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Abstract: Plants are affected by numerous environmental factors that influence their physiological
processes and productivity. Early revealing of their action based on measuring spectra of reflected
light and calculating reflectance indices is an important stage in the protection of agricultural plants.
Photochemical reflectance index (PRI) is a widely used parameter related to photosynthetic changes
in plants under action of stressors. We developed a new system for proximal imaging of PRI based
on using short pulses of measuring light detected simultaneously in green (530 nm) and yellow
(570 nm) spectral bands. The system has several advances compared to those reported in literature.
Active light illumination and subtraction of the ambient light allow for PRI measurements without
periodic calibrations. Short duration of measuring pulses (18 ms) minimizes their influence on
plants. Measurements in two spectral bands operated by separate cameras with aligned fields of
visualization allow one to exclude mechanically switchable parts like filter wheels thus minimizing
acquisition time and increasing durability of the setup. Absolute values of PRI and light-induced
changes in PRI (APRI) in pea leaves and changes of these parameters under action of light with
different intensities, water shortage, and heating have been investigated using the developed setup.
Changes in APRI are shown to be more robust than the changes in the absolute value of PRI which
is in a good agreement with our previous studies. Values of PRI and, especially, APRI are strongly
linearly related to the energy-dependent component of the non-photochemical quenching and can be
potentially used for estimation of this component. Additionally, we demonstrate that the developed
system can also measure fast changes in PRI (hundreds of milliseconds and seconds) under leaf
illumination by the pulsed green-yellow measuring light. Thus, the developed system of proximal
PRI imaging can be used for PRI measurements (including fast changes in PRI) and estimation of
stressors-induced photosynthetic changes.

Keywords: photochemical reflectance index; PRI; photosynthetic proximal sensing; non-photochemical
quenching; pulsed light; water shortage; heating; plants

1. Introduction

Remote and proximal sensing which are based on sensors being far and close to
the objects, respectively, are among the most important methods of estimation of plant
morphology and physiological processes in modern agriculture. Multi- and hyperspectral
imaging is the widely-used basis of the sensing [1] allowing for quick measurements
of changes in spectra of reflected light without physical contact with the object which
are strongly related to numerous physiological processes including photosynthesis [2-5],
water exchange [6,7], changes in contents of pigments [8-13], emission of plant volatiles
(e.g., isoprene emission [14,15]), electrical signaling [16-18], responses on damages by
phytopathogens [19-21], primary production [22], etc. Early revealing of plant changes
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under actions of abiotic and biotic stressors is an important task of multi- and hyperspectral
imaging aimed, particularly, at minimizing the plant damage and at protecting the crop.

Calculation of reflectance indices based on measurements of the intensities of reflected
light at specific wavelengths is a conventional way of analysis of multi- and hyperspectral
data. The analysis can be based on the previously proposed reflectance indices including
normalized difference vegetation index (NDVI) [23,24], water index (WI) [6,7] and normal-
ized difference water index (NDWI) [25], near-infrared reflectance of terrestrial vegetation
(NIRy) [22], and many others. Alternatively, the analysis can be based on complex inves-
tigation of all possible reflectance indices [15,26-31] which opens ways to search for new
reflectance indices in plants.

Noted reflectance indices mainly show relatively slow processes including slow pho-
tosynthetic changes. For example, NDVI is dependent on chlorophyll content and shows
the photosynthetically active biomass in plants [23,24]. Changes in the index require long
time intervals (at least, several days). As a result, NDVI usage for early revealing actions
of stressors is limited. It means that proximal sensing of stressors-induced changes in
plants requires using reflectance indices which can be changed quickly under actions of
environmental factors.

A photochemical reflectance index (PRI), which was proposed by Gamon et al. (1992) [32],
is the perspective optical parameter for early revealing photosynthetic changes [33-35]. Tradi-
tionally, Equation (1) is used for PRI calculation [33-35]; however, using modified spectral
changes can be also effective for revealing photosynthetic changes (e.g., [36]):

PRI — Rs31 — R57O, 1)
Rs31 + Rszo

where Rs31 and Rsyg are the intensities of reflected light at 531 and 570 nm, respectively. It
was shown [32] that Rs3; can be strongly decreased under action of stressors (e.g., excess
light) that induces decrease of PRI

Fast changes in PRI can be formed for minutes and, even, seconds [32,37-41]. The
changes are caused by acidification of lumens accompanied with activity of photosynthetic
electron transport chain [33-35]. It means that PRI should be strongly related to photosyn-
thetic parameters including the energy-dependent component of the non-photochemical
quenching (the fast-relaxing component, NPQF [42]) because this component is induced by
lumen acidification [43,44]. Earlier, we showed that absolute values of PRI and, especially,
light-induced changes in PRI (APRI) are strongly related to NPQy [16,41,45]. Potential
mechanisms of the changes are related to the pH-dependent de-epoxidation of violaxanthin
to zeaxanthin via antheraxanthin [32,37,46,47] and (or) chloroplast shrinkage [38] and
subsequent induction of light scattering at 530-546 nm [40,41]. Also, there are long-term
changes in PRI [13,48-51] based on modifications of carotenoid/chlorophyll pigment ratios
and the total xanthophyll pigment pool size.

However, using PRI to reveal early photosynthetic stress changes can be restricted
by number of factors including the necessary of calibration of a measurement system and
influence of the illumination conditions which can significantly vary in field or greenhouse
with combined light (artificial light + sunlight). Modern systems use constant artificial
illumination or sunlight and require continuous (or periodic) application of reflectance
standard (e.g., see PRI imaging system proposed in papers [52,53]). Our meta-analysis [35]
shows that using artificial light can increase correlation between PRI and photosynthetic
parameters in comparison to the correlations under sunlight.

Earlier, we developed the method of proximal PRI sensing [41] based on using short
measuring pulses of green-yellow light (GYL) and calculating differences between inten-
sities of reflected light with GYL (background light and measuring green-yellow light)
and without GYL (background light only). We showed experimentally that using the pro-
posed illumination method excludes the influence of background light and provides PRI
measurement without continuous application of reflectance standard [41]. The obtained
results demonstrated that the measured PRI and, especially, APRI were strongly related
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to NPQg. Thus, the reported method has high potential in the development of new tools
for proximal sensing of PRI in leaves and canopy without calibration procedure under
changeable ambient light conditions. However, durations of GYL pulses were 30 s in [41]
that could potentially influence PRI because a fast component of PRI is formed within
several seconds [38]. The use of short GYL pulses (much less than 1 s) shouldn’t affect PRI
and can be an important step of further development of the method.

The aim of the present work is the development of a new system for proximal imaging
of PRI based on measuring back reflected GYL using short pulses of artificial light and
accounting for ambient light. The design of the setup allowed to avoid using mechanically
switchable parts (which are used, e.g., in [52,53]) in order to increase the speed of data
acquisition and the system durability. The system capabilities have been tested in the
preliminary studies including revealing photosynthetic changes induced by light with
different intensities, water shortage and heating in plants in laboratory experiments on
pea seedlings.

2. Materials and Methods
2.1. Plant Materials, Water Shortage and Heating

We used 2-to-3-week-old seedlings of pea (Pisum sativum L., cultivar Albumen) in the
investigation. Plants were cultivated in a sand substrate in growth room under 16/8 h
(light/dark) photoperiod at 24 °C. Plants were irrigated every 2 days.

Water shortage was induced by absence of irrigation for 5 days in accordance with [31,45];
the irrigation was not changed in control plants. PRI, NPQp, and relative water content in
plant leaves were measured every day of the water shortage. The relative water content was
calculated on the basis of measuring fresh and dry weights of leaves. The dry weight was
measured after 2 h of high temperature action (about 100 °C) in a TV-20-PZ-K thermostat
(Kasimov Instrument Plant, Kasimov, Russia).

Heating was induced by action of increased temperature (46 °C) for 30 min in the
TV-20-PZ-K thermostat. Control plants were not heated. PRI and NPQp were measured in
1h and 1 day after heating in accordance with [31,45].

2.2. Description of the Developed System for Proximal PRI Imaging

Figure 1 shows the schematic of the developed system of proximal PRI imaging based
on using measuring artificial light. The system included several light-emitting diodes
(LEDs) LXML-PX02-0000 (Lumileds, Schipol, The Netherlands) which form spatially homo-
geneous illumination of a plant object by GYL. Figure S1 shows emission spectra of LEDs;
the main part of the spectra was in the green-yellow spectral range corresponding to the
detection in green and yellow bands of back reflected light. The LEDs had approximately
equal intensities of light at 530 and 570 nm enabling measurements in both bands with the
CCDs having the same exposure time.

Green-yellow light reflected back from the plant object is delivered to beamsplitter
FF552-Di02 (Semrock, Rochester, NY, USA), which reflects light with wavelengths below
550 nm (green reflected light, GRL) and transmits light with wavelengths exceeding
550 nm (yellow reflected light, YRL) (Figure S1). Further, GRL is transmitted through
the bandpass filter FF01-530/11 (Semrock) with 530 nm center wavelength and 11 nm
bandwidth (Figure S1) proving fine spectral selection of the GRL. GRL image is captured
by the first 12-bit CCD camera CGN-B013-U (Mightex, Toronto, Ontario, Canada) with
external trigger. YRL transmitted through the bandpass filter FF01-575/15 (Semrock) with
575 nm center wavelength and 15 nm bandwidth (Figure S1) is detected by the second
identical CCD camera with the same exposure and amplification. Both cameras are adjusted
for the same imaging area; however, a minor mismatch in the overlapping of green and
yellow images takes place which is compensated by the numerical algorithm described
below. Pulsed operation of the LEDs, cameras exposures and their synchronization is
controlled by ARDUINO UNO (Arduino, Turin, Italy).
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Figure 1. The schema (a) and photo (b) of the developed system for photochemical reflectance measurements. The system
includes light-emitting diodes (LEDs) (1), beamsplitter (2), bandpass filters for yellow (3) and green (4) light CCD cameras
with objective lenses (5, 6), USB hub (7), ARDUINO UNO (8), LEDs current source (9), power supply (10), and a laptop (11).
GYL is the green-yellow measuring light. RL is the reflected light. GRL and YRL are green and yellow RLs, respectively.

There are two regimes of measuring PRI (Figure 2). The first (main) regime of the
measuring cycle (Figure 2a) included short-term illuminations of plants by GYL (pulse
duration was 18 ms and measurements lasted from 3rd to 13th millisecond) which should
weakly influence PRI because the measuring pulse is significantly shorter than the durations
of all potential mechanisms of the index changes. For example, the duration of the fast
changes in the light scattering at 530-546 nm, which is probably the fastest mechanism of
PRI changes, is about 1 s in pea leaves [40]. The second regime (Figure 2b) provides plant
illumination by GYL from hundreds of milliseconds to seconds. It was used for analysis of
fast changes in PRI with durations less than several seconds [38].

The sequence and duration of GYL pulses and CCD triggering for selected regime
(Figure 2) is stored in ARDUINO memory and runs in cyclic mode. A set of four images
(dark image at 530 nm, dark image at 570 nm, measuring image at 530 nm, and measuring
image at 570 nm) was the result of the measuring cycle. The software of the system written
in C++ programming language calculated differences between the measuring and the dark
images. After that, minor mismatch in the overlapping of green and yellow images were
compensated and the images at 530 nm and at 570 nm were used for calculation of the PRI
spatial distribution in accordance with Equation (1); PRI was calculated for each pixel of
the image.
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Figure 2. Duty cycles of PRI imaging system in two regimes: minimum illumination by GYL (a), and variable illumination
by GYL (b). Cycle duration of the first regime, tc, is 872 ms, exposure time, tey, is set to 10 ms for all CCD frames, the delay
between frames, tyr, is set to 208 ms for data transferring, the delay time between LEDs on and starting frame capture is

set to 3 ms to exclude transition processes of LEDs during frame exposure, LEDs pulse duration in the first regime, t; pp1,

is set to 18 ms, in the second regime LEDs pulse duration, f gpy, is changes by varying the delay between LEDs on and

frame capture in the second regime, f; 4. Dark images are measured under background illumination; measuring images are

measured under GYL illumination and the background illumination. In our paper, the background illumination included

the measuring light and actinic light, which were used for measurements of chlorophyll fluorescence (see Section 2.3

for details).

The numerical algorithm of compensation of the mismatch between two images
obtained from both CCDs is based on construction of the coordinate transformation matrix
for 570 nm images. This matrix transforms coordinates of pixels in the 570 nm images to
correspond the pixels in 530 nm images. Estimation of transformation matrix coefficients
is based on the calibration procedure. This procedure consists of the following steps:
(1) measurement of a simple calibration picture (the chessboard with black and white cells),
(2) finding an array of key points on the calibration images, (3) creation of transformation
matrix using linear regression. The calibration procedure is embedded in the software of
the system and repeated only if the focal distances has been changed.

Additional calibration was used to compensate spatial inhomogeneities of the transfer-
ring function caused by imperfection of objective lenses and inhomogeneities of the illumi-
nation light (about 20%), and also difference in sensitivity of 530/11 nm and 570/15 spectral
channels (about 5%). This calibration was provided using a white calibration standard
and corresponding amplitude coefficients for each pixel on each image were calculated
and stored in the memory of a software. The white calibration standard was also used
for checking of weak influencing the ambient light on measured PRIs. It was revealed
that difference between PRIs measured in the white sheet under the background light
(white fluorescent lamp) and PRIs measured in the sheet without the background light
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was about 1.6%. Additionally, turning on ambient illumination slightly increased standard
deviation of PRI measurement from 0.7 to 0.9 (SD x 1000). Thus, the background light
weakly influenced value of PRI

2.3. Simultaneous Measurements of Fast Relaxing Component of Non-Photochemical Quenching
and PRI

The system of pulse-amplitude-modulation (PAM) imaging Open FluorCam FC 800-
0/1010 (Photon Systems Instruments, Drasov, Czech Republic) was used for measuring
NPQr in pea leaves. Four pea seedlings were simultaneously measured. The leaves and
stems were kept at fixed positions in same plane (Figure 3).

(b)

Figure 3. Example of localization of ROIs at measurement of photochemical reflectance index (PRI) (a) and chlorophyll

fluorescence (b). Four pea seedlings were simultaneously measured, and two ROIs placed on pair leaflets were used for

each seedling.

The maximum yield of fluorescence (Fm) was measured at the saturation pulse (SP,
4000 pmol m~2 s71, cold white light, 6500 K) after dark adaptation for 15 min. After that,
SPs were generated every minute and the corresponding maximum yields of fluorescence
under light and dark conditions (Fm’s) were measured.

There were two regimes of the NPQF measurement. Light dependences of NPQF
were measured with using the following sequence of the light conditions: periodical SPs
and red actinic light (AL, 617 nm) with 70 pmol m 2571 intensity for 5 min, periodical
SPs without AL for 5 min, periodical SPs and AL with 140 umol m~2 s~! intensity for
5 min, periodical SPs without AL for 5 min, periodical SPs and AL with 210 umol m2g1
intensity for 5 min, periodical SPs without AL for 5 min, periodical SPs and AL with
280 umol m~2 s~ ! intensity for 5 min, periodical SPs without AL for 5 min. Influence of the
water shortage and high temperature on NPQF were analyzed using periodical SPs and AL
with 280 pmol m~2 s~! intensity for 10 min and following periodical SPs without AL for
5 min. Seedlings were eliminated from the experiment after each measurement. Equation (2)
was used for calculation of NPQr [41,42]:

Fm Fm
NPQy = — — —o @
Fm”®  Fm’

where Fm'? and Fm'S are the Fm' before the termination of illumination and for 5 min after
that, respectively.

PRI measurements were performed simultaneously with the measurements of the
chlorophyll fluorescence and the pulses of GYL (18 ms) were generated every 5 s. Angle
between optical axes of the proximal PRI imaging system and the investigated leaves was
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about 45°; distance from LEDs to leaves was about 50 cm. The illumination intensity of
GYL (during the pulse) measured at the leaf surface by a Thorlabs PM100D optical power
meter (Thorlabs Inc., Newton, MA, USA) with the S120VC sensor (200-1100 nm) was
23 umol m~2 s~1. Figure 3 shows ROIs, which were used for analysis. There were two
ROIs for each plant (eight ROISs for four seedlings in each measurement). ROIs for NPQp
measurements corresponded to ROIs for PRI measurements. Parameters of NPQp in the
ROIs were analyzed by software of the Open FluorCam FC 800-O/1010. Parameters of PRI
in the ROIs were analyzed by Image]. APRIs were calculated as difference between PRI
before termination of illumination and PRI before termination of initial dark adaptation.

2.4. Measurements of Changes in PRI Induced by Short-Term Illuminations by GYL

The measurements of changes in PRI induced by short-term illumination by GYL were
like other PRI measurements, but there were no measurements of chlorophyll fluorescence.
Leaves were illuminated by GYL after dark adaptation; actinic light, measuring light and
saturation pulses were absent. Angle between optical axis of the proximal PRI imaging
system and investigated leaves was about 45°; distance from LEDs to leaves was about
30 cm. The illumination intensity of GYL (during the pulse) measured by Thorlabs PM100D
optical power meter (Thorlabs Inc.) at the leaf surface was 57 umol m2s L.

The changes in PRI were calculated as difference between PRI after the specific dura-
tion of illumination by GYL and PRI at 18 ms GYL action. The duration of illuminations by
GYL was varied from 300 ms to 3200 ms.

2.5. Statistics

A separate set of pea seedlings of pea was used for each experiment. The number of
repetitions was varied from 8 to 16 in different experiments; specific numbers of repetitions
(n) are shown in figures. Mean values, standard errors (SEs), scatter plots, linear regression
equations and determination coefficients are shown in figures. A Student’s t-test was used
to estimate significance of differences.

3. Results
3.1. Relations of PRI and APRI to NPQr under Different Intensities of Actinic Light

Figure 4 shows dependences of NPQE, PRI and APRI on intensity of the actinic light
in pea leaves. It was shown that increase of the AL intensity stimulated forming the fast
component of the non-photochemical quenching (Figure 4a). The significantly increased
NPQr was shown under light intensities equaling to 140 umol m~2 s~! and more. In
contrast, NPQg under the 70 pmol m—2s~1 AL intensity was about zero.

Absolute value of PRI decreased with the AL intensity increase, but significant changes
in PRI were only observed under light intensities equal to 210 and 280 pmol m 2 s~!
(Figure 4b). Dependence of light-induced changes in PRI (APRI) on intensity of illu-
mination by AL was similar to the dependence of absolute values of PRI (Figure 4c);
however, significant changes were observed at all investigated light intensities (from
70 umol m~2 s~ 1 to 280 umol m~2 s~ 1). It should be noted that light dependence of NPQp
was similar to the dependences of PRI and APRI under light intensities equaling to 140, 210
and 280 pmol m~2 s~1, but changes in photochemical reflectance index were also observed
under 70 umol m~2 s~ intensity of the actinic light.

Figure 5 shows scatter plots between averaged PRI and NPQF and between averaged
APRI and NPQg. Both PRI and APRI were linearly related to NPQgF (the determination
coefficient (R?) exceeded 0.8). It should be noted that the first point of dependence (under
zero AL illumination) falls out of the linear trend of PRI and APRI on NPQp. We separately
analyzed scatter plots between PRI and NPQp and between APRI and NPQF without the
first point (Figure S2). Excluding data under zero AL intensity strongly increased efficiency
of the linear relation of PRI and APRI to NPQf (R? exceeded 0.94). The result showed
the light-induced changes of PRI included a component which was not related to NPQg.
Considering regression equation for APRI and NPQr (Figure S2b), it could be supposed
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that the magnitude of this component was about 4 relative units (APRI x 1000). Figure S3
shows scatter plots between individual values of the parameters which are principally
similar to the scatter plots on basis of averaged values.

1.2 - 70

NPQ;
PRI x 1000

T T 1 40 T T 1

0 100 200 300 0 100 200 300

AL intensity, pmol m?s™ AL intensity, pmol m2s!
(a) (b)

AL intensity, pmol m?s™!

APRI % 1000

12 -

(c)

Figure 4. Dependences of the energy-dependent component of the non-photochemical quenching
of fluorescence (NPQF) (a), the absolute value of PRI (b), and its change (APRI) (c) in leaves of pea
seedlings on intensity of the actinic light (AL, 617 nm) (1 = 16). Measurements were initiated after
15 min dark adaptation. Durations of AL actions with different intensities were 5 min followed by
5 min dark interval after each illumination. The absolute value of PRI was measured before termination
of illumination. APRI was measured as the difference between PRI measured before termination
of illumination with specific AL intensity and the initial PRI measured before initiation of the first
illumination. * indicates that the value of the parameter significantly differed (p < 0.05) from the value
before initiation of the first illumination. # is number of repetitions. Bars show standard errors.
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Figure 5. Scatter plots and linear regression trends between NPQp and PRI (a) and between NPQr
and APRI (b) in experiments with actions of ALs with different intensities. Kj = —8.2574 and
KA = —8.2574 are linear regression coefficients in the plots (a) and (b), respectively. Average values
of parameters and standard errors from Figure 3 were used. R? is the determination coefficient. Bars
show standard errors.

3.2. Relations of PRI and APRI to NPQp under Water Shortage

It was shown (Figure S3) that absence of irrigation induced fast decrease of the relative
water content in pea leaves. The decrease was significant in 3rd and 4th days of the water
shortage. The maximal magnitude of the decrease (4th day of the water shortage) was
about 10%.

Figure 6 shows changes in NPQEF, PRI, and APRI during the course of the water
shortage. Magnitudes of NPQp were significantly increased for all days of the water
shortage. Maximal increasing NPQr was observed in 3rd and 4th days under absence of
the irrigation. Changes in absolute values of PRI and APRI were similar to the changes in
NPQg. PRI was significantly increased for all days of the water shortage excluding 4th day;
APRI was significantly decreased.

Figure 7 shows scatter plots between PRI and NPQyp and between APRI and NPQr
under the water shortage. The scatter plots were calculated on the basis of averaged values
of investigated parameters from Figure 6. It was shown that both PRI and APRI were
linearly related to NPQp, however, the dependences differed. APRI decreased with the
increase of NPQF; it was similar to the dependence under action of illumination with
different light intensities. In contrast, absolute value of PRI increased with increase of
NPQg. The effect was in a good accordance with the results of our previous study with
the use of a spectrometer [45]. Figure S5 shows scatter plots between individual values
of the parameters which are principally similar to the scatter plots on basis of averaged
values (especially, for APRI and NPQF). The results showed that the irrigation absence
decreased APRI and increased PRI; the last result could be related to changes in content of
photosynthetic pigments.
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Figure 6. Dependences of the energy-dependent component of the non-photochemical quenching of fluorescence (NPQr)
(a), the absolute value of PRI (b), and its change (APRI) (c) in leaves of pea seedlings on the duration of the water shortage
(n =12). Measurements were initiated after 15 min dark adaptation. Duration of AL action (617 nm, 280 umol m~2s71) was
10 min followed by 5 min of dark interval. The absolute value of PRI was measured before termination of illumination. APRI
was measured as difference between PRI measured before termination of the illumination, and the initial PRI measured
before initiation of the illumination. The water shortage was induced by elimination of irrigation in experimental seedlings;
control plants were irrigated. * indicates that experimental and control parameters significantly differed (p < 0.05). n is
number of repetitions. Bars show standard errors.
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Figure 7. Scatter plots between NPQg and PRI (a) and between NPQg and APRI (b) in experiments
with water shortage. Kyy = 12.562 and KAy = —5.0547 are linear regression coefficients in the plots
(a) and (b), respectively. Average values of parameters and standard errors from Figure 6 were used.
R? is the determination coefficient. Bars show standard errors.

3.3. Relations of PRI and APRI to NPQF after Heating

Analysis of the heating influence on NPQp, PRI, and APRI showed that the influence
was weak (Figure 8). There were no significant changes in the energy-dependent component
of the non-photochemical quenching and absolute value of photochemical reflectance index.
Only weak tendencies of NPQr and PRI increase were observed in 1 h after heating. APRI
was significantly decreased in 1 h after the heating, but in 1 day after the heating it was
the same as the control value. This result is in accordance with the result of our previous
studies [45], which showed that the absolute value of PRI was weakly influenced by heating
in pea leaves; in contrast, APRI significantly decreased in 1 h after action of the heating.

Figure 9 shows scatter plots between averaged PRI and NPQr and between averaged
APRI and NPQF after the heating. The scatter plots were calculated on the basis of averaged
values of investigated parameters from the Figure 8. It was shown that the relation between
PRI and NPQr was weak. In contrast, APRI was strongly linearly dependent on NPQg
(R? exceeded 0.88). Figure S6 shows scatter plots between individual values of the parameters.
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Figure 8. The energy-dependent component of the non-photochemical quenching of fluorescence (NPQF) (a), the absolute
value of PRI (b), and its change (APRI) (c) in leaves of pea seedlings in 1 h and 1 day after short-term heating (1 = 12).
Measurements were initiated after 15 min dark adaptation. Duration of AL action (617 nm, 280 pmol m~2s571) was 10 min

followed by 5 min dark interval. The absolute value of PRI was measured before termination of illumination. APRI was

measured as difference between PRI measured before termination of the illumination, and the initial PRI measured before

initiation of the illumination. The experimental seedlings were heated for 30 min at 46 °C; control plants were not heated.

* indicates that experimental and control parameters significantly differed (p < 0.05). 1 is number of repetitions. Bars show

standard errors.
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Figure 9. Scatter plots between NPQr and PRI (a) and between NPQp and APRI (b) in experiments
with heating. Kyg = 7.5327 and KAy = —12.868 are linear regression coefficients in the plots (a) and
(b), respectively. Average values of parameters and standard errors from Figure 8 were used. R? is
the determination coefficient. Bars show standard errors.

3.4. Total Relations of PRI and APRI

Figure 10 shows scatter plots between PRI and NPQr and between APRI and NPQF
based on all abovementioned results. The scatter plots were calculated based on averaged
values of investigated parameters from the Figures 4, 6 and 8. It was shown that relation
of absolute PRI values to NPQp was weak. In contrast, APRI strongly decreased with
increase of NPQp. The dependence was linear (R? exceeded 0.68) and was similar to
the dependences of APRIs on NPQr which were calculated by using spectrometer under
illumination by light with different intensities [41] and under action of water shortage and
heating [45]. Figure S7 shows scatter plots between individual values of the parameters
which are principally similar to the scatter plots on basis of averaged values (at least, for
APRI and NPQf).

3.5. Changes in PRI Induced by Short-Term Illuminations by GYL

Figure 11 shows changes in PRI induced by short-term illumination by green-yellow
light. It was showed that GYL induced the first decrease of PRI (up to 700 ms), partial
recovery of PRI (1200-2200 ms), and the second PRI decrease (3200 ms). The result was in
accordance with the paper by Evain et al. [38] which showed fast changes in PRI (within
seconds). Also, it showed that the developed system can be applied for measuring the
fast changes.
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Figure 10. Scatter plots between NPQFp and PRI (a) and between NPQp and APRI (b) calculated on
the basis of all experiments. Kiota) = 4.9913 and KAo1q) = —5.4529 are linear regression coefficients in
the plots (a) and (b), respectively Average values of parameters and standard errors from Figure 3,
Figure 5, and Figure 7 were used. R2 is the determination coefficient. Bars show standard errors.
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Figure 11. Dependence of green-yellow light (GYL)-induced changes in PRI on the duration of the
illumination (n = 8). GYL-induced changes were calculated as [PRI(x)-PRI(18)], where PRI(x) was
PRI at the GYL illumination with duration equaling to x ms and PRI(18) was PRI with the GYL
illumination with duration equaling to 18 ms. * indicates that [PRI(x)-PRI(18)] was significantly
differed (p < 0.05) from 0. n is number of repetitions. Bars show standard errors.
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4. Discussion

Measurement of intensities of reflected light at specific wavelengths and calculation
of reflectance indices are the widely used methods of plant remote and proximal sensing
which can be implemented for estimation of changes in their physiological processes [2-22]
including photosynthesis [2-5]. Particularly, the photochemical reflectance index [32-35]
can be sensitive to early photosynthetic changes under action of environmental stressors
because PRI can change within minutes and, even, seconds after initiation of action of an
adverse factor [32,37-41,54].

Mechanisms of fast changes in PRI are related to the de-epoxidation of violaxanthin to
zeaxanthin via antheraxanthin through changes in absorption of green light [32,37,46,47]
and induction of light scattering at 530-546 nm [40,41], which, probably, can be induced by
chloroplast shrinkage [38]. Both processes are caused by acidification of the chloroplast
lumen due to photosynthetic electron transport chain activity [32,37,38,40,46,47]. The tight
relation between induction of the fast changes in PRI and changes in pH may be basis of
PRI sensitivity to photosynthetic processes. Particularly, the energy-dependent component
of the non-photochemical quenching of chlorophyll fluorescence (NPQF) is induced by
the lumen acidification [42—44], which is often the result of action of excess light (through
stimulation of activity of photosynthetic light reactions) or other stressors (through decrease
of activity of photosynthetic dark reactions). The lumen acidification induces disruption
of light energy transition in the light-harvesting complex that is caused by protonation
of PsbS proteins [55,56] and synthesis of zeaxanthin and anteraxanthin from violaxanthin
in the xanthophyll cycle [57]; cooperative influence of these processes is also probable. It
means that the non-photochemical quenching and, especially, NPQr should be strongly
related to PRI changes.

However, our meta-analysis [35] shows that the relation of the non-photochemical
quenching to PRI can be strongly varied under sunlight, however using artificial illumi-
nation increases correlations between the parameters. Additionally, our previous results
demonstrate that light-induced changes in PRI (APRI) are more sensitive to the non-
photochemical quenching than absolute value of PRI [36,41,45]. The results show that
measuring PRI with using artificial illumination under different light conditions, which
is necessary for APRI estimation, is an important problem for remote and proximal plant
photosynthetic sensing. Earlier, we proposed the method of PRI measuring with using
pulses of green-yellow light and calculating differences between intensities of reflected
light with GYL pulses and without ones [41]. It was shown [41] that PRI and APRI can be
correctly measured under illumination with different light intensities on the basis of this
method and can be used for estimation of NPQp in plant leaves.

The first result of the current study is the development of a system for proximal
imaging of photosynthetic stress changes in plants using the proposed method [41] based
on active illumination of leaves by short-term measuring pulses by GYL. It should be noted
that using short-term GYL pulses is similar to the pulse-amplitude-modulation (PAM)
method of fluorescence measurement, which is based on weak pulses of the measuring
light and measurements of differences in the intensity of fluorescence during and before
a pulse [43,58]. Application of GYL pulses minimizes influence of different intensities of
background light and allows to measure PRI under different additional illumination of
plants without calibration of the reflected light for each intensity of illumination. This is
the basic feature of the developed setup which distinguishes it from the systems for PRI
measurements using continuous artificial light or sunlight (e.g., [52,53,59]) that require
periodic calibration.

Our previously developed modality of PRI measurements [36,41] was based on 30 s GYL
pulses which could influence PRI because the fast component of changes in the photochemical
reflectance indices is formed within a few seconds or less [38]. In contrast, the newly reported
system can generate both short-term GYL pulses (18 ms), which are significantly shorter
than the durations of all potential mechanisms of the PRI changes [34,36,38], and pulses
with controlled durations, which induce fast changes in PRI. The property increases the
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efficiency of proximal imaging of photosynthetic processes in plants with the use of the
developed system (e.g., the fast component of PRI changes can be measured or excluded
from measurements).

Second, measurements of PRI, APRI, and NPQr under different light intensities
(Figure 4), water shortage (Figure 6) and heating (Figure 8) show that changes in the param-
eters are similar to the changes revealed in our previous studies with using spectrometer
as a point detector of reflected light [41,45]. APRI are strongly linearly related to NPQg
(Figures 5, 7 and 9) under actions of all investigated factors (light intensity, water shortage,
and heating); moreover, the scatter plot based on all investigated experimental points
(Figure 10) also shows strong linear dependence of APRI on NPQg. Linear regression
coefficients (Kj, KA; Kw, KAw, Ky, KAp, Kiotal, KAjotal,) are similar to those parameters
obtained in our previous studies [41,45]. The result shows that APRI obtained with the
developed system can be used for proximal estimation (at the distances of about 50 cm) of
NPQr which is strongly related to photosynthetic stress changes [42-44,58]. In contrast, the
scatter plot based on all investigated experimental points of averaged absolute values of
PRI and the energy-dependent component of the non-photochemical quenching (Figure 10)
shows only weak linear dependence of PRI on NPQgF that is in a good accordance to our
previous results [41,45].

Differences in relations of PRI and APRI to NPQF can be caused by their different
mechanisms. Light-induced changes in PRI are mainly caused by fast acidification of
the chloroplast lumen due to photosynthetic light reactions [32,37,38,40,41,46,47]; the
acidification induces changes in absorption of green light and light scattering at 530-546 nm
for minutes or even seconds. In contrast, absolute value of PRI can be additionally affected
by long-term processes including modifications of carotenoid /chlorophyll pigment ratios
and the total xanthophyll pigment pool size [13,48-51] which also modify absorption
of green light. As a result, (i) absolute values of PRI should be characterized by the
increased standard errors in comparison with SEs of APRI because separate plants can
have individual variability in the long-term processes influencing PRI. Our current results
(SEs were 1.6-4.9 for PRI x 1000 and 0.2-1.4 for APRI x 1000, Figures 4, 6 and 8) and
literature data [41,45] show the difference between standard errors and support this point.
(ii) Probably the increase of duration of stressor action can modify relations of PRI to NPQp
and should weakly influence relations of APRI to NPQF due to long-term physiological
processes effecting the absolute value of PRI. Our results confirm the last point because
dependence of APRI on NPQyp under the short-term action of illumination with different
intensities (minutes, Figure 5b) is similar to the dependence under the long-term water
shortage (days, Figure 7b). In contrast, dependence of PRI on NPQp under the short-term
action of illumination (Figure 5a) is strongly differed from the dependence under the long-
term water shortage (Figure 7a). The results are in a good accordance with our previous
data [41,45] showing different dependences of PRI on NPQr and similar dependences
of APRI on NPQFr under action of stressors with different durations. Literature data
additionally confirm higher efficiency of light-induced changes in PRI for estimation of
photosynthetic processes in comparison to absolute value of PRI [60,61].

Third, we show short-term changes in PRI (hundreds of milliseconds and seconds)
induced by illumination (Figure 11). The result confirms a hypothesis by Evain et al. [38]
on the possibility of changes in PRI with duration less than several seconds. Changes in
the light scattering at 530-546 nm which are caused by illumination (including light with
weak intensity [62]) and following chloroplast lumen acidification [63—-65] and modifies
the leaf light absorbance [66-68] are potential mechanism of PRI changes in ranges of
seconds and minutes [36,40]. It is known [40,65] that the first component of the changes
in the light scattering under illumination is extremely fast (less than several seconds) and
potentially related to electrochromic pigment absorbance shift which is caused by forming
electrical potential gradient across thylakoid membranes [65,69,70]. Considering these
facts, we hypothesize that the electrochromic shift can participate in the fast changes in
PRI. The electrochromic shift is only partially related to changes in the stromal and luminal
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pH [65,70]; it can explain the component of light-induced PRI changes, which are weakly
related to NPQg (Figure 5 and Figure S2).

Thus, the developed system of proximal PRI imaging on the basis of short-term
measuring pulses of GYL can be used for continuous measurements of PRI and APRI in
broad time range (hundreds of milliseconds, seconds, or minutes). The measurements are
the basis for estimation of photosynthetic changes in plant leaves under stressors action
(e.g., the excess light, water shortage, and heating) or for analysis of mechanisms of fast
changes in PRI and their relations to photosynthetic processes. It should be noted that this
stage of analysis of efficiency of the developed system included laboratory investigations of
leaves which had fixed positions in the same plane, i.e., we did not estimate the efficiency
of the system for the analysis of PRI in plant canopy (field or greenhouse) or group of
plants which had not fixed position of leaves (vegetation pot). Additionally, we did not
analyze the influence of stressors on spatial distribution of PRI and APRI in leaves and
whole plants. Finally, it is not clear: can the fast changes in PRI be used for proximal
photosynthetic sensing? The mentioned points are important tasks of future analysis.

5. Conclusions

A novel system of proximal PRI imaging on the basis of short-term measuring pulses
of green-yellow light has been developed. Its efficiency was primarily evaluated with
using pea seedlings in laboratory experiments. The system measured absolute values and
light-induced changes in PRI which were sensitive to actions of illumination with different
light intensities, water shortage, and heating. APRI was linearly dependent on the energy-
dependent component of the non-photochemical quenching under action of all investigated
stressors; i.e., the system can be used for proximal early revealing photosynthetic stress
changes. Additionally, the system demonstrated the fast changes in PRI under illumination
by green-yellow light for about 3 s. The possibility of measuring fast changes in PRI can be
important for revealing mechanisms of the photochemical reflectance index forming and
searching new tools of proximal sensing of plant photosynthetic processes on basis of PRI
measurements.

Thus, the system shows that it can be potentially perspective for developing photo-
synthetic remote sensing in greenhouses and, probably, fields in future. However, there are
several important tasks for future analysis. The first task is the investigation of efficiency
of PRI measuring in plant canopy or groups of plants which do not have fixed positions of
leaves. The second task is investigation of influence of stressors on spatial distribution of
PRI and APRI in leaves and whole plants. The third task is the analysis of mechanisms of
the fast changes in PRI and estimation of their perspectives for proximal sensing.
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point with zero illumination by actinic light, Figure S3: Scatter plots between NPQg and PRI (a) and
between NPQr and APRI (b) in experiments with actions of ALs with different intensities, Figure
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