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Abstract: Measurement and analysis of the numerous reflectance indices of plants is an effective
approach for the remote sensing of plant physiological processes in agriculture and ecological
monitoring. A photochemical reflectance index (PRI) plays an important role in this kind of remote
sensing because it can be related to early changes in photosynthetic processes under the action of
stressors (excess light, changes in temperature, drought, etc.). In particular, we previously showed
that light-induced changes in PRIs could be strongly related to the energy-dependent component of
the non-photochemical quenching in photosystem II. The aim of the present work was to undertake
comparative analysis of the efficiency of using light-induced changes in PRIs (APRIs) based on
different wavelengths for the estimation of the parameters of photosynthetic light reactions (including
the parameters of photosystem I). Pea plants were used in the investigation; the photosynthetic
parameters were measured using the pulse-amplitude-modulated (PAM) fluorometer Dual-PAM-100
and the intensities of the reflected light were measured using the spectrometer S100. The APRIs
were calculated as APRI(band,570), where the band was 531 nm for the typical PRI and 515, 525,
535, 545, or 555 nm for modified PRIs; 570 nm was the reference wavelength for all PRIs. There
were several important results: (1) APRI(525,570), APRI(531,570), APRI(535,570), and APRI(545,570)
could be used for estimation of most of the photosynthetic parameters under light only or under
dark only conditions. (2) The combination of dark and light conditions decreased the efficiency of
APRIs for the estimation of the photosynthetic parameters; APRI(535,570) and APRI(545,570) had
maximal efficiency under these conditions. (3) APRI(515,570) and APRI(525,570) mainly included
the slow-relaxing component of PRI; in contrast, APRI(531,570), APRI(535,570), APRI(545,570), and
APRI(555,570) mainly included the fast-relaxing component of PRI. These components were probably
caused by different mechanisms.

Keywords: photochemical reflectance index (PRI); modified PRIs; light-induced changes in PRIs;
parameters of light reaction in photosystem I; parameters of light reaction in photosystem II;
slow-relaxing changes in PRI; fast-relaxing changes in PRI; light curve

1. Introduction

Environmental conditions change over time; in particular, there are fluctuations in light
intensity [1-3], temperature [4,5], precipitation [6,7], etc., with durations from less than one second to
days and weeks. Plants are very sensitive to these fluctuations in environmental conditions, which can
act as stressors, inducing a decrease in photosynthetic activity and plant productivity, as well as other
changes in physiological processes [1,3,4,8,9]. Early and remote detection of stressor-induced changes
forms the basis of the timely use of methods of plant protection, i.e., it is important for agriculture
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and environmental conservation [10]. Optical methods are widely used for this purpose [11,12]; in
particular, the measurement of plant reflectance is a perspective solution to target this problem [12-15].

There are numerous investigations that analyze the relations of the modifications of reflectance
with the responses of physiological processes (including photosynthesis and its regulation [16-20],
growth [21], water exchange [14,22,23], isoprene emission [20,24,25], electrical activity [26-28], etc.), the
changes in biochemical content (including concentrations of chlorophylls [29-31], carotenoids [32-34],
nitrogen compositions [35,36], etc.), or the plant damage caused by abiotic [17,20] and biotic
stressors [11,12,15]. The calculation of numerous reflectance indices, which are often based on
measurements of changes in intensity of the reflected light at specific wavelengths in comparison
with one at a reference wavelength, can strongly improve the analysis of plant reflectance [10,13-15].
It is shown that these reflectance indices can be used for the effective remote sensing of plants in
short-term [13,35,37-39], seasonal [20,40—42], and multi-year observations [39,43,44].

A photochemical reflectance index (PRI), which was proposed by Gamon et al. (1992) [35], is a
perspective tool for the remote sensing of plants at different spatial scales (leaf, canopy, ecosystem) [17,20]
and time (seconds, minutes, hours, days, seasons, years) scales [13,17,20,43,44]. Typically, a PRI is
calculated in accordance with Equation (1) [17,31,39]:

Rs31 — Rs70

PRI(531,570) = Rest T Rero (1)
where Rz, is the intensity of the green reflected light at 531 nm, and Rsy is intensity of the yellow
reflected light at 570 nm. The reflected light at 531 nm is used as the center of a green shift in reflectance,
which is related to the de-epoxidation of violaxanthin to zeaxanthin via antheraxanthin [35,39,45].
The de-epoxidation is induced by acidification of the chloroplast lumen and is an important
photosynthetic protective mechanism under excess light [46,47]. The reflected light at 570 nm
is typically used as reference light [17], because reflectance at 570 nm is weakly changed under
illumination [35,45].

However, de-epoxidation or epoxidation develop for time periods from several minutes to tens of
minutes [48-50]; in contrast, changes in PRI can be observed after 1-2 minutes or even after seconds
of illumination [16,37,38,51]. Additionally, long-term PRI changes (up to seasons and years) can be
also observed [42—44,52]. This means that other mechanisms can also participate in the changes in
PRIs. The long-term changes in PRIs are probably caused by changes in carotenoid/Chl pigment
ratios [34,41,44], which are related to changes in the total xanthophyll pigment pool size. Itis interesting
that this pool size can also influence the changes in PRIs in a range of minutes induced by the action of
light with high intensity [31], i.e., long-term changes in PRIs can be related to short-term changes in
this reflectance index.

The fast changes in PRI (seconds and minutes) are probably caused by light scattering changes
(with a maximum at about 535-545 nm) associated with chloroplast lumen acidification, which induces
chloroplast shrinkage [45,53,54]. The strong relations between the changes in the PRI and the changes
in light scattering at 535 nm for 2—4 minutes after the start of illumination support this hypothesis [38].
Additionally, it cannot be fully excluded that electrochromic shift (with a maximum at about 515-520 nm
and a time range up to seconds [38]) can participate in these fast changes in PRIs.

As a result, PRI is strongly related to acidification of the chloroplast lumen (in particular, by
means of the de-epoxidation of violaxanthin to zeaxanthin and chloroplast shrinkage); it is known
that this acidification can influence dominant photosynthetic processes [47]. It is very probable that
changes in PRI are related to photosynthetic processes [17,20,39,41,54,55]; however, it can be also
expected that this relation to photosynthetic parameters can be intricate. Our previous meta-analysis
showed that correlations between PRIs and widely-used photosynthetic parameters (a quantum yield
of photosystem II (y(PSII)), a non-photochemical quenching of chlorophyll fluorescence (NPQ), and
a photosynthetic light using efficiency) can vary strongly [56]. In particular, these correlations are
sensitive to illumination conditions and the scale of measurement, as well as to the parameters of
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stressor-induced changes in photosynthetic processes [37,56]. The use of light-induced changes in PRIs
(APRIs) can strongly decrease errors of the PRI value; however, correlation coefficients between APRI
and photosynthetic parameters can be also varied [31,57-64].

Another potential way of improving of relation between PRIs and photosynthetic parameters
can be based on the use of modified methods of PRI calculation. It is important that the typical PRI is
calculated on the basis of the reflected light at 531 nm [35]. In accordance with Gamon et al. (1990,
1997) [45,54], changes in the intensity of the reflected light at 531 nm are related to two components of
change in reflectance. The first component of the reflectance change has a maximum at about 526 nm
(the “526 nm component”); this component is mainly related to the de-epoxidation of violaxanthin to
zeaxanthin [54]. The second component of the reflectance change has a maximum at about 535-545 nm
(the “545 nm component”); this component is likely related to changes in the light scattering by
chloroplasts [45,54]. It is probable that the 526 nm component of the reflectance change is the major
component of the changes in the typically calculated PRI [54].

However, it can be expected that changes in PRI-like reflectance indices (term “modified PRIs
was used in our work), which are calculated as PRI(band,570) (where the “band” is the wavelength,
in the green range which differs from 531 nm), should be dependent on the 526 nm and 545 nm

”

components of change in reflectance in different manners. It is very probable that the use of bands
of the green light less than 531 nm should increase the participation of the 526 nm component in
changes of the modified PRIs. In contrast, the use of bands of the green light more than 531 nm should
increase the participation of the 545 nm component in changes of the modified PRIs. The question
“Can a change in the wavelength increase the relations between the changes in PRIs and photosynthetic
parameters?” is not clear at present. Gamon et al. (1997) [54] showed that the 545 nm component of
change in reflectance is weakly related to changes in some photosynthetic parameters (in particular,
v(PSID)); in contrast, the 526 component is strongly related to these parameters. However, some
works [41] show that PRI(545,570) can be strongly correlated with NPQ; i.e., the 545 nm component
of change in reflectance is likely also related to photosynthetic parameters. As a result, determining
the relations of modified PRIs based on different wavelengths to photosynthetic parameters requires
further investigation. The complex analysis of photosynthetic parameters (in particular, analysis of the
main parameters of light reactions in both photosystem I (PSI) and photosystem II (PSII)) can be more
effective for such investigation.

Thus, the aim of the present work was to conduct a comparative analysis of the relation of
light-induced changes in PRIs based on different wavelengths (515, 525, 531, 535, 545, and 555 nm;
570 was the reference wavelength) to the main parameters of light reactions in PSI and PSII. It was
important that we investigated both the typical APRI(531,570) and the modified APRIs, including
APRI(515,570), APRI(525,570), APRI(535,570), APRI(545,570), and APRI(555,570).

2. Materials and Methods

2.1. Materials

Pea seedlings were used in this investigation because these seedlings offered a suitable model
object in our earlier investigations [26,37,38,62,64]. In particular, we previously showed that a reference
wavelength equal to 570 nm is optimal for PRI calculation in this object [26], and that light-induced
changes in PRIs (APRIs) were more effective for the estimation of NPQ in peas than the absolute
values of these indices [62,64]. Additionally, it was known that durations of de-epoxidation and
epoxidation in the xanthophyll cycle were about 10 min or more in peas [49]; in contrast, changes in
the chloroplast light scattering were observed for about 1-2 min after the initiation or termination of
illumination [38,65]. This means that we were able distinguish changes in PRIs related to activity of
the xanthophyll cycle (slow-relaxing changes), and ones related to modifications of light scattering
(fast-relaxing changes) on basis of a simple analysis of PRI relaxation without actinic light.
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Plants were cultivated hydroponically (a half-strength Hoagland—Arnon medium) in a Binder
KBW 240 climatic chamber (Binder GmbH, Tuttlingen, Germany) at 23 °C under a 16/8 light/dark
photoperiod. The measurements were performed on 2-3-week-old plants. The reflectance and
photosynthetic parameters were investigated in the second mature leaves.

2.2. The Procedure of the Measurements of the Photosystem II Fluorescence, Photosystem I Light Absorption,
and Reflected Light Intensity in Pea

Figure 1a shows the schema of simultaneous measurements of the intensity of the reflected light,
fluorescence of PSII, and light absorption of PSI in pea leaves, which was previously described in
detail [64]. The leaves were fixed in the measuring system before the experimental procedure.

The PSII fluorescence and PSI absorption measurements were performed using a standard
Dual-PAM-100 measuring system (Heinz Walz GmbH, Effeltrich, Germany). The system
analyzed photosynthetic parameters on basis of method of the pulse-amplitude-modulated (PAM)
fluorometry [66—68] and its modification for measurement of the PSI light absorption [69]. Weak pulses
(2.5 ps in length) of two types of measuring light (ML) were used; light with a maximum at 460 nm
for the measurements of the PSII fluorescence and dual-wavelength light with maximums at 830 and
870 nm for the measurements of the PSI light absorption. Saturation pulses (SPs) of red light (maximum
intensity at 630 nm, 10,000 umol m~2 57!, 300 ms pulse length) were used for the saturation of the
chloroplast electron transport chain; a red actinic light (AL; maximum intensity at 630 nm, intensities
varied) was used for supporting the photosynthetic activity. It can see that the angle between the leaf
surface and the direction of the AL, SP, and ML was about 60°.

Plants were adapted under dark conditions for 15 min before measurements. After that, the first SP
was used for measurement of the dark (Fj) and maximal (Fp,) fluorescence yields [66-68]. The second
SP, which was generated 60 s after the first one, was used for measurement of maximal change in
the P700 signal (Pm) of PSI, showing maximal P700 oxidation [69]. The next SPs were also generated
every 60 s for the entire experimental period; the steady-state (F) and maximal (F,") fluorescence
yields [66-68] and the steady-state (P) and maximal (P") P700 signals [68] were measured at each
SP generation.

Four illuminations by red actinic light with different intensities (131, 344, 830, and 1599 pmol m=2 s71)
were used in the experiments. The duration of each illumination was 5 min; the time intervals between
illuminations (without AL) were 2 min, and the time intervals before the first illumination and after
the last illumination were 5 min.

A compact wide-range S100 spectrometer (SOLAR Laser Systems, Minsk, Belarus) with a fiberoptic
cable was used for measuring the reflected light (RL). The distance from the leaf surface to the fiberoptic
surface (Figure 1a) was about 1.5 cm. The angle between the leaf surface and the input of the fiberoptic
cable was about 30°. The spectral range and spectral resolution of the S100 spectrometer were 190-1050
nm and about 1 nm, respectively; the integration time for each spectral measurement was 5 s. Only the
absolute intensities of the reflected light were measured; the reflectance was not estimated.

In accordance with the method proposed in our previous work [64], green-yellow light (GYL)
pulses were used for measurement of the intensities of the reflected light at 515, 525, 531, 535, 545, and
555 nm, and the reference reflected light at 570 nm. This method can decrease the errors caused by the
different intensities of actinic light [64].

The white TDS-P003L4U14 LED (TDS Lighting Co., Ltd., Jiangsu, China), which was equipped by
standard yellow- (Y-1,4x) and yellow-green (YG-2x)-colored glass bandpass filters, was used as the
GYL source. The angle between the leaf surface and the direction of the GYL was about 30°. Figure 1b
shows the spectrum of GYL; the intensity of the green-yellow light was 240 umol m~2 s~ (in the zone
of the leaf). The duration of the GYL pulses was 30 s (Figure 1c). The pulses were generated every
minute for the entire experimental period, and each pulse was terminated 5 s before the SP.
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Figure 1. (a) A schema of the measurements of the reflected light (RL), the photosystem II (PSII)
fluorescence, and the photosystem I (PSI) light absorption in pea leaves. ML was the weak measuring
light, AL was the red actinic light, GYL were the pulses of the measuring green-yellow light, and SPs
were the pulses of saturation red light. (b) A light spectrum of the green-yellow light source. (c) A
schema of the measurement of the intensities of the reflected light (R) at the investigated wavelengths
of the GYL pulse. RPG and RAveraged were the reflected light intensity before the GYL pulse and
the averaged reflected light intensity during this pulse, excluding the first (RF™st) and the last (RM2%t)
values. (d) A scheme of the calculation of the fast- and slow-relaxing components of a photochemical
reflectance index (PRI). AL on and AL off were the initiation and termination of the illumination by

actinic light, respectively.
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Figure 1c also shows the calculation of the intensities of the reflected light at the green-yellow
pulse (the method was described in our previous work [64] in detail): the reflected light intensity
before the GYL pulse (REC) and the averaged intensity during the GYL pulse, excluding the first and
the last values (RAver28¢d) were measured for each investigated wavelength. After that, the intensity of
the reflected light (R) was calculated as RAveraged _ RBG,

In accordance with the procedure described in our previous work [64] in detail, we used the 18%
grey card QPcard 101 Calibration Card ver. 3 (Argraph Corp., Carlstadt, NJ, USA) as a standard for
initial calibration under the GYL pulses. This calibration eliminated the influence of the difference
between the intensities of GYL at 515, 525, 531, 545, 555, and 570 nm from our light source on the
values of the typical and the modified PRIs.

2.3. Calculation of the Photosynthetic Parameters and the Photochemical Reflectance Index and Data Analysis

We calculated the main parameters of PSI and PSII, including the effective quantum yields of PSI
(v(PSI)) and PSII (y(PSII)), the nonphotochemical quenching of chlorophyll a (NPQ), the coefficient of
photochemical quenching (qP), the fraction of the overall PSI that was oxidized in a given state due to
its donor side limitation (y(ND)), and the fraction of the overall PSI that could not be oxidized by a SP
in a given state due to a lack of acceptors (Y(NA)). These parameters were automatically calculated by
software of the Dual-PAM-100 on basis of Equations (2)—(7) [66-69]:

P,/ -P

y(PSI) - 2)
y(PSII) = F’”P—m_F ©)
NPQ = F’"F_TF’” 4)
aP — % (5)
y(ND) = 5 ©)
y(Na) = Lt @)

where Fy’ refers to the minimum fluorescence yield in the light-adapted state, which was calculated in
accordance with Equation (8):
Fo

Fm"Fo _ F_O
Fn Fn'

Fy = ®)
The PRIs were calculated on the basis of the intensities of the reflected light at the same reference
wavelength (570 nm) and at different investigated wavelengths (band); Equation (9) was used:

Rpand = Rs70
PRI(band, 570) = Ryt T Reo )
where Rpanq refers to the intensities of the reflected light at 515, 520, 525, 535, 545, 550, and 555 nm for
modified PRIs and at 531 nm for the typical PRI; and Rsy refers to the intensity of the reflected light at
570 nm. All intensities of the reflected light were averaged within about 2 nm spectral bands.

We analyzed the light-induced changes in the PRIs (APRIs) because elimination of the variety
of initial levels of the PRIs strongly decreased the standard errors of the measured values in our
experiments (data not shown); the result was in full accordance with our early works [26,38,62].
The initial level of the PRIs was measured 2 min before initiation of the first illumination by AL during
the experiment.
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The relation of APRI(band,570) with the photosynthetic parameters was investigated in three
variants of analysis: (1) analysis of all of the values of APRI(band,570) and the photosynthetic
parameters; (2) analysis of the “light” values of APRI(band,570) and the photosynthetic parameters
(it included only time points measured under the actinic light); and (3) analysis of the “dark” values of
APRI(band,570) and the photosynthetic parameters (including only the time points measured without
actinic light). In the last variant, only some photosynthetic parameters (y(PSI), y(PSII), and NPQ)
were analyzed, because these parameters should be related to slow-relaxing changes in PSI and PSII
(in particular, with photodamages). The estimation of the relations between APRI(band,570) and the
photosynthetic parameters was based on the description of these relationships using linear regressions
and the calculation of the Root Mean Squared Error (RMSE), determination, and correlation coefficients.

Additionally, a dark relaxation of APRI(band,570) was investigated. Figure 1d shows that changes
in the PRIs could be divided into fast-relaxing changes (duration of the changes’ relaxation was
1-2 min) and slow-relaxing changes (relaxation was not observed). The slow-relaxing changes induced
by actinic light were calculated as the difference between the last PRI value before initiation of the
AL illumination (PRI;) and the second value of the PRI after termination of the AL illumination
(PRIL). The fast-relaxing changes induced by actinic light were calculated as the difference between the
second value of the PRI after termination of the AL illumination (PRI;) and the last PRI value before
termination of the AL illumination (PRI3).

2.4. Statistics

A separate pea seedling was used for each experiment. Mean values, standard errors, and
determination coefficients are presented in the figures. Scatter plots, regression equations, and
determination and correlation coefficients are presented in the Supplementary Materials. The RMSE
for all regression equations are shown in the table. Student’s f-test was used to identify significant
differences. The significance of the linear correlation coefficients was estimated on basis of the standard
table of critical values for Pearson correlation.

3. Results

3.1. Light-Induced Changes in the Photochemical Reflectance Index and Photosynthetic Parameters

The parameters of light reactions in PSI and PSII under actinic light with different intensities were
firstly investigated. Figure 2 shows that y(PSI), y(PSII), Y(NA), and qP decreased with an increase of
the intensity of the actinic light; in contrast, y(ND) and NPQ increased with an increase of the intensity
of the actinic light. Most of these photosynthetic parameters were not saturated in the investigated
range of intensities of actinic light; however, the values of Y(NA) were similar under the intensities of
actinic light equal to 344, 830, and 1599 pmol m~2 s71.

Figure 3 shows light curves for the investigated APRIs, including APRI(515,570), APRI(525,570),
APRI(531,570), APRI(535,570), APRI(545,570), and APRI(555,570). An increase of the intensity of the
actinic light stimulated changes in all of the investigated PRIs; however, there were differences in
these light curves for different indices. First, changes in APRI(515,570) and APRI(555,570) were very
weak; a decrease of these indices was mainly observed under high-intensity actinic light (mostly,
1599 pmol m~2 s71). In contrast, significant changes in the other APRIs could be observed under the
~1 or more. It should be additionally noted that the rates of
changes in the APRIs increased with an increase of the wavelength: changes in APRI(515,570) were the
slowest (they were observed at least for 5 min); in contrast, changes in APRI(555,570) were the fastest
(they were reached for 1 min).

actinic light intensities of 344 umol m2s



Remote Sens. 2020, 12, 1312

(a)

Y(PSD)

1 ==

0.75

—e—y(PSI) '

y

PAR, nmol m? s

2400

1300

= 1200

k600

0.25 =+
() o o o ——
0 10 20 30
time, min
(c)
T(ND)
0.75 1 -
——(ND)
PAR
0.5 =

PAR. pmol m? s

= 2400

1300

= 1200

time, min

(e)
NPQ PAR, pmol m? 5!
2z - 2400
——=NPQ
PAR
15 + + 1800
1+ + 1200
0.5 + + 600
. S ———— 0
0 10 20 30

time, min

(b)

1

0.75

(d

0.1

7(PSII) PAR, pmol m? 5!
T ——psID) T 2400
F 1800

g

U7

= 1200

k600

o e e e —
0 10 20 30
time, min

7(NA) PAR. pmol m? s’
==+ (NA) T 2400

+ PAR
=+ 1800
= 1200

T w 4 600

. R ——
0 10 20 30
time, min

-

qP
ju
T PAR Q y

PAR, nmol m? s

2400

- 1800

F 1200

F 600

— — o s—

0 10 20 30
time, min

8 of 24

Figure 2. Averaged light curves for the parameters of the light reactions in photosystems I and II (PSI
and PSII, respectively) in pea leaves (1 = 6). (a) the quantum yield of PSI (y(PSI)); (b) the quantum
yield of PSII (y(PSII)); (c) the fraction of overall P700 that is oxidized in a given state (y(ND)); (d) the
fraction of overall P700 that cannot be oxidized by the saturation pulse in a given state due to a lack of

acceptors (Y(NA)); (e) the non-photochemical quenching (NPQ); (f) the photochemical quenching (qP).

PAR was the intensity of the actinic light. The photosynthetic parameters were measured every minute

(every saturation pulse).
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Figure 3. Averaged light curves for the APRIs, which were calculated on the basis of the intensities of the
actinic light at different wavelengths, including APRI(515,570) (a), APRI(525,570) (b), APRI(531,570) (c),
APRI(535,570) (d), APRI(545,570) (e), and APRI(555,570) (f) in pea leaves (1 = 6). PAR was the intensity
of the actinic light. The APRIs were measured every minute (every GYL pulse).

Second, dark relaxations of the investigated APRIs differed strongly: the relaxation of APRI(515,570)
was fully absent (moreover, a decrease of the PRI was observed after termination of the illumination
by actinic light), the relaxation of APRI(525,570) was weak, the relaxations of APRI(531,570)
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and APRI(535,570) were moderate, and the relaxations of APRI(545,570) and APRI(555,570) were
very expressive.

Third, the values of the APRIs under actinic light with maximal intensity (1599 pmol m2s71)
differed for different indices (Figure 4). It was interesting that APRI(531,570) and APRI(535,570) were
maximal; APRI(525,570) and APRI(545,570) were also expressive. In contrast, APRI(515,570) and
APRI(555,570) were weak under high-intensity light.

PRI(51S, PRI(525. PRI(531, PRI(535, PRI(545, PRI(555,

o 570) ~ 570) = 570)  570) . 570) . 570)
-0.002 + [
-0.004 +

w®

-0.006 +

-0.008 +

-0.01 + -

W
-0.012 ¥ -
w®
-0.014 &
APRImax

Figure 4. Averaged maximal magnitudes of APRI(515,570), APRI(525,570), APRI(531,570), APRI(535,570),
APRI(545,570), and APRI(555,570) in pea leaves under actinic light with an intensity equal to
1599 pmol m~2 s~! (n = 6). The magnitudes were measured before termination of the illumination by
actinic light. * indicates that the APRI was significant (p < 0.05).

3.2. Relations between Changes in the Photochemical Reflectance Index and the Photosynthetic Parameters

Furthermore, we analyzed the relationship between the photosynthetic parameters and the
investigated APRIs. The determination coefficients of the linear regressions and the significance are
shown in Figures 5-7; The RMSE values are shown in Table 1; and all variants of the scatter plots, linear
regressions, and correlation coefficients are presented in the Supplementary Materials (Figures S1-518).

Figure 5 and Figure S1-56 (Supplementary Materials) show the results of the analysis based on a
combination of dark (without actinic light) and light (under actinic light) averaged experimental values
of the APRIs and the photosynthetic parameters. It was shown that the relations of APRI(band,570) to
most of the investigated photosynthetic parameters (y(PSI), y(ND), y(PSII), gP, and NPQ) increased with
an increase of the wavelength, which was used for the calculation of the APRIs (band). In particular,
APRI(515,570) and APRI(525,570) were weakly related to all of the investigated photosynthetic
parameters. In contrast, APRI(535,570), APRI(545,570), and APRI(555,570) were strongly linearly
related to most of the investigated photosynthetic parameters (excluding y(NA)); furthermore, maximal
determination coefficients were observed for APRI(545,570). The relations of APRI(531,570) (the typical
PRI) to the photosynthetic parameters were also strong; however, they were weaker than these relations
for APRI(535,570), APRI(545,570), and APRI(555,570).
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Figure 5. Determination coefficients (R?) for the linear regressions, which were calculated on the
basis of all of the averaged experimental values of the photosynthetic parameters and APRI(515,570)
(a), APRI(525,570) (b), APRI(531,570) (c), APRI(535,570) (d), APRI(545,570) (e), and APRI(555,570) (f).
The coefficients were calculated on the basis of the results from Figures 2 and 3; details of the relations
are shown in Figures S1-S6 (Supplementary Materials). * indicates that the relation was significant
(p < 0.05 for the correlation coefficients between these values).
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(a)

w

Figure 6. Determination coefficients (R?) for the linear regressions, which were calculated on the basis of
light averaged experimental values (only time points measured under actinic light) of the photosynthetic
parameters and APRI(515,570) (a), APRI(525,570) (b), APRI(531,570) (c), APRI(535,570) (d), APRI(545,570)
(e), and APRI(555,570) (f). The coefficients were calculated on the basis of the results from Figures 2 and 3;
the details of the relations are shown in Figures S7-S12 (Supplementary Materials). * indicates that the
relation was significant (p < 0.05 for the correlation coefficients between these values).
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Figure 7. Determination coefficients (R?) for the linear regressions, which were calculated on the
basis of dark averaged experimental values (only time points measured without actinic light) of the
photosynthetic parameters and APRI(515,570) (a), APRI(525,570) (b), APRI(531,570) (c), APRI(535,570)
(d), APRI(545,570) (e), and APRI(555,570) (f). The coefficients were calculated on the basis of the
results from Figures 2 and 3; the details of the relations are shown in Figures S13-518 (Supplementary
Materials). * indicates that the relation was significant (p < 0.05 for the correlation coefficients between

these values).



Remote Sens. 2020, 12, 1312 14 of 24

Table 1. Values of Root Mean Squared Error (RMSE), which were calculated on the basis of the linear
regressions describing the relation of the APRIs to the photosynthetic parameters. The linear regressions
were shown in Figures S1-518 (Supplementary Materials). The light values were measured under
actinic light; the dark values were measured without actinic light.

Type of

Analysis Type of APRI v(PSI) y(PSII) Y(ND) v(NA) NPQ qP

APRI(515,570)  0.00183  0.00188  0.00191  0.00165  0.00189  0.00188

Aalvsicof | APRIG25570) 000197 000221 000237 000276 000224  0.00218

natysis o APRI(531,570)  0.00143  0.00172  0.00196  0.00296  0.00177  0.00168
both light and

APRI(535,570 0.00102 0.00128 0.00156 0.00294 0.00135 0.00126

dark values APRI(545.570

APRI(555,570
APRI(515,570

0.00056 0.00066 0.00090 0.00222 0.00070 0.00065
0.00034 0.00042 0.00053 0.00101 0.00043 0.00039

)
)
)
)
)
)
)  0.00070 0.00068 0.00076 0.00122 0.00063 0.00065
APRI(525,570)  0.00069 0.00072 0.00082 0.00235 0.00072 0.00073
Analysis of APRI(531,570)  0.00066 0.00072 0.00084 0.00283 0.00075 0.00074
light values APRI(535,570)  0.00064 0.00070 0.00082 0.00298 0.00073 0.00075
)
)
)
)
)
)
)
)

(
(
(
(
(
(
APRI(545,570)  0.00048  0.00052  0.00065  0.00244  0.00050  0.00052
APRI(555,570)  0.00033 ~ 0.00034  0.00041  0.00116  0.00032  0.00032

(

(

(

(

(

(

APRI(515,570 0.00066 0.00116 - - 0.00157 -
0.00079 0.00141 - - 0.00223 -
0.00089 0.00120 - - 0.00199 -
0.00051 0.00092 - - 0.00153 -
0.00037 0.00049 - - 0.00078 -
0.00031 0.00034 - - 0.00043 -

APRI(525,570
Analysis of APRI(531,570
dark values APRI(535,570
APRI(545,570
APRI(555,570

Table 1 shows that the values of the RMSE for the linear regressions, which were calculated on the
basis of both light and dark values, decreased with an increase of the wavelength, which were used for
the calculation of the APRIs. In particular, these values for APRI (515,570) were about 0.0015-0.0020;
these values were similar to the magnitudes of changes in these PRIs under the action of maximal
actinic light (Figure 4). In contrast, these values for APRI (555,570) were about 0.0003-0.0005 (excluding
relation to y(NA)); these values were much lower than the magnitudes of changes in these PRIs under
the action of actinic light.

It should be noted that the relations of all of the investigated APRIs to y (NA) were weak; however,
the determination coefficient for the linear regression describing the relation of APRI (545,570) to y(INA)
was maximal (about 0.15) and significant. In contrast, the determination coefficient for the linear
regression describing the relation of APRI (525,570) to 'y (NA) was minimal (about 0). It is interesting
that a significant determination coefficient for the linear regression describing the relation of APRI
(515,570) to Y(NA) was observed; however, the determination coefficients for the linear regression
describing the relations of APRI (515,570) to the other photosynthetic parameters were about 0.

Figure 6 and Figure S7-S12 (Supplementary Materials) show the results of the analysis based
on only light averaged experimental values of the APRIs and the photosynthetic parameters, which
were measured under actinic light. Figure 6 shows that most of the photosynthetic parameters
(y(PSI), y(ND), v(PSII), gP, and NPQ) were significantly linearly related to the investigated APRIs.
The determination coefficients for the linear regression describing the relations of APRI(515,570) to
these photosynthetic parameters were about 0.4-0.5. In contrast, the determination coefficients for the
other APRIs were about 0.9 or more; i.e., the relation of these APRIs to y(PSI), y(ND), y(PSII), P, and
NPQ were very strong in the analysis of only the light values. However, it should be noted that the
linear regressions describing the relations of APRI(545,570) to most of the photosynthetic parameters
had maximal determination coefficients (at least about 0.95).

Table 1 shows that values of the RMSE for the linear regressions, which were calculated on the
basis of the light values, decreased with an increase of the wavelength, which were used for the
calculation of the APRIs (excluding the RMSE for the regressions describing the relations of the APRIs
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to Y(NA)). In particular, these values for APRI(515,570) were about 0.0006—0.0007; in contrast, these
values for APRI(555,570) were about 0.0003-0.0005. However, it is important that all these RMSE values
were much lower than magnitudes of the changes in these PRIs under the action of the actinic light.

It should be noted that the relations of all investigated APRIs to Y(NA) were weak in the analysis
of only the light experimental values. These relations were significant for APRI(531,570), APRI(535,570),
and APRI(545,570); however, the determination coefficients for the linear regression describing the
relation of these APRIs to y(NA) were low.

Additionally, we analyzed only the dark averaged experimental values of the APRIs and the
photosynthetic parameters (without actinic light). It should be noted that only y(PSI), y(PSII), and
NPQ were analyzed, because these parameters under dark conditions could be connected with PSII
photodamage (NPQ) or with suppression of the maximal efficiency of PSI (y(PSI)) and PSII (y(PSII)).

Figure 7 and Figure S7-512 (Supplementary Materials) show that the relations of APRI(515,570),
APRI(525,570), APRI(531,570), APRI(535,570), and APRI(545,570) to y(PSI) and y(PSII) were strong; in
particular, the determination coefficients for the linear regression describing these relations were about
0.8-0.9. In contrast, these coefficients were low for APRI(555,570).

The relations of APRI(band,570) to NPQ decreased with an increase of the wavelength, which
was used for calculation of the APRIs (band). In particular, the determination coefficient for linear
regression describing the relation of APRI(515,570) to NPQ was about 0.6; in contrast, the determination
coefficient for the linear regression describing the relation of APRI(555,570) to NPQ was about 0.

Table 1 shows that the values of the RMSE for the linear regressions, which were calculated on
the basis of the dark values, were maximal for APRI(525,570) and APRI(531,570). It is probable that
this effect caused the maximal magnitudes of changes APRI(525,570) and APRI(531,570) under dark
conditions (up to about 0.7; see Fig. 3).

3.3. The Fast- and Slow-Relaxing Components of the Photochemical Reflectance Index

It is probable that different relations of different APRIs to the photosynthetic parameters can
be connected with different participation levels of the 526 and 545 nm components of change in
reflectance [54] in the forming of light-induced changes in these APRIs. We analyzed this hypothesis
on the basis of the investigation of the slow- and fast-relaxing components in the investigated variants
of PRIs, because the 526 nm component is traditionally related to changes in activity of the xanthophyll
cycle (time of dark relaxation was about 10 min or more in peas [49]) and the 545 nm component is
probably related to changes in chloroplast light scattering (time of dark relaxation was about 1-2 min
in peas [65]).

Figure 8 shows that the fast- and slow-relaxing components of the light-induced changes in
the investigated APRIs were weak under low and moderate intensities of actinic light (131 and
344 umol m~2 s71); however, these components greatly increased under the high intensities of actinic
light (830 and 1599 pumol m~2 s71). It is interesting that a significant small increase of the fast-relaxing
component was even observed under 131 pmol m~2 s7!; in contrast, significant changes in the
slow-relaxing component were not shown under this intensity of actinic light.

The maximum of the fast-relaxing component was observed in the PRIs that were calculated at
535 and 545 nm. It is very probable that APRI (535,570) and APRI(545,570) were mainly connected
with the 545 nm component of changes in leaf reflectance. In contrast, the slow-relaxing component
had maximal magnitudes in the PRIs calculated at 515 and 525 nm; thus, APRI (515,570) and APRI
(525,570) are probably connected with the 526 nm component of leaf reflectance.

4. Discussion

An increase of the crop of agricultural plants is a global problem of modern humanity. In particular,
the increase can be based on the development of methods of remote sensing, which constitute the
basis of “precision agriculture” and are an important tool for crop protection under the action of
stressors [9]. Using optical methods, which are very sensitive to plant changes under the action of
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stressors and are relatively simple, is a potential way of plant remote sensing [10,12]. Measurements
of the reflectance of leaves are a widely-used method of analysis of physiological processes in
plants [11-15,67]. It is important that intensities of the reflected light can be used for the calculation
of reflectance indices, because analysis based on these indices has low errors in comparison with the
analysis of absolute values of the reflected light [10]. It is known that reflectance indices permit to
estimate different characteristics of plants, including the growth of biomass [21], the photosynthetic
efficiency and photosynthetic stress responses [16-20,23,33,58,70,71], the changes in biochemical
compositions [29-36], the transpiration [72,73], the isoprene emission [20,24,25], etc.

Measurements of the photochemical reflectance index are a potential tool of the remote sensing of
plants, which can be used in agriculture and ecological monitoring [10]. A PRI is considered to be
related to transitions in the xanthophyll cycle [32-35] and changes in chloroplast shrinkage [53]; both
processes are stimulated by excess lumen acidification, which is often induced by the action of stressors
on plants [35,39,54]. The work by Gamon et al. (1997) [54] showed that a change in the reflectance of
plant leaves at 531 nm, which is traditionally used for PRI calculation, includes different components
(at least, the 526 nm and 545 nm components of the reflectance change). Thus, it can be expected that
PRIs, which are calculated on the basis of the intensities of the reflected light at different wavelengths,
can have different efficiencies for the estimation of photosynthetic parameters.

In this study, we showed that the relations of the light-induced changes in the PRIs, which
were calculated on the basis of the reflected light intensities at different wavelengths (APRI(515,570),
APRI(525,570), APRI(531,570), APRI(535,570), APRI(545,570), and APRI(555,570)), to the parameters of
the light reactions in PSI and PSII (y(PSI), y(PSII), y(ND), v(NA), gP, and NPQ) were dependent on the
wavelength used for the PRI calculation (Figures 5-7 and Table 1). It is important that the relations
between the APRIs and the photosynthetic parameters were also dependent on the type of analysis.
If only the light values, which were measured under actinic light, were analyzed, then most of the
APRIs (excluding APRI(515,570)) were strongly related to most of the investigated photosynthetic
parameters (excluding y(NA)). The maximal relations to the photosynthetic parameters were observed
for APRI(535,570) and APRI(545,570). The relation of APRI(555,570) to the photosynthetic parameters
was also high; however, the values of APRI(555,570) were very small (Figure 4). In contrast, the analysis
of only the dark values, measured without actinic light, showed that APRI(555,570) was weakly related
to the photosynthetic parameters; the other APRIs were strongly related to y(PSI) and y(PSII) and were
moderately related to NPQ. The maximal relations to the photosynthetic parameters were observed
for APRI(515,570) and APRI(525,570); however, the absolute values of APRI(515,570) were very small
(Figure 4).

These differences can be caused by different mechanisms of photosynthetic changes under light
and dark conditions. Without actinic light, the changes in the photosynthetic parameters are mainly
related to slow changes in photosynthetic machinery, including de-epoxidation and epoxidation in the
xanthophyll cycle (from several minutes to tens of minutes) [48-50] and the damage of PSI and PSII
(from hours to days) [68,74,75]. APRI(515,570) and APRI(525,570) are probably related to the 526 nm
component of change in leaf reflectance [54], which is mainly caused by transition in the xanthophyll
cycle. As a result, it can be hypothesized that the sensitivity of APRI(515,570) and APRI(525,570) to
the photosynthetic parameters under dark conditions is based on changes in the xanthophyll cycle.
Figure 8 supports this hypothesis, because the maximal portion of the slow-relaxing component of the
PRIs (the component that does not relax for 2 min) was observed in APRI(515,570) and APRI(525,570).
In contrast, the photodamage of PSII probably weakly influences the APRIs, because NPQ under dark
conditions, which is mainly caused by photodamage [74,75], was moderately related to these indices
(Figure 7).
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Figure 8. Dependences of the magnitudes of the slow- and fast-relaxing components of the PRIs
on the spectral band of the reflected light, which was used for the calculation of the photochemical
reflectance index (band) under different intensities of plant illuminations by actinic light (n = 6). (a) The
magnitudes under 131 pmol m~2 s~1; (b) the magnitudes under 344 umol m~2 s7; (c) the magnitudes
under 830 umol m~2 s7; (d) the magnitudes under 1599 pmol m~2 s~1.

The photosynthetic changes under actinic light are strongly related to photosynthetic electron flows
and, thereby, can be accompanied by changes in the stromal and luminal pH in chloroplasts [76,77]. It is
known that acidification of the chloroplast lumen can induce fast changes in a PRI [16,38]; these changes
can be related to the 545 nm component of change in leaf reflectance [45,54], which is probably caused
by chloroplast light scattering. These changes are likely the basis of the sensitivity of APRI(545,570)
to the photosynthetic parameters under light conditions, because they are rather caused by fast
photosynthetic changes (minutes and, probably, seconds) under illumination. Figure 8 supports this
hypothesis, because the maximal portion of the fast-relaxing component of the PRIs (the component
that fully relaxes for 2 min) was observed in APRI(535,570) and APRI(545,570). It is interesting that our
results differ from that data of the work by Gamon et al. (1997) [54], which did not observe a relation
between the 545 nm component of change in leaf reflectance and the photosynthetic parameters.
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The following question is particularly important: are there APRIs that are effective for the
estimation of the photosynthetic parameters under both light and dark conditions? Our results showed
(Figure 5) that APRI(545,570) was most effective in this analysis. The efficiencies of APRI(535,570)
and APRI(555,570) were also high. However, the absolute values of APRI(555,570) were very small
(Figure 4); in contrast, a light-induced decrease of PRI(535,570) had a maximal magnitude. As a result,
it can be concluded that APRI(545,570) and, possibly, APRI(535,570) are the most effective estimators of
photosynthetic change under both light and dark conditions.

It is also important that the investigated APRIs were related to the quantum yields of both
photosystems; moreover, the relations between the APRIs and y(PSI) could be stronger than the ones
between the APRIs and y(PSII) (e.g., Figure 5). This result can be explained by the participation of the
cyclic electron flow around the PSI in forming ApH across the thylakoid membrane [76]—especially
under the action of stressors. y(PSI) is related to both the linear and cyclic electron flows (both flows
influence stromal and luminal pH); in contrast, y(PSII) is mainly related to the linear electron flow [78].
Thus, stimulation of the cyclic electron flow around the PSI, which was observed under high-intensity
actinic light [66,68,76,79], probably disrupts the relation between the APRIs and y(PSII).

Another unexpected result was the low relation of the APRIs to y(NA) under light or light
and dark conditions (Figures 5 and 6). We suppose that this effect is caused by the inactivation of
ferredoxin-NADP reductase under dark conditions and its re-activation under light conditions [80,81];
the inactivation and re-activation should induce an increase and a decrease in y(NA), respectively.
Figure 2d shows both an increase of y(INA) under dark conditions and its decrease under light
conditions. It is important that the dependence of the magnitude of changes in Y(NA) on actinic light
intensity was saturated at intensities equal to 344 pmol m~2 s~! or more; this dependence differs in
the dependencies of the other photosynthetic parameters (Figure 2). As a result, the participation of
the regulation mechanisms of the electron flow through the acceptor side of the PSI can disturb the
relation between y(NA) and the APRIs.

Thus, our results show that the efficiency of photochemical reflectance indices, which are calculated
on the basis of the intensity of the reflected light at various wavelengths, in the estimation of the
photosynthetic parameters can differ in different variants of analysis (analysis of only the values
under light conditions, analysis of only the values under dark conditions, analysis of the values under
both dark and light conditions). Figure 9 summarizes our results and shows that APRI(525,570),
APRI(531,570), APRI(535,570), and APRI(545,570) can be used for the estimation of the photosynthetic
parameters under the light only conditions or under the dark only conditions, because the efficiencies
of all of these indices are relatively high. However, the efficiency of APRI(525,570) for the estimation
of the photosynthetic parameters is maximal under dark conditions; in contrast, the efficiency of
APRI(545,570) for the estimation of the photosynthetic parameters is maximal under light conditions.
It is very probable that these differences are related to the decrease of the 526 nm component of
the reflectance change (caused by relatively slow de-epoxidation of violaxanthin to zeaxanthin via
antheraxanthin [54]) and the increase of the 545 nm component (caused by relatively fast changes in the
chloroplast light scattering [54]), which are observed with an increase of the band in APRI(band,570).
It is important that the efficiency of most of the investigated APRIs decreased in the analysis of the
values measured under both light and dark conditions; the APRI(545,570) and, possibly, APRI(535,570)
are probably the most effective photosynthetic estimators under these conditions. We suppose that
measurements of these indices can be a perspective tool for the remote sensing of photosynthetic
parameters under changeable light conditions; in particular, they can be used for the remote sensing
of fast changes in these parameters under light fluctuations, which can strongly influence the plant
photosynthetic machinery [82].
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Figure 9. The hypothetical schema of the effective use of the APRIs (APRI(band,570)), calculated on the
basis of the intensities of the reflected light at different wavelengths (band), for the estimation of the
photosynthetic parameters at different variants of analysis (values under light conditions, under dark
conditions, or under a combination of light and dark conditions). The figure also shows the fast- and
slow-relaxing components in the APRIs.

Additionally, it should be noted that the efficiency of APRI(531,570), which is a typically used PRI
variant, for the estimation of photosynthetic parameters under both light and dark conditions is lower
than that of APRI(535,570) and APRI(545,570); however, it is also relatively high. These efficiencies are
also high under light only or dark only conditions. These results support statement that typical PRIs
can be an effective tool for the estimation of the parameters of light reactions in PSI and PSII under
different light conditions.

5. Conclusions

PRI measurements (especially, APRI) are a perspective spectral method for the early detection of
stressor-induced photosynthetic changes in plants, which can contribute to increasing the efficiency
of plant cultivation. We analyzed the relations of APRI(515,570), APRI(525,570), APRI(531,570),
APRI(535,570), APRI(545,570), and APRI(555,570) to the parameters of the light reaction of PSI and PSII,
including y(PSI), y(PSII), Y(ND), Y(NA), NPQ, and qP. The following important results were obtained:
(1) APRI(525,570), APRI(531,570), APRI(535,570), and APRI(545,570) can be used for the estimation
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of most of the photosynthetic parameters (including the PSI parameters) under light only or under
dark only conditions. (2) The combination of dark and light conditions decreased the efficiency of the
APRIs used for the estimation of the photosynthetic parameters; PRI(535,570) and APRI(545,570) had
maximal efficiency under these conditions. (3) APRI(515,570) and APRI(525,570) mainly included the
slow-relaxing component of the PRIs; in contrast, APRI(531,570), APRI(535,570), APRI(545,570), and
APRI(555,570) mainly included the fast-relaxing component of the PRIs. The results can be basis of
future investigations devoted to the optimization of PRI application in the remote sensing of plants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/8/1312/s1,
Figures 51-518.
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