor side limitation and therefore a decrease in the rate of Qa oxidation
by Qb. In this way, the FIR’(n) signal, and in particular the difference
function of the FI’(n) signal to the FIR’(n + 1) signal can provide addi-
tional information for the characterization of the secondary electron
transport processes and in particular about the reoxidation kinetics of
the electron transfer chain leading to (partial) reopening of the PS Il
reaction centers (RCs). Note also that FIR’ induction curves show pro-
nounced wavelength dependencies, new analysis methods will how-
ever have to be developed to deduce information on the secondary

electron transfer steps and their heterogeneities from the FIR’ curves.

3.2 | Wavelength-dependent NPQ measurements

Wavelength-resolved fluorescence can also provide insights into the
underlying mechanisms behind NPQ induction and relaxation.
Figure 4a shows NPQ induction and relaxation signals for A. thaliana
and P. abies. The NPQ values are higher in P.abies (2.5-5) with maxi-
mum values at 686 nm for both plant species. The differences are less
pronounced between 700 and 730 nm in A. thaliana with NPQ values

ranging between 1.5-2. The 3D surface for FI’ (vs. actinic time and
detection wavelength) for NPQ induction and relaxation is shown in
Figure 4b. The evolution of FI’ spectra during the actinic phase is pre-
sented in Figure 4c—d. The decrease in fluorescence intensity and
change in spectral characteristics with time are evident. This FI’ spec-
tra allows for calculation of the “NPQ spectra” shown in Figure 4e—f;
where the pronounced wavelength dependence of the NPQ signals is
notable. Typically higher NPQ values around 680-690 nm and a dip
with lower NPQ values around 710-730 nm is observed at the end of
actinic light phase. The exact shape of that “NPQ spectrum” depends
strongly on the species, genotype, growth conditions and pretreatment
among other factors. The dominant 686 nm peak observed in P.abies is
lost in the corresponding winter samples, demonstrating the effect of
growth conditions on NPQ spectra as well as NPQ induction (Figures 4f
and S4c). This wavelength dependence of the NPQ signals and kinetics
contains decisive information for gaining deeper insight into the mecha-
nisms and kinetics of the underlying heterogeneous NPQ processes
than is possible on the basis of wavelength-integrated signals.

3.3 | A five-component kinetic model is required
to describe NPQ

Clearly, the FI’(t, A) surfaces (Figure 4c—d) lend themselves to applica-
tion of advanced spectro-kinetic data analysis methods resolving tem-
poral and spectral contributions underlying NPQ giving detailed
insights into heterogeneous NPQ mechanisms. For reasons discussed
previously (Holzwarth et al., 2013) we do not kinetically analyse the
actual converted NPQ signals but the original FI’ (t, A) signals mea-
sured during the NPQ induction and relaxation phases. A workflow of
spectro-kinetic analysis on FI’ spectra is described in Figure 5a. The
analysis starts by hypothesising a kinetic model followed by testing
and evaluation until a best fit model is achieved (see methods for fur-
ther details). The progressive testing of kinetic models for FI’ spectra
obtained from A. thaliana in Figure 4a was done as follows. A 2 com-
ponent model had extremely high ¥? value (465.15, Figure S5a) and
therefore addition of components was considered in a linear kinetic
scheme. The successive addition of components up to a total of
4 improved the fit and decreased the x? values (Figure S5b-c). Subse-
quent evaluation of emission spectra (Figure S5c (i)) and time depen-
dent concentration profiles (Figure S5c (ii) revealed the problem of
unsaturating concentration of component 4 and thereby an addition
of fifth component was necessary. Adding it to a linear scheme did
not improve the concetration profiles, components 3-5 had not
attained stable concentrations by the end of the NPQ induction
phase (Figure S5d (ii)). Therefore a split reaction was added to com-
ponent 2 to achieve the best fit kinetic model for A. thaliana
(Figure 5d). The resulting components of the model represent chlo-
rophyll fluorescent species and hence will be referred to as “species”
here after. While species 1 to 4 have distinct peaks at around
690 nm and 740 nm, species 5 has a characteristic peak at 740 nm
(Figure 5b). The concentration profiles indicate a stable existence of

species 3 and 5 at the end of NPQ induction implying its significance
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(a) NPQ induction (white bar) and relaxation (dark bar) kinetics of A. thaliana (At) leaves and P. abies (Pa) summer needles using

800 pmol m~2 s~ red actinic light. The data is presented at 686 nm, 700 nm and 730 nm. Means *SE for n = 3. (b) 3D spectra plot of
fluorescence decrease (NPQ induction) & increase (NPQ relaxation) vs wavelength (670 nm - 800 nm) and time (s) of a A. thaliana leaf. 2D FI’
spectra of (c) At and (d) Pa and NPQ spectra of (e) At and (f) Pa during the actinic phase of NPQ kinetics from the data acquired in (a).

for the process (Figure 5c). There is also another important property
linked to the fluorescence emission spectra; the area under the spectra
is proportional to their relative fluorescence quantum yield of the spe-
cies. Therefore, species 1 and 2 are the most, and species 5 is the least
fluorescent species or in other words; species 5 is the most quenched.
A similar five-component kinetic scheme was the result for the

spectro-kinetic analysis of FI’ spectra of P. abies (Figure Sé). The

samples have a less dominant peak at around 690 nm in contrast to
A. thaliana and species 5 has a characteristic broad shoulder peak at
740 nm (Figure Sé (i) a). Moreover, species 5 in P.abies has a higher
concentration than species 3 in contrast to A. thaliana at the end of
the NPQ induction phase (Figure Sé (i)-(ii) b). The area under the spec-
tra of species 1 spectra is higher than species 2 in P. abies (Figure Sé

(i) a) in contrast to A.thaliana and winter P.abies. The effect of stressful
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21

with 800 umol m red actinic light.

winter conditions become apparent in the spectro-kinetic analysis of
P.abies. The fluorescence intensity drops in the spectra profile and
broad distinction among the 5 spectra is lost. The broad shoulder peak
at 740 nm of species 5 also disappears in winter P.abies (Figure Sé (ii)).
Normalised plots of the five component spectra at 740 nm simplify
the comparison of the spectral shapes of the different species
(Figure S7). These differences already suggest underlying variation in
properties of chlorophyll fluorescent components/complexes in action

during NPQ in different plant species.

4 | DISCUSSION

Photosynthesis research has made huge progress in the last decades
by fruitful combinations of biochemical, genetical, structural biological
and biophysical approaches. Biophysical techniques have been crucial
for understanding energy transfer and dissipation mechanisms. Espe-
cially ultrafast Chl time- and wavelength-resolved fluorescence spec-
troscopy in the femtosecond to nanosecond time range - combining

the high time resolution with wavelength resolution - has provided
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fundamental insights into photosynthetic processes (Chukhutsina
et al.,, 2019; Croce and van Amerongen, 2020; Gilmore and Ball, 2000;
Holzwarth, 1986; Holzwarth et al., 1985, Holzwarth et al., 2009;
Holzwarth and Jahns, 2014) but has remained a speciality technique.
Yet, many advantages and information gains of these ultrafast tech-
niques could be provided by simpler Chl fluorescence spectrometers
once the wavelength dimension is added. This would in many cases
even give an added advantage over ultrafast techniques. For example,
photosynthetic adaptation and regulation processes can be followed
directly on the time scale of milliseconds to minutes/hours. We describe
here a Chl fluorescence spectrometer system that measures all fluores-
cence quantities in a 3D fashion incorporating wavelength resolution
which overcomes decisive limitations of current commercial systems.
The instrument is easy-to-operate and can be used in any photosynthe-
sis lab. In combination with the provided advanced spectro-kinetic anal-
ysis software this allows to obtain novel insights into the functioning of
intact photosynthetic organisms and tissues.

In this contribution, we describe the working-principle of a new
instrument, demonstrate yet undiscovered differences in the Chl fluo-
rescence properties at different wavelengths and describe how they
vary among plant species and growth conditions. We present data from
five plant species with different leaf characteristics and a culture of a
green alga demonstrating the wide practical application possibilities. In
addition to A. thaliana and P. abies discussed in the main figures, chloro-
phyll fluorescence data from M. deliciosa, hybrid aspen and C. reinhardtii
have been presented in Figure S2 and S3. The technology bears poten-
tial to be further developed to allow e.g. for identification of specific
plant stress factors even by non-experts outside research laboratories.

The data allows for application of sophisticated methods for
global spectro-kinetic data analysis. This in turn allows for decomposi-
tion into the underlying components providing basic functional
insights into processes. We decompose the NPQ processes by a five-
component intermediate and product reaction scheme. These five
species are distinguished both by their different time developments
and emission spectra. The analysis not only provides the kinetics (time
courses) and the different spectral shapes, but the decomposed spec-
tra contain additional information. We also describe some additional
advantages with the technology like the STF approach that does not
exceed the applied actinic light dose circumventing a problem with
MTF techniques, the difference function to the FI’(t) signal. Moreover,
during fluorescence induction experiments the quantum yield of PSII
and wavelength-dependent contributions of PS | fluorescence can be
better quantified (data not shown). The power of this methodology
will become particularly apparent when employed on mutants lacking
key proteins/processes and/or plants grown under different condi-
tions. A detailed discussion and interpretation of this is beyond the
scope of this contribution but is the subject of current work but we
expect that, with the instrument now commercially available, such
studies will follow in the near future.

Chl fluorescence spectrometry is already now a highly valuable tool
for crop growth control and surveillance in greenhouses and in the
fieldplant growers, for forest management and for environmental

protection agencies. Adding wavelength resolution will become an

important complement to current commercial fluorimeters increasing
the possibilities for early identification of specific abiotic and biotic
stress factors. With new instruments this technology will not be more
complex in handling than current fluorescence spectrometers and could
therefore be employed by non-experts in agriculture, greenhouses
growth optimization, plant phenotyping, and environmental monitoring.
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